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Anesthesia is indispensable for most types of 
surgery and a key factor to ensure the safety 
and to improve the prognosis of patients. With 
the rapid development of science and technol-
ogy and the persistent enhancement of anes-
thesiology expertise, it is no longer sufficient to 
put a singular emphasis on anesthesia during 
surgery. Anesthesiology is now evolving towards 
perioperative medicine, which involves pa-
tient-centered care and value-based multidisci-
plinary management of surgical patients in the 
perioperative period.

The majority of fatalities occur during the 
perioperative period due to major organ injuries 
and associated complications after surgery. 
Therefore, the aim of perioperative medicine 
should focus on minimizing the occurrence of 
major postoperative adverse effects, promoting 
high-quality recovery for patients, and reducing 
mortality, especially for critically ill patients.

The modern medicine has evolved from em-
pirical medicine, evidence-based medicine to 
precision medicine. Precision medicine aims to 
prevent or treat disease based on a patient’s 
genetic, living environment and lifestyle. In the 
perioperative period, personalized medical 
care would ensure the safety of patient and 
improve treatment efficacy. Precision medicine 
has developed with the rapid progress in gene 
sequencing technology and cross-application of 
bioinformatics and big data analysis. Recently, 

great achievements of big data analysis and 
artificial intelligence technologies, especially in 
image recognition and diagnosis, are leading 
perioperative precision medicine to a new era.

In light of this, we have launched Periopera-
tive Precision Medicine (PPM), with the aims 
to deepen the understanding of perioperative 
medicine in the new era and to advance per-
sonalized diagnosis, treatment and prognosis. 
PPM serves as a platform to share the cut-
ting-edge research findings in the field, and 
welcomes research studies, reviews, brief com-
munications, perspectives, comments, etc.

This inaugural issue of PPM highlights the ad-
vancements made in ultrasound-guided radial 
artery catheterization and end-tidal carbon 
dioxide monitoring in non-intubated patients. 
Additionally, it summarizes the interaction be-
tween C-type lectin receptors and Candida albi-
cans and the treatment prospects, and reviews 
the role and significance of miRNAs as regula-
tors of the host antifungal immune response in 
fungal infections which are an important part 
of perioperative infections that contributes to 
decreased patient survival.

We hope to provide new impetus to the scientif-
ic research and clinical practice in perioperative 
medicine. Also, we invite like-minded research-
ers, scientists, and clinicians from around the 
world to join us.
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Abstract

A higher success rate in ultrasound-guided radial artery catheterization has been demonstrated by numerous 
studies when comparing to traditional puncture catheterization, because it significantly shortens the overall punc-
ture time and reduces the incidence of related complications. This review summarizes the methods, influencing 
factors, related complications and clinical application of ultrasound-guided radial artery catheterization in the 
perioperative period.

Keywords: Ultrasound-guided radial artery puncture, catheterization, complications, influencing factors, research 
progress

Introduction

Arterial puncture catheterization is an inva-
sive procedure that involves puncturing and 
catheterizing the major arteries in the limbs 
of the human body. It is commonly used in 
clinical practice to dynamically monitor vital 
signs, such as blood pressure changes, and 
perform blood gas analysis to provide guidance 
for clinical treatment accordingly. The radial 
artery is often preferred as the first choice for 
arterial puncture in clinical practice due to its 
shallow location, obvious pulsation, absence of 
accompanying veins and rich collateral circula-
tion. Because of less limb exposure, puncture 
at radial artery usually has lower incidence of 
post-puncture complications and facilitates 
better postoperative recovery. However, tradi-
tional radial artery puncture catheterization, i.e., 
palpation guided puncture, mainly relies on the 
surgeon’s experience, with an unstable punc-
ture efficacy. Additionally, owing to the diversity 
and complexity of clinical patients, such as pe-

diatric patients, shock patients, obese patients, 
and critically ill patients, puncture failures are 
often encountered. Ultrasound (US)-guided 
radial artery puncture and catheterization, as 
a new type of puncture method, can effectively 
improve the success rate of first-time puncture 
and shorten the total puncture time, with a low-
er incidence of complications [1, 2]. Research 
has shown that US-guided puncture and cath-
eterization has little effect on the distal blood 
flow of the puncture site, with minimal damage 
and faster recovery of the radial artery. Distal 
radial artery puncture can also reduce radial 
artery occlusion in the wrist and prevent oth-
er complications [3]. Furthermore, US-guided 
radial artery puncture and catheterization has 
shown significant advantages in standardizing 
training for resident doctors [4]. This review 
comprehensively describes the methods, in-
fluencing factors, related complications and 
clinical applications of US-guided radial artery 
catheterization.
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Highlights
● Ultrasound-guided radial artery catheterization can effectively improve the success rate of first-time puncture

and reduce the total puncture time and the incidence of complications.
● Ultrasound-guided radial artery catheterization methods should be selected based on the specific characteristics

of individual patients.
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US-guided radial artery puncture methods

Unlike traditional radial artery puncture and 
catheterization, US-guided radial artery punc-
ture and catheterization initially utilizes the 
short-axis out-of-plane method and long-axis in-
plane method. Based on the methods, many 
other advanced methods with increasing ad-
vantages have emerged, e.g., the short-axis 
out-of-plane combined with long-axis in-plane 
method, oblique plane method, dynamic nee-
dle tip positioning method and developing 
lines-guided localization method. The advan-
tages and disadvantages of each method are 
shown in Table 1.

Short-axis out-of-plane method

When performing radial artery puncture and 
catheterization using the short-axis out-of-
plane method, the operator first locates the 
radial artery by US technology to determine the 
appropriate puncture site. Once the puncture 
point is identified, the surgeon holds the US 
probe in left hand and adjusts it to the center 
of the cross-sectional image of the radial ar-
tery on the screen. Meanwhile, the right hand 
holds the needle and punctures the skin at an 
angle of 30-45° at the puncture point. If blood 
return is observed, the needle tail was pressed 
down and continued to advance at an angle 
of 10-15° relative to the skin. After that, the 

Table 1. Comparison of the advantages and disadvantages of common puncture methods
Methods Advantages Disadvantages

Short-axis out-of-
plane method

i. Clearly determining the relative position of the
puncture needle and the vessel lumen

ii. Short puncture time
iii. Fully displaying the radial artery and adjacent

tissues and structures, which is beneficial for
adjusting the puncture needle

iv. Higher success rate of first puncture

i. Difficult to determine the position
of the needle tip

ii. Easily penetrating the vessel wall
iii. Difficult to operate: lacking guid-

ance after puncturing into the
vessel and requiring operator’s
experience

Long-axis in-plane 
method 

i. Clear visualization of the puncture needle tip
position

i. Higher success rate of initial puncture compared
to out-of-plane in the short axis [10]

ii. More precise determination of the relative posi-
tion of the puncture needle to the vessel

i. Difficulty in establishing the
relative position of the puncture
needle to the vessel lumen

ii. Lengthy puncture times
iii. Difficult to manipulate: challeng-

ingly maintaining the puncture
needle, radial artery, and ultra-
sound beam in the same plane at
all times during the operation

Short-axis out-of-
plane combined 
with Long-axis in-
plane method

i. Ensuring the needle tip remaining within the
ultrasound visual field at all times

ii. Shorter puncture time
iii. Significant improvement in the success rate of

initial puncture
iv. Reduced incidence of complications

i. Time needed to become proficient
in operating the ultrasound ma-
chine and precisely locating the
needle [11]

Dynamic needle 
tip positioning 
method

i. Same advantages as the short-axis plane ap-
proach

ii. Significantly improving the success rate of punc-
ture catheterization

iii. Clearly observing the direction of progress of the
needle from penetrating the skin to entering the
blood vessel

iv. Helping operators determine the optimal punc-
ture site

i. Timely adjusting and re-puncturing if the initial
puncture fails [12]

i. Difficult to operate: requiring the
probe to be accurately moved
multiple times, and the operator to
practice multiple times and have
certain experience

ii. Repeatedly pushing the puncture
needle into the artery after the
puncture, which may require more
time compared to other ultra-
sound-guided methods

Developing 
lines-guided local-
ization method

i. Shortening the surgical time: both the time for
puncture point positioning and the puncture time

ii. Accurately and quickly locating the puncture site
iii. Reducing the difficulty of hand-eye coordination
iv. Improving the first puncture success rate and

overall puncture success rate

i. A certain level of difficulty in re-
quiring visual confirmation of the
midpoint for puncture, and certain
experience of the operator
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needle core is slowly withdrawn, and the cath-
eter sheath is inserted into the radial artery. If 
there is no blood return, the needle tail can be 
pressed down and continued to advance until 
blood flow returns to normal. Throughout the 
process, special attention should be paid to 
continuously adjusting the probe to keep the 
needle tip visible during the needle insertion 
(Figure 1).

Long-axis in-plane method

The long-axis in-plane method involves the op-
erator holding the US probe with their left hand 
and placing it at the puncture point, with the 
long-axis of the probe parallel to the long-axis of 
the radial artery to obtain longitudinal imaging 

of the radial artery. The right hand of the opera-
tor holds the puncture needle, which is inserted 
in from the side of the US probe to make sure 
the direction of the needle is parallel to the 
blood vessel. At this point, the puncture needle 
can be observed on the image. When advanc-
ing the puncture needle to the lumen of the 
radial artery, it is important to observe for any 
blood return as it is difficult to ensure that the 
puncture needle is in the same plane as the 
radial artery. If there is backflow of blood, the 
operator can continue advancing the needle, 
and then insert catheter and remove the stylet. 
If there is no blood return, the short-axis out-
of-plane method can be used for repositioning 
(Figure 2).

Figure 1. Schematic diagram of the short-axis out-of-plane method. (A) Position of ultrasound probe and punc-
ture needle; (B) Schematic ultrasound image of the radial artery when the short-axis out-of-plane technique is 
used.

Figure 2. Schematic diagram of the long-axis in-plane method. (A) Position of the ultrasound probe and puncture 
needle; (B) Schematic ultrasound image of the radial artery using the long-axis in-plane technique.
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Short-axis out-of-plane combined with long-ax-
is in-plane method

Short-axis out-of-plane combined with long-axis 
in-plane puncture method is generally divided 
into two types: “in-plane first and out-of-plane 
later” and “out-of-plane first and in-plane later”. 
The first type is usually used as a remedy after 
the failure of the long-axis in-plane method. 
The operator uses the long-axis in-plane meth-
od at first. If the puncture fails or there is no 
blood return, the US probe is rotated 90°, and 
the short-axis out-of-plane method is adopted. 
This involves adjusting the needle tip above the 
short-axis of the radial artery and then proceed-
ing with the puncture and catheter placement. 
The second method is more common. First, 
the short-axis out-of-plane method is used to 
measure the diameter of the radial artery and 
the distance between the skin, and then the 
long-axis in-plane method is used to determine 
the direction of the radial artery course to accu-
rately locate the radial artery. Then the operator 
uses the long-axis in-plane method to puncture 
and place the catheter. Wang et al. found that 
compared with traditional palpation, using the 
short-axis out-of-plane combined with long-axis 
in-plane method for radial artery puncture and 
catheterization can achieve higher first-time 
success rate (91.6%) and overall success rate 
(97.9%), while shortening the puncture time [5].

Oblique plane method

The oblique plane method can be considered 
as a special case of the short-axis out-of-plane 
combined with long-axis in-plane method. When 
using the oblique plane method for puncture, 
the operator holds the US probe with the left 
hand and the puncture needle with the right 
hand. First, the location of the radial artery 
should be evaluated using the short-axis out-
of-plane method. Then, the US probe is rotated 

30-60° based on the evaluation to make the
radial artery appearing as an elliptical structure
in the image. Puncture is performed when the
elliptical area is the largest.

Dynamic needle tip positioning method

To some extent, dynamic needle tip localization 
is an improved method based on the short-axis 
out-of-plane method. Under the guidance of 
short-axis out-of-plane method, the needle tip 
appears as a hyperechoic bright spot between 
the skin and the vessel on the image. While 
keeping the puncture needle immobile, the US 
probe is moved about 2 mm towards the prox-
imal end until the hyperechoic bright spot of 
needle tip disappears from image. Then, while 
ensuring that the probe immobile, the puncture 
needle is further advanced until the hyperecho-
ic bright spot of the needle tip reappears on the 
image. The above procedures were repeated 
until the sheath needle is inserted into the ra-
dial artery lumen for over 0.5cm, and the inser-
tion cannula is pulled out. Studies by Kiberenge 
et al. found that dynamic needle tip localization 
exhibited a higher first-time success rate than 
traditional palpation techniques, and shortened 
the puncture and placement time, regardless 
of the experience of physicians (Figure 3) [6].

Developing lines-guided localization method

The developing lines-guided localization meth-
od can also be considered a modified method 
of the short-axis out-of-plane method. It is now 
a commonly used to assist in the localization 
of the radial artery. This method includes two 
types, single developing line and double devel-
oping lines. In the single developing line-guided 
localization method, a developing line is fixed 
to the US probe, with the direction of the devel-
oping line perpendicular to the long axis of the 
probe. The probe is then adjusted to align the 

Figure 3. Schematic diagram of radial artery puncture and catheterization using the dynamic needle tip local-
ization method. (A) Needle advancement based on the short-axis out-of-plane puncture method. (B) The ultra-
sound probe is moved towards the proximal end until the hyperechoic bright spot of needle tip disappears. (C) 
The puncture needle is further advanced until the hyperechoic bright spot of needle tip reappears on the image.
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low-density sound shadow with the radial artery 
on the image, and the intersection point of the 
developing line and the skin is the puncture 
point. In the double developing lines-guided 
localization technique, two developing lines 
are fixed perpendicular to the long axis of the 
US probe, and then the probe is adjusted to 
observe the radial artery between the two 
low-density sound shadows on the image. The 
puncture needle is then placed between the 
two developing lines for puncture and cathe-
terization. It should be noted that during the 
operation, the long axis of the US probe should 
always be perpendicular to the developing lines 
(Figure 4).

In addition to the commonly used US meth-
ods mentioned above, there are now various 
emerging methods being utilized in clinical 
practice, such as modified dynamic needle tip 
positioning method, modified long-axis in-plane 
method, and puncture method using a novel 
electromagnetic guidance US system [7-9]. 

Related complications

Regardless of whether traditional puncture 
methods or US-guided methods are used, var-
ious complications often occur during radial 
artery puncture and catheterization, such as 
hematoma, spasm, infection, embolism, and 
nerve injury. Understanding these complica-
tions is crucial for performing clinical radial ar-
tery puncture and ensuring safe and successful 
outcomes. This article summarizes the clinical 
manifestations, common causes, treatment, 
and preventive measures of common compli-
cations in US-guided radial artery puncture and 
catheterization, as shown in Table 2.

Compared with traditional puncture methods, 

US-guided puncture and catheterization have 
more advantages. Studies have shown that 
using US to guide radial artery puncture and 
catheterization can effectively reduce the 
incidence of complications. Therefore, when 
encountering patients who are not suitable for 
traditional radial artery puncture and catheter-
ization, US-guided methods, such as dynamic 
needle tip positioning technique, should be 
considered, because it is more suitable for pa-
tients with coagulation dysfunction and those 
who are prone to hematoma [19]. In addition, 
Hadjivassiliou et al. proposed a guideline for 
US-guided catheterization of the distal radial 
artery via the anatomical snuffbox [20]. Their 
study found that using the anatomical snuffbox 
radial artery for puncture and catheterization 
could reduce the risk of radial artery occlusion, 
minimize the risk of hand ischemia and, pre-
vent injury to adjacent structures. Therefore, in 
order to reduce the incidence of complications, 
the anatomical snuffbox radial artery is also an 
option for puncture and catheterization under 
US guidance.

Clinical application of US-guided radial artery 
puncture and catheterization

Radial artery puncture and catheterization, 
as an invasive operation, can directly and ac-
curately reflect the fluctuation of the patient’s 
blood pressure in real-time. Being more accu-
rate and effective than non-invasive arterial 
pressure monitoring, it is commonly used in 
clinical practice for dynamic monitoring of vital 
signs and for blood gas analysis. Especially for 
patients with hemodynamic instability such as 
those with cardiovascular and cerebrovascular 
diseases, shock, complicated surgeries, and 
critically ill patients in intensive care units (ICU), 
accurate and real-time data have great clinical 

Figure 4. Schematic diagram of radial artery puncture and catheterization using the developing lines-guided 
localization method. (A) Double developing lines ultrasound probe; (B) Schematic ultrasound image of the radial 
artery using the developing lines-guided localization technique.
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Table 2. Common complications
Complica-
tions

Hematoma Spasticity Localized infections Embolism [18]

Clinical 
manifesta-
tions

-Bruising, pain, swelling of the
skin at the puncture site
-Local subcutaneous petechiae,
ecchymosis, purpura

-Ischemic pain and numbness in
the forearm
-Difficulty in pushing or rotating the
catheter
-Radial artery stenosis seen on
radial arteriogram

-Redness, swelling and
-Pain at the puncture site,
-Localized dark skin color
and high temperature

-Arm discomfort, pallor, cyanosis
-Low hand temperature
-Weak radial artery pulsations
-Ischemic symptoms rarely pres-
ent (if these symptoms present,
it may be necrotic)

Common 
causes

-Injury to the radial artery due to
more punctures
-Low pressure and insufficient
time, causing blood to penetrate
subcutaneously
-Penetration of the radial artery
during puncture
-Abnormal coagulation of the
patient

-Small radial artery diameter
-High level of mental stress in the
patient
-Having one of the following char-
acteristics: female, light weight,
hypertension, diabetes, smoking,
taking beta-blockers, etc.
-Too many long-time operations
-Use of non-hydrophilic coated cath-
eters or guidewires
-Excessive pressure after bleeding

-Improper handling
-Repeated punctures at
one puncture site
-Patient immunocompro-
mised
-Longer hospital stay for
the patient

-Smaller radial artery diameter
-Longer and stronger post-oper-
ative compressions
-Female diabetic patient with
history of previous transradial
coronary intervention proce-
dures, etc.
-Repeated punctures
-Large diameter of arterial
sheath compared to radial
artery diameter

Treatment

-Continuous and effective com-
pression to stop bleeding
-Cold compresses for a short
period of time (<24h) to relieve
pain and inflammation, and hot
compresses for a longer period
of time (>24h) to relieve blood
stasis
For patients with massive bleed-
ing:
-Use of hydrocolloid excipients
to accelerate the absorption of
oozing blood [13]
-Heparin neutralization by intra-
venous fisetin
-Severe cases requiring incision
and drainage

-Suspend the puncture, sedate
the patient and provide pain relief,
apply local heat
-Removing the sheath under local
anesthesia
-Injecting vasodilators such as
nitroglycerin or verapamil
-May perform a contralateral radial
artery or ipsilateral femoral artery
puncture if the spasm is severe
and prolonged
-Using for radial artery spasm [15]
-Sheathless technique to relieve
spasticity [16]

-Examination of wounds
by methods such as
wound swab culture
-Proper wound manage-
ment
-Blood sampling for bac-
terial culture testing to
select appropriate antibi-
otics

-Treatment with low molecular
heparin drugs
-Thrombolytic therapy with drugs
such as urokinase
-Transient compression of the
ulnar artery
-Thrombus retrieval by interven-
tion

Preventive 
measures

-Carefully puncturing, stopping
immediately when resistance is
encountered and observed
-Securing with adhesive tape
and using a special hemostat
after puncture if necessary [14]
-Advising the patient to be less
active with a light diet
-Continuously and effectively
compressing to stop bleeding
-Enhancing post-operative ob-
servation care

-Advanced communication to keep
patient informed and sedated
-Pre-operative adequate anesthe-
sia at the puncture site and local
injection of 200μg of nitroglycerin
to dilate the radial artery
-Intraoperative intravenous injec-
tion of midazolam and fentanyl [17]
-Use of a small hydrophilic coated
catheter and a long ultra-smooth
guidewire
-Gentle intraoperative movements;
if puncture fails, waiting for spasm
to resolve before re-puncturing
-Post-operative prophylaxis with
cocktail1 therapy

-Strict aseptic procedures
before surgery
-Advising the patient to
pay attention to tempera-
ture changes after surgery
and to consult their doctor
immediately if they devel-
op fever and chills
-Immune enhancement
by improving the diet after
surgery

-Pre-operative Allen test
-Use of smaller sized sheaths
and catheters
-Prompt postoperative sheath
removal and reasonable control
of duration of compression
-Anticoagulation with higher
doses of heparin
-Pre-operative evaluation of
radial artery patency and radial
artery flow by oximetry-pleth-
ysmography test or ultrasound
Doppler assessment

1Cocktail: commonly used medications and 200μg nitroglycerin, 2.5-5.0mg verapamil, 50U/kg or 5000U heparin. FMD, flow-mediated vasodilation.



8

Perioperative Precision Medicine 2023; 1 (1): 2-14. PPM23060200

Perioperative Precision Medicine

guiding significance.

Although US-guided radial artery puncture has 
become increasingly popular along with the 
development of visualization technology, many 
hospitals are not equipped to use US guidance 
for every puncture operation due to the high 
cost of US equipment. Therefore, traditional 
blind puncture method is still the most com-
mon puncture method in clinical practice. How-
ever, due to its high dependence on operator’s 
experience as well as the complicity of patient 
conditions and variations of individual in radial 
artery anatomy, the failure rate of traditional 
radial artery puncture is relatively high. For op-
erators who cannot routinely use US, US-guided 
puncture can usually be used as a salvage 
method after traditional puncture and cathe-
terization have failed. Liu et al. found in their 
research that after a failed traditional puncture, 
US guidance could be used as a salvage mea-
sure to reduce puncture time and the incidence 
of complications [21]. Dong et al. found that 
for patients in need of secondary radial artery 
puncture and catheterization, US guidance 
could increase the success rate and reduce the 
incidence of complications [22].

However, arterial puncture and catheterization 
operations are somewhat difficult. In clinical 
work, inexperienced surgeons usually con-
sider catheterization to be more difficult than 
puncture. Even experienced physicians often 
encounter challenges such as observing ob-
vious blood return from the puncture needle 
but facing difficulty in catheter insertion. Since 
the diameter of the puncture needle is smaller 
than the diameter of the sheath, which is thin-
ner than the radial artery, the puncture nee-
dle may not locate at the center of the artery 
despite successful puncture and blood return 
observed. Therefore, although there is blood 
backflow, difficulties may arise in catheteriza-
tion. US guidance has the advantage of being 
intuitive, displaying the images in real-time, 
which can help the operator clearly observe the 
structures around the radial artery and instan-
taneously track the needle tip during the punc-
ture process. These can effectively improve the 
success rate of puncture. Therefore, it is suit-
able for widespread use in medical education.

Several studies on US-guided radial artery 
puncture and catheterization in intern training 
have shown that the US-guided method helps 
interns to quickly and accurately acquire the 
puncture techniques. Chen et al. found that 
dynamic needle tip positioning method can 
improve the success rate of puncture and 

catheterization in interns compared with the 
traditional blind probing method [23]. Dong et 
al. randomly divided 116 residents into a new 
US-guided teaching group (double developing 
lines-guided localization method) and a tradi-
tional US-guided teaching group (short-axis out-
of-plane method), and found that radial artery 
puncture and catheterization under the sound 
shadow-assisted US guidance significantly im-
proved the first-time success rate (78.43% vs. 
58.00%, odds ratio=0.380; 95% CI=0.159 - 
0.908; P=0.027), shortened the catheterization 
time (14.36±3.31 vs. 18.02±4.95, p<0.001), 
and facilitated standardized teaching for resi-
dents [24].

For beginners, it is recommended to start with 
the simpler one, short-axis out-of-plane meth-
od, followed by the long-axis in-plane method 
and short-axis out-of-plane combined with 
long-axis in-plane method. By combining basic 
exercises with training, beginners can solidify 
their proficiency in this skill. With the devel-
opment of visual technology, US-guided radial 
artery puncture teaching can not only improve 
the efficiency of learning for beginners, but also 
effectively increase the success rate of the op-
eration compared to traditional teaching meth-
ods. Additionally, simulation training with some 
auxiliary devices can be used during training. 
Studies have shown that using vascular models 
for simulation training can effectively improve 
the first-time success rate of US-guided radial 
artery catheterization in actual patients, and 
help beginners to better acquire the dynamic 
needle tip positioning method [25].

Application of US-guided radial artery puncture 
in special patient groups

Studies have shown that for some special pa-
tient groups, such as those with septic shock, 
US-guided radial artery puncture can improve 
the success rate of puncture, shorten the dura-
tion of the procedure, and reduce the incidence 
of complications compared to traditional punc-
ture methods [26]. In addition, US guidance 
should be considered with priority for infants, 
obese patients, elderly patients, patients with 
weak pulses, severe hypotension, or abnormal 
coagulation function, and critically ill patients 
that require special attention during radial ar-
tery puncture.

Infants

The radial artery of infants is narrow and 
straight with weak pulsations and is easily dis-
placed during puncture. Additionally, the small 
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size of the radial artery poses a challenge in 
visualizing the hyperechoic spot of the needle 
tip on US images, especially when it is near 
the radial artery, making it difficult to con-
trol the position of the needle tip in real-time 
during puncture [27]. Furthermore, infants in 
the perioperative period often have organ de-
formities and other issues, which significantly 
increases the difficulty of puncture. However, 
ordinary US-guided puncture techniques can 
hardly address these difficulties effectively, so 
modified US-guided puncture techniques are 
commonly used in clinical practice.

Quan et al. randomly divided infant patients 
into two groups, a new US group (double de-
veloping lines-guided localization method) and 
a traditional US group (short-axis out-of-plane 
method), and found that the first attempt suc-
cess rate of intubation in the new US group 
(90%) was significantly higher than that in the 
traditional US group (60%) [28]. Wang et al. ran-
domized 72 infants aged 1-12 months into a 
long-axis in-plane combined with short-axis out-
of-plane (LAX-IP-SAX-OOP) group and a modified 
dynamic needle tip positioning (MDNTP) group, 
and found that the first attempt success rate of 
intubation in the LAX-IP-SAX-OOP group was sig-
nificantly higher than that in the MDNTP group 
(75.0% vs. 36.1%), and the intubation time 
was significantly shorter in the LAX-IP-SAX-OOP 
group [29]. Yang et al. found that by adding a 
scale to the US screen and probe, the correla-
tion to the radial artery positions displayed by 
both could provide accurate arterial localization 
and guidance for the operator, thereby helping 
them locate the needle tip faster and improving 
the success rate of infant puncture [30]. In ad-
dition, there is a new method of single-operator 
laser-assisted US-guided puncture, which can 
improve the first attempt success rate of radial 
artery insertion in children under 2 years old 
and make the US probe more stable [31].

Here are some tips for radial artery puncture in 
infants, including: i) for pediatric radial artery 
puncture, the success rate is the highest when 
the depth of the radial artery is about 2-4mm 
[32]; ii) puncture can cause some degree of 
pain, which is a significant issue to be ad-
dressed for infant puncture. It is necessary to 
use child-friendly language to keep their emo-
tions stable before puncture, and appropriate 
needles can also alleviate the pain of infants; 
iii) studies have shown that a puncture angle of
30-45° can increase the first-attempt success
rate of radial artery puncture and reduce the
incidence of related complications; the needle
insertion angle increases with the body weight

of the infant and the diameter of the radial 
artery [33]; iv) puncture can be combined with 
the subcutaneous injection of 2ml of 0.9% NaCl 
to deepen the depth of the radial artery and 
thereby increase the success rate of puncture 
[34].

Considering the characteristics of infant radial 
artery and the advantages and disadvantages 
of conventional US methods (short-axis and 
long-axis), we found that the short-axis method 
is more suitable for infants. This is because 
the infants have thinner blood vessels and 
the proximity of the target blood vessels to the 
surrounding anatomical structures. The thinner 
blood vessels of infants make it difficult to ob-
tain images using the long-axis method. 

Elderly patients

Elderly patients often have underlying diseases 
and hemodynamic instability, so continuous 
arterial blood pressure monitoring is often 
required in clinical practice. However, due to 
weak radial artery pulsation, arterial wall scle-
rosis, poor elasticity, and loose subcutaneous 
tissue, the puncture is easy to fail, which may 
directly lead to the occurrence of complications 
such as hematoma. Therefore, US-guided punc-
ture is often used in clinic. In addition, due to 
the frequent occurrence of cognitive dysfunc-
tion in elderly patients after surgery, the clinical 
compliance is also compromised. Therefore, 
faster and more convenient puncture methods, 
such as oblique plane puncture and developing 
lines-guided localization technique, are more 
suitable.

Chen et al. compared the oblique plane punc-
ture method, short-axis out-of-plane and 
long-axis in-plane in elderly patients and found 
that the oblique plane puncture method not 
only shortened the puncture time but also in-
creased the success rate of puncture [35]. Ye 
et al. found that double developing lines-guid-
ed localization technique shortened the time 
of positioning and puncture, and improved 
the success rate of initial puncture in elderly 
patients [36]. Shim et al. randomized elderly 
patients into a dynamic needle tip positioning 
group (group D) and a short-axis out-of-plane 
group (group C), and their results showed that 
the first attempt success rate in group D (89%) 
was significantly higher than that in group C 
(72%), and the incidence of hematoma in group 
D (16%) was significantly lower than that in 
group C (47%) [37]. For elderly patients over 70 
years old, the use of dynamic needle tip posi-
tioning method can improve the success rate of 
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initial radial artery catheterization and reduce 
the incidence of complications.

In addition, it should also be noted that due 
to the loose subcutaneous tissue in elderly 
patients, the position of the catheter may be 
affected during needle withdrawal. Operators 
should withdraw the needle gently and slowly, 
and also maintain constant vigilance on the po-
sition of the catheter [38].

Obese patients

With the increasing living standard, the number 
of obese patients is gradually increasing. For 
obese patients, the large accumulation of sub-
cutaneous fat makes it difficult to palpate arte-
rial pulsations, thus bringing great challenges 
in traditional blind probing procedures. In addi-
tion, repeated punctures can cause discomfort 
to patients and may lead to various complica-
tions.

Zou et al. randomly divided 240 obese pa-
tients into a control group, a single developing 
line-guided localization technique group, and 
a double developing lines-guided localization 
technique group, and compared the first at-
tempt success rate, operation time and inci-
dence of complications among the three groups 
[39]. They found that both single and double 
developing lines-guided localization techniques 
improved the first attempt success rate of radi-
al artery catheterization under US guidance in 
obese patients (control group vs. single devel-
oping line vs. double developing lines = 71% vs. 
90% vs. 91%), while reducing the incidence of 
complications (control group vs. single develop-
ing line vs. double developing lines = 29% vs. 
10% vs. 9%).

One of the difficulties in performing radial ar-
tery puncture on obese patients is to maintain 
the extension of the wrist joint. A study reported 
improved the success rate of radial artery punc-
ture and catheterization in obese patients and 
alleviated pain with the clinical use of inflatable 
radial artery puncture fixation device [40].

Factors affecting the success rate of radial ar-
tery puncture

“Hit the nail on the head” during radial artery 
puncture is a widely accepted approach among 
anesthesiologists, because it can reduce the in-
cidence of radial artery spasm, alleviate patient 
pain and shorten operation time. Therefore, 
to achieve a successful radial artery puncture 
with “one-shot”, it is necessary to understand 

the factors that affect the puncture success 
rate, and then to achieve better radial artery 
catheterization placement with US guidance.

Radial artery anatomy

The diameter, vertical depth, associated vari-
ation of artery and whether the vessel is filled 
are main factors that directly affect the success 
rate of puncture. 

Filled vessels are easier to palpate and visual-
ize. Lee et al. found that the average diameter 
of the radial artery was 2.2 ± 0.4 mm, and the 
larger the diameter of the radial artery, the 
higher the success rate of puncture, and vice 
versa [41]. Besides, appropriate radial artery 
depth is also a guarantee of successful punc-
ture. When the radial artery is located deep 
within the tissue, puncturing it at a small angle 
would require a longer needle path. To short-
en the needle path and improve the chances 
of success, a larger angle of entry may be 
attempted. However, a larger angle reduces 
the contact area between the puncture needle 
and the blood vessel, making the procedure 
more challenging. Nakayama et al. found that 
when the depth of the radial artery was 2-4 
mm during radial artery puncture and cathe-
terization in children, the puncture time was 
reduced and the success rate was improved, 
and for radial arteries with a depth of less than 
2 mm, saline can be subcutaneously injected 
to increase the depth to 2-4 mm [32]. Nie et al. 
reported a 20.3% anatomical variation rate of 
radial artery in Chinese people [42]. This is the 
primary reason for the failure of puncture.

Operator experience

From the perspective of the operator, their long-
term experience and solid skills play a crucial 
role in the success of the operation.Relevant 
studies have shown that anesthesiologists with 
more experience in radial artery puncture and 
catheterization have a higher success rate than 
those with less experience [43]. In particular, 
experienced doctors often use the advantages 
of US-guided radial artery puncture to improve 
the success rate [7]. Wang et al. compared the 
total success rate of US-guided radial artery 
puncture and catheterization among three an-
esthesiologists with different clinical training 
durations, and found that anesthesiologists 
with longer training time showed an obvious 
better performance during US-guided radial ar-
tery puncture and catheterization [5].

Both the operator’s technical level and famil-
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iarity with the US equipment affect the success 
rate of puncture and the incidence of complica-
tions. Before operation, operators need to per-
form the Allen test on the patient, and during 
the operation, the puncture should be per-
formed accurately and in a sterile environment. 
In addition, patients, especially for pediatric 
patients, may experience pain and discomfort 
during radial artery puncture, which can easily 
lead to puncture failure. Therefore, how to bet-
ter manage pain in patients is a factor affecting 
the success of radial artery puncture. Before 
the operation, operators should fully commu-
nicate with the patients. During the puncture, 
lidocaine can be applied to the puncture site 
to reduce vascular constriction caused by pain. 
Zeng et al. found that using a compound lido-
caine cream on ICU patients could alleviate 
the pain of radial artery puncture [44]. In ad-
dition, multiple training sessions are helpful in 
improving the operator’s ability. Research has 
shown that the more a physician knows about 
the puncture site and technique, the less time 
and number of attempts they need for puncture 
[45].

Patient factors

Considering factors related to the patient, sex, 
age, race, and physical condition are all rele-
vant factors affecting the success rate of punc-
ture.

A study has shown that the radial artery diam-
eter is larger in males than in females, and the 
thinner vessels in females make puncture more 
difficult [46]. However, for female patients, 
the radial artery diameter can be enlarged by 
subcutaneously injecting 50 ug nitroglycerin 
in combination with 10 mg lidocaine [47]. As 
shown in Table 3, there are various factors that 
can lead to differences in radial artery diameter 
reported by existing studies.

From the data in the table, it can be seen that 
age also has a certain impact on radial artery 
puncture. Pediatric patients are more prone to 

puncture failure and a variety of complications 
due to their smaller radial artery diameter. 
Puncture in elderly patients are another chal-
lenge due to their fragile and less elastic blood 
vessels. In addition, patients with pathological 
obesity tend to have thick subcutaneous fat 
and tissue dispersal, which can also affect the 
radial artery puncture and catheterization out-
come.

Puncture techniques

As an invasive operation technique, radial 
artery puncture involves many operative tech-
niques in practical applications, which can help 
increase the success rate of radial artery punc-
ture. The operative techniques lie in the angle 
of needle insertion, the angle of the wrist, the 
position of puncture, and the selection of punc-
ture needle and probing device.

Studies have shown that comparing with the 
approach of the US probe perpendicular to the 
radial artery, the approach of the US probe per-
pendicular to the puncture needle can signifi-
cantly reduce the first radial artery catheteriza-
tion time and total puncture time [50]. Zhang 
et al. found that compared with a 90° needle 
insertion angle, a 30-45° needle insertion 
angle increases the contact area between the 
puncture needle and blood vessel, improves 
the success rate of the first puncture, and re-
duced the incidence of hematoma [33]. Exist-
ing publications indicate that when performing 
radial artery puncture in adult patients, insert-
ing the catheter at a wrist angle of 45° can sig-
nificantly shorten the catheterization time and 
increase the first success rate [51, 52]. The su-
perficial and most pronounced pulsation is 2-3 
cm proximal to the transverse wrist, which is 
usually the site chosen for the puncture. Study 
has reported that the distal quarter of the fore-
arm can be considered as the “best insertion 
site” for radial artery catheterization under US 
guidance [53]. High-frequency probes, with 
greater image resolution, can clearly distinguish 
adjacent nerve and small arterial branches and 
are suitable for patients with shallow vascular 
lumina, such as infants and young children. 
Low-frequency probes, however, are mainly 
suitable for patients with deeper target vessels, 
such as obese patients. Saima et al. measured 
a “safe” segment (the length between the sty-
loid process and the distal edge of the “parallel” 
segment) using an US device. It was found to 
be approximately 6.8-11.6 cm in males, with an 
average of about 9.4 cm, and 5.4-11.0 cm in 
females, with an average of about 8.2 cm [54].

Table 3. Radial artery diameter
Classification Crowd Mean diameter of

the radial artery
Ethnicity Chinese 2.38±0.56mm

Japanese 2.4±0.4mm
Korean 2.60±0.4mm

Age Adults 2.2±0.4 mm
Pediatric 1.2±0.3mm [48]

Sex [49] Men 2.69±0.40mm
Women 2.43±0.38mm
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Conclusion

Due to its advantage of visualization, US is cur-
rently a hot topic in clinical practice. The use 
of US-guided radial artery puncture and cathe-
terization has resolved many disadvantages of 
traditional blind probing methods, reduced the 
operator’s stress, and improved the success 
rate of puncture and catheterization. However, 
due to the high cost of US equipment and the 
high level of technical difficulty, this method 
poses new requirements for operators to use 
US technology.

It can also be observed that many of the newly 
developed US methods are modifications of 
basic methods, which laid a foundation for in-
novations and improvements of better puncture 
methods. However, US is still in a two-dimen-
sional space, so there are unavoidable limita-
tions. It is conceivable that three-dimensional 
visualization technology, if applied to the preop-
erative evaluation or guidance of radial artery 
puncture and catheterization, may further im-
prove the success rate of puncture.

In addition, most of the reports on physician 
training of US-guided arterial puncture only 
focus on the application effects of a certain US 
method. There is limited comprehensive analy-
sis available to determine which US method is 
more suitable for beginners to master. Based 
on theoretical analysis, we proposed that com-
paring with traditional methods, US-guided ra-
dial artery catheterization may help beginners 
master radial artery puncture more effectively, 
but the specific utility still needs to be verified 
by further research.

References

[1] Bhattacharjee S, Maitra S, Baidya DK. Com-
parison between ultrasound guided technique
and digital palpation technique for radial ar-
tery cannulation in adult patients: An updated
meta-analysis of randomized controlled trials.
J Clin Anesth 2018;47:54-59.

[2] Gu WJ, Wu XD, Wang F, et al. Ultrasound Guid-
ance Facilitates Radial Artery Catheterization:
A Meta-analysis With Trial Sequential Anal-
ysis of Randomized Controlled Trials. Chest
2016;149(1):166-79.

[3] Horák D, Bernat I, Jirouš Š, et al. Distal radial
access and postprocedural ultrasound evalu-
ation of proximal and distal radial artery. Car-
diovasc Interv Ther 2022;37(4):710-716.

[4] Shi L, Ju Y, Rui N, et al. The efficacy of ultraso-
nography on learning curve and inter-subject
performance variability in radial artery cannu-

lation in standardized training for residents: 
a randomized controlled trial. Med Ultrason 
2023.

[5] Wang J, Lai Z, Weng X, et al. Modified long-ax-
is in-plane ultrasound technique versus
conventional palpation technique for radial
arterial cannulation: A prospective random-
ized controlled trial. Medicine (Baltimore)
2020;99(2):e18747.

[6] Kiberenge RK, Ueda K, Rosauer B. Ultra-
sound-Guided Dynamic Needle Tip Positioning
Technique Versus Palpation Technique for Ra-
dial Arterial Cannulation in Adult Surgical Pa-
tients: A Randomized Controlled Trial. Anesth
Analg 2018;126(1):120-126.

[7] Liu L, Tan Y, Li S, et al. “Modified Dynam-
ic Needle Tip Positioning” Short-Axis, Out-
of-Plane, Ultrasound-Guided Radial Artery
Cannulation in Neonates: A Randomized Con-
trolled Trial. Anesth Analg 2019;129(1):178-
183.

[8] Wang J, Weng X, Huang Q, et al. Modified
long-axis in-plane ultrasound-guided radial ar-
tery cannulation in adult patients: A random-
ized controlled trial. Anaesth Crit Care Pain
Med 2022;41(1):100989.

[9] Kim N, Kim HI, Kim DH, et al. A novel elec-
tromagnetic guidance ultrasound system
on radial artery cannulation: a prospective
randomized controlled trial. BMC Anesthesiol
2021;21(1):21.

[10] Quan ZF, Chi P, Li X, et al. Ultrasound guid-
ed radial ar tery cannulation shor t-axis
versus long-axis view. J Clin Anesthesio
2015;31(05):467-468.

[11] Fu HQ. Application efficacy of pre-training of in-
plane combined with out-of-plane ultrasound
guided technique in clinical teaching of radial
artery puncture placement in elderly surgical
patients. Bejing Med J 2018;40(07):717-719.

[12] Li T, Wen XF, Yu MY. Evaluation of the effect
of ultrasound-guided dynamic tip position-
ing technology in radial artery catheteriza-
tion in children. Int Med Health Guid News
2022;28(06):846-849.

[13] Fu ML, Zhang NN, He C, et al. Application of
ultrasound evaluation guidance in reducing
complications of radial artery puncture. Chin J
Interv Radiol 2020;8(03):244-246.

[14] Liang YP, Liu PZ, Zhang HZ, et al. Safety
observation and experience of transsnuffle
area radial artery puncture cannulation for
coronary intervention. Guangdong Med J
2022;43(06):777-780.

[15] Ying L, Xu K, Gong X, et al. Flow-mediated dila-
tation to relieve puncture-induced radial artery
spasm: A pilot study. Cardiol J 2018;25(1):1-
6.

[16] Zhang Z, Xie Q. Novel treatment of severe ra-



13

Perioperative Precision Medicine 2023; 1 (1): 2-14. PPM23060200

Perioperative Precision Medicine

dial artery spasm using “homemade sheath-
less technique”: A case report. Medicine (Bal-
timore) 2019;98(13):e15008.

[17] Black W, Baljepally R, Shali L, et al. Old Is
(Not) Gold: Midazolam Monotherapy versus
Midazolam Plus Fentanyl for Sedation during
Cardiac Catheterization. J Interv Cardiol
2021:9932171.

[18] Bernat I, Aminian A, Pancholy S, et al. Best
Practices for the Prevention of Radial Artery
Occlusion After Transradial Diagnostic Angi-
ography and Intervention: An International
Consensus Paper. JACC Cardiovasc Interv
2019;12(22):2235-2246.

[19] Bai B, Tian Y, Zhang Y, et al. Dynamic needle
tip positioning versus the angle-distance tech-
nique for ultrasound-guided radial artery can-
nulation in adults: a randomized controlled
trial. BMC Anesthesiol 2020;20(1):231.

[20] Hadjivassiliou A, Kiemeneij F, Nathan S, et al.
Ultrasound-guided access to the distal radial
artery at the anatomical snuffbox for cathe-
ter-based vascular interventions: a technical
guide. EuroIntervention 2021;16(16):1342-
1348.

[21] Liu HB, Zhou AG, Pan DB. Feasibility of ultra-
sound-guided radial artery puncture place-
ment to rescue failed blind exploration place-
ment. Mod Med J China 2017;19(10):33-35.

[22] Dong M,  Wu WC,  Cao YJ ,  et  a l .  U l t ra -
sound-guided technique for radial artery
re-puncture placement. J Hubei Univ NatL
(Med Ed) 2015;32(04):25-27.

[23] Chen HN, Hao YM, Yang LF, et al. Assessment
of the efficacy of dynamic needle-tip position-
ing under ultrasound guidance in radial artery
cannulation performed by novices. China Med
Sci 2021;11(15):44-49.

[24] Dong R, Chen J, Wang H, et al. The applica-
tion of the acoustic shadowing facilitates
guidance in radial artery puncture and can-
nulation teaching in standardized training for
residents: a randomized controlled trial. BMC
Med Educ 2022;22(1):263.

[25] Oh EJ, Lee JH, Kwon EJ, et al.  Simula-
tion-based training using a vessel phantom
effectively improved first attempt success
and dynamic needle-tip positioning ability
for ultrasound-guided radial artery cannu-
lation in real patients: An assessor-blinded
randomized controlled study. PLoS One
2020;15(6):e0234567.

[26] Seyhan AU, Ak R. Ultrasound guidance versus
conventional technique for radial artery punc-
ture in septic shock patients: A pilot study. J
Vasc Access 2023;24(1):133-139.

[27] Yang LL, Wang YY. Evaluation of the ap-
plication efficacy of improved ultrasound
dual-contrast line localization in radial ar-

tery cannulation in children. Chin J Phys 
2021;23(08):1234-1236.  

[28] Quan Z, Zhang L, Zhou C, et al. Acoustic Shad-
owing Facilitates Ultrasound-guided Radial
Artery Cannulation in Young Children. Anes-
thesiology 2019;131(5):1018-1024.

[29] Wang Z, Guo H, Shi S, et al. Long-axis in-
plane combined with short-axis out-of-plane
technique in ultrasound-guided arterial cathe-
terization in infants: A randomized controlled
trial. J Clin Anesth 2023;85:111038.

[30] Yang F, Li S, Chen H, et al. Scale ultra-
sound-guided radial artery cannulation in
infant: A randomized controlled trial. J Vasc
Access 2023;24(2):205-212.

[31] Hou L, Song X, Yan N, et al. Comparison
of Single-operator Laser-assisted Ultra-
sound-guided Radial Arterial Cannulation in
Young Children with Traditional Ultrasound
Guidance: A Randomized Clinical Trial. Anes-
thesiology 2023;138(5):497-507.

[32] Nakayama Y, Nakajima Y, Sessler DI, et al.
A novel method for ultrasound-guided radial
arterial catheterization in pediatric patients.
Anesth Analg 2014;118(5):1019-26.

[33] Zhang GG, Wang LL, Guo NN. Analysis of the
Impact of different needle insertion angles on
the success rate of radial artery cannulation.
Clin Res 2021;29(01):181-183.

[34] Ye P, Tan Y, Ye M, et al. A novel method for
ultrasound-guided radial artery cannulation in
neonates by trainee anaesthesiologists: A ran-
domised controlled trial. Eur J Anaesthesiol
2020;37(2):91-97.

[35] Chen X, Zhang WC, Wang J, et al. Application
of ultrasound-guided technique in radial artery
cannulation for elderly patients with hip frac-
ture. Med Recapitulate 2018;24(23):4600-
4604.

[36] Ye LQ, Ye LM, He JM, et al. Application of ul-
trasound-guided double development line po-
sitioning in radial artery puncture andcathe-
terization in elderly patients. Chin J Mod Drug
Appl 2021;15(10):80-83.

[37] Shim JG, Cho EA, Gahng TR, et al. Application
of the dynamic needle tip positioning method
for ultrasound-guided arterial catheterization
in elderly patients: A randomized controlled
trial. PLoS One 2022;17(8):e0273563.

[38] Chen YT, Yang Y, Chen Y, et al. Comparison of
clinical effects of ultrasound-guided method
and traditional blind puncture method in ra-
dial artery catheterization. J Clin Ration Drug
Use 2019;12(10):159-160.

[39] Zou Q, Jiang J, Shi C, et al. Single and double
developing lines improve ultrasound-guided
radial artery catheterization in obese patients:
A randomized controlled trial. Anaesth Crit
Care Pain Med 2022;42(2):101166.



14

Perioperative Precision Medicine 2023; 1 (1): 2-14. PPM23060200

Perioperative Precision Medicine

[40] Zhang XY, Zhou J, Li Q, et al. The effect of a
clinical inflatable radial artery puncture fixa-
tion device on the success rate of puncture
in patients with weight loss. Anesth Saf Qual
Control 2021;5(06):431-434.

[41] Lee D, Kim JY, Kim HS, et al. Ultrasound eval-
uation of the radial artery for arterial catheter-
ization in healthy anesthetized patients. J Clin
Monit Comput 2016;30(2):215-219.

[42] Nie B, Zhou YJ, Li GZ, et al. Clinical study of
arterial anatomic variations for transradial
coronary procedure in Chinese population.
Chin Med J (Engl) 2009;122(18):2097-2102.

[43] Ueda K, Bayman EO, Johnson C, et al. A ran-
domised controlled trial of radial artery can-
nulation guided by Doppler vs. palpation vs.
ultrasound. Anaesthesia 2015;70(9):1039-
1044.

[44] Zeng Q, Gu QY, Zhang WQ, et al. Study on the
effect of compound lidocaine cream on re-
ducing radial artery puncture pain in critically
ill patients in ICU. The abstracts of the 5th
Shanghai Int Nurs Conference (II) 2022;118-
119.

[45] Wu C, Peng ZZ, Bai J. Comparison of modified
ultrasound-guided dynamic needle tip local-
ization technique and anatomical landmark
localization for internal jugular vein punc-
ture in infants and young children. Med Rev
2020;26(24):4968-4972.

[46] Yan ZX, Zhou YJ, Zhao YX, et al. Anatomical
study of forearm arteries with ultrasound for
percutaneous coronary procedures. Circ J
2010;74(4):686-692.

[47] Li G, Huang YL, Zhang XK. Effects of different
doses of nitroglycerin combined with lidocaine

on female radial artery diameter and catheter-
ization. J Clin Anesthesiol 2021;37(11):1159-
1163.

[48] Jang YE, Ji SH, Kim EH, et al. Subcutaneous
Nitroglycerin for Radial Arterial Catheteriza-
tion in Pediatric Patients: A Randomized Con-
trolled Trial. Anesthesiology 2020;133(1):53-
63.

[49] Loh YJ, Nakao M, Tan WD, et al. Factors in-
fluencing radial artery size. Asian Cardiovasc
Thorac Ann 2007;15(4):324-326.

[50] Zhang S, Liu T, Liu Y, et al. Effect of ultrasound
angle for radial artery cannulation in adults: a
randomized controlled trial. Minerva Anestesi-
ol 2022;88(4):230-237.

[51] Kucuk A, Yuce HH, Yalcin F, et al. Forty-five de-
gree wrist angulation is optimal for ultrasound
guided long axis radial artery cannulation
in patients over 60 years old: a randomized
study. J Clin Monit Comput 2014;28(6):567-
572.

[52] Melhuish TM, White LD. Optimal wrist posi-
tioning for radial arterial cannulation in adults:
A systematic review and meta-analysis. Am J
Emerg Med 2016;34(12):2372-2378.

[53] Yücel ED, Tekgul ZT, Okur O. The distal quarter
of the forearm is the optimal insertion site for
ultrasound-guided radial artery cannulation:
A randomized controlled trial. J Vasc Access
2022;11297298221126284.

[54] Saima S, Asai T, Okuda Y. Margin of safety for
needle puncture of a radial artery. J Anesth
2021;35(3):459-463.



Perioperative Precision Medicine
eISSN: 2957-5443

Progress of end-tidal carbon dioxide monitoring in non-
intubated patients

Address correspondence to: Lianbing Gu, The Affiliated Cancer Hospital of Nanjing Medical University, 
Department of Anesthesiology, Jiangsu Cancer Hospital, Jiangsu Institute of Cancer Research, Nanjing Medical 
University, No.140 Hanzhong Road, Nanjing 210009, Jiangsu, China. E-mail: 13951947684@163.com.

Yue Wang1, Miao Zhou1, Pengxin Li2, Lianbing Gu2

1Department of Anesthesiology, The Affiliated Cancer Hospital of Nanjing Medical University, Jiangsu Cancer Hos-
pital, Jiangsu Institute of Cancer Research, Nanjing Medical University, Nanjing 210009, Jiangsu, China. 2Xuzhou 
Medical University, Jiangsu Province Key Laboratory of Anesthesiology, Jiangsu Province Key Laboratory of Anes-
thesia and Analgesia Application Technology, Xuzhou 221002, Jiangsu, China. 

Acknowledgment: This work was supported by Jiangsu Cancer Hospital Excellent Talent Program (YC201805).

Declaration of conflict of interest: None. 

Review Article  https://doi.org/10.61189/343605tjncke

Received March 15, 2023; Accepted April 27, 2023; Published June 30, 2023

Abstract

End-tidal carbon dioxide (ETCO2) monitoring is an important tool for assessing respiratory and circulatory status
of patients. It has become an integral component of perioperative anesthesia care in patients undergoing general
anesthesia with endotracheal intubation. ETCO2 monitoring can also benefit non-intubated patients. This review
covers the basics of ETCO2 and methods of partial pressure of ETCO2 (PETCO2) monitoring and focuses on the lit-
erature regarding PETCO2 monitoring for non-intubated patients. Most studies explored the superiority of PETCO2

monitoring in patients under sedation outside operating room, while others investigated the potential advantages
of PETCO2 monitoring in other scenarios such as post-anesthesia care unit, cardiopulmonary resuscitation, and
patient-controlled analgesia. As carbon dioxide detection technology and sampling circuits continue to improve,
PETCO2 monitoring is expected to be used in more medical scenarios.

Keywords: End-tidal carbon dioxide, monitoring, non-intubated patients, airway management, anesthesia

Introduction

End-tidal carbon dioxide (ETCO2) monitoring 
measures the partial pressure of ETCO2 (PETCO2) 
or concentration of ETCO2 (CETCO2) at the end 
of an exhaled breath. ETCO2 monitoring often 
relies on capnography, which measures carbon 
dioxide concentrations over time. Due to its 
simplicity, non-invasiveness, continuous moni-
toring capability, and strong timeliness, ETCO2 
monitoring has been widely used for evaluating 
patients’ respiratory and circulatory conditions 
in clinical practice [1]. In clinical anesthesia, 
ETCO2 monitoring can indicate the respiratory 
and circulatory conditions of patients, and can 
help detect respiratory failure, pulmonary em-
bolism, and other conditions during surgery [2, 
3]. With the progress of technology and social 

advancements, the application of ETCO2 moni-
toring has expanded to non-intubated patients, 
such as those in endoscopy rooms, catheter-
ization labs, intensive care units (ICU), post-an-
esthesia care units (PACU), and emergency 
departments, with PETCO2 monitoring being the 
most common [4]. This article primarily reviews 
the clinical applications of ETCO2 monitoring in 
non-intubated patients.

PETCO2 monitoring

Pathophysiology of PETCO2

Carbon dioxide (CO2) is present in the blood, 
with one-third being carried by red blood cells 
and the remaining two-thirds in plasma. CO2 
produced in the tissues diffuses into the blood 

Highlights
● This review focuses on literature regarding end-tidal carbon dioxide monitoring for non-intubated patients.
● Partial pressure of carbon dioxide monitoring can benefit non-intubated patients.
● As carbon dioxide detection technology continues to improve, end-tidal carbon dioxide monitoring is expected to

be used in more medical scenarios.
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through tissue cells, is carried by red blood 
cells through the bloodstream to the lungs, and 
undergoes diffusion in the pulmonary capillar-
ies to be exhaled from the body via the alveolar 
air. Therefore, PETCO2 is typically measured at 
the peak of the respiratory cycle and is affected 
by three factors, namely CO2 production, lung 
gas exchange, and alveolar ventilation.

In healthy adults, PETCO2 ranges between 35 
and 45 mmHg, and arterial to endtidal partial 
pressure CO2 (P(a-ET)CO2) is between 2 and 5 
mmHg due to matching of alveolar ventilation 
and perfusion [5]. For patients without appar-
ent cardio-pulmonary dysfunction, PETCO2 val-
ues can be used to estimate PaCO2. When the 
ratio of ventilation to perfusion (V

4

A/Q
4

) is imbal-
anced, P(a-ET)CO2 increases [6]. At this point, ar-
terial blood gas analysis is necessary to obtain 
a more accurate PaCO2 value. A stable P(a-ET)CO2 
usually indicates relative stability of alveolar 
ventilation and perfusion, while an increased 
P(a-ET)CO2 gradient may hold clinical value in the 
diagnosis of pulmonary embolism [7].

PETCO2 values increase in conditions character-
ized by high CO2 production and transportation 
to the lungs, such as high metabolic crises, ma-
lignant hyperthermia, thyrotoxic crisis, sodium 
bicarbonate infusion, venous CO2 embolism, 
and increased cardiac output. On the other 
hand, PETCO2 values decrease in conditions 
characterized by low CO2 production and trans-
portation to the lungs, such as in hypothermia, 
inadequate pulmonary perfusion, cardiac ar-
rest, pulmonary embolism, and hypotension. 
When there is inadequate alveolar ventilation, 

such as in chronic obstructive pulmonary 
disease or partial airway obstruction, V

4

A/Q
4

 
decreases, and PaCO2 increases, leading to a 
corresponding increase in PETCO2. Conversely, 
when there is excessive ventilation, V

4

A/Q
4

 in-
creases, and PaCO2 decreases, leading to a 
corresponding decrease in PETCO2.

Waveforms of PETCO2

The time capnogram of PETCO2 can be divided 
into two phases: the inspiratory phase (phase 
0) and the expiratory phase [8, 9]. The PETCO2

waveform during the expiratory phase can
be further divided into three phases: phase I 
corresponds to dead space gas; phase II cor-
responds to alveolar gas elimination, where 
the PCO2 rises rapidly to a plateau; phase III
corresponds to the plateau period (Figure 1). 
Typically, the CO2 concentration during phase 
III shows a slight upward slope over time, as
the latest emptied or smallest alveoli contain 
relatively more CO2, resulting in a higher PCO2 
level. Therefore, the height and slope of the 
alveolar plateau can provide information about 
ventilation and perfusion. The maximum PCO2 
obtained during phase III is known as PETCO2.
When there is a significant change in airway 
caliber, such as under asthma or chronic ob-
structive pulmonary disease (COPD), the rising 
of phase III becomes steeper, and the α angle
between phases II and III increases. At the end
of phase III, the inspiration begins, and the
PETCO2 drops rapidly to 0. The angle between 
phase III and the inspiratory phase is usually
90° (β angle), which increases with each sub-
sequent breath.

Under normal conditions, mechanical ventila-
tion waveforms have a trapezoidal appearance, 
as shown in Figure 1 [10]. A decrease in airway 
diameter, such as in cases of asthma, COPD, 
or partial obstruction of the respiratory circuit, 
can result in an increase in the slope of the III 
phase. At the end of exhalation, the decrease 
to zero flow and the influence of cardiac pulsa-
tions can cause oscillations between emptying 
of different lung regions and the movement of 
exhaled and fresh gases, resulting in a wave 
pattern of cardiac origin. The presence of gaps 
in phase III waveform indicates spontaneous
breathing during mechanical ventilation. In the 
event of an endotracheal tube misplacement 
into the esophagus, the concentration of CO2 
drops rapidly, causing a decrease in the wave-
form. Additionally, if CO2 is repeatedly inhaled, 
the baseline value will not be zero. A sudden 
shortening of the plateau period in phase III in-
dicates air leakage from the endotracheal tube 

Figure 1. Time capnogram displays segments, 
phases and angles. Inspiratory segment is phase 0, 
and expiratory segment is divided into three phases: 
I, II, and III. Maximum value of CO2 at the end of the
breath is designated as PETCO2. The angle between 
phase II and phase III is angle α, and between
phase III and inspiratory downstroke is angle β. PET-

CO2, partial pressure of end-tidal carbon dioxide.
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cuff during mechanical ventilation.

Methods of PETCO2 monitoring

In 1864, John Tyndall first proposed the use 
of infrared absorption spectroscopy to mea-
sure CO2. According to Beer-Lambert law, the 
amount of infrared radiation (IR) absorbed by 
a sensor during IR detection is directly propor-
tional to the concentration of CO2 absorbed in 
the sample. With advances in CO2 monitoring 
technology in the 1980s, PETCO2 monitoring 
gradually became common in clinical practice. 
Table 1 shows the characteristics of three 
methods of PETCO2 monitoring: mainstream, 
sidestream and microstream [11].

Mainstream monitoring involves placing an in-
frared sensor directly in the patient’s breathing 
circuit. Its advantages include fast response 
time, high accuracy, and minimal waveform 
distortion. However, the drawback is that it can 
only be used in relatively closed breathing cir-
cuits. Currently, a new type of tube-based main-
stream capnography is available for non-intu-
bated patients (cap-ONE; Nihon Kohden, Tokyo, 
Japan). It is small in size and weighs only 10g, 
making it suitable for nasal cannula channel 
[12]. 

Sidestream monitoring involves connecting a 
gas sampling tube to the patient’s breathing 
circuit and using a suction pump to draw gas 
from the breathing circuit into the infrared mea-
surement chamber for analysis. It can be used 
in both closed and non-closed breathing cir-
cuits, making it suitable for patients with spon-
taneous breathing [5]. The sidestream PETCO2 
sensors generally use conventional infrared 
radiation techniques, which have a wide ab-
sorption spectrum and require filtering, result-
ing in a low accuracy. Additionally, a large gas 
sampling volume and flow rate are required, 
which lead to a longer response time. Although 
it can be used for patients with spontaneous 
breathing, it has a higher loss of tidal volume 
during sampling, making it difficult to be used 

in newborns [13, 14]. To prevent water vapor 
blockage, a water trap must be installed, but it 
is easily damaged.

Currently, the microstream technology (Oridion 
Capnography Inc.) sensor uses molecular cor-
relation spectroscopy, which operates within a 
small spectral range (4.2-4.35 μm) and does 
not require filtering. The gas sample demand 
can be as low as 15 μL, allowing for a very low 
sampling flow rate (50 ml/min). Additionally, 
microstream technology uses innovative small 
diameter and low dead space sampling tubes, 
which accelerate the delivery of gas and in-
crease the sensitivity for recognizing events 
such as respiratory pauses [15]. This has ex-
panded the use of PETCO2 monitoring in popula-
tions with low tidal volumes, such as newborns 
[16]. The micrometer-level filter in the sampling 
tube can filter out particles down to the 0.2μm 
level, and the use of Nafion drying tube can 
adsorb condensate in the sampling tube and 
prevent water vapor blockage, eliminating the 
need for a water trap. Zhang et al. found that 
two types of sampling tubes using microstream 
technology (Smart CapnoLine (Oridion Capnog-
raphy Inc., A) and Filterline H Set (Oridion Cap-
nography Inc., B)) were utilized to collect PETCO2 
via nasal or pharyngeal routes in non-intubated 
patients who underwent digital subtraction 
cerebral angiography (DSA). The PETCO2 and 
PaCO2 were significantly correlated (0.832 vs. 
0.836, P<0.001), which provides valuable clini-
cal references [17].

PETCO2 monitoring in specific populations

Obesity is considered as a risk factor for post-
operative respiratory depression, and obese 
patients with respiratory system complications 
and obstructive sleep apnea (OSA) may bene-
fit from PETCO2 monitoring [18, 19]. However, 
there are some challenges in measuring PETCO2 
in OSA patients, as mouth breathing and low 
tidal volume can result in greater dilution of 
the sample by ambient air. The cap-ONE (Nihon 
Kohden, Tokyo, Japan) sensor was designed to 

Table 1. The characteristics of three methods of the partial pressure of carbon dioxide monitoring

Types Location of sensor Methods of quantifying 
CO2 concentration Spectral range Characteristics

Mainstream In breathing circuits Infrared radiation Around 4.26 μm,
filter required

Potential increase in dead space, 
generally faster rise time 

Sidestream Away from 
breathing circuits Infrared radiation Around 4.26 μm,

filter required
Gas withdrawal rate of 30-500ml/min, 
long response time, large sample cell 

Microstream Away from 
breathing circuits

Molecular correlation 
spectroscopy

4.2 - 4.35 μm,
no filter required

Gas withdrawal rate of 50ml/min, 
short response time, 15ul sample cell
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monitor respiratory pauses and measure PETCO2 
in OSA patients, as it can better accommodate 
mouth breathing [20]. Latham applied PETCO2 
monitoring to postoperative high-risk OSA pa-
tients in the PACU as a part of hospital contin-
uous quality improvement program. Latham et 
al. reported that PETCO2 monitoring allowed for 
timely detection of postoperative respiratory 
complications in patients and provided a better 
understanding of their conditions, enabling 
them to provide better care for the patients [21].

Gupta reviewed 13 studies and reported that 
advanced age, COPD, and heart disease are 
important risk factors for opioid-induced respi-
ratory depression (OIRD) [22]. Older patients 
are more sensitive to the central inhibitory ef-
fects of opioid drugs, and they also have higher 
rates of comorbidities, leading to decreased 
plasma clearance of medications by the liver 
and kidneys [23]. Therefore, monitoring respi-
ratory function in elderly patients after surgery 
is vital for their respiratory function.

Taylor et al. conducted a retrospective case-con-
trol analysis of 62 adult patients who experi-
enced respiratory events (defined as respiratory 
rate <10 breaths/min and/or SpO2 <90%) after 
surgery and found that patients aged 65 years 
and above had an increased risk of respiratory 
events (OR: 2.34; 95% CI: 1.14 - 4.82) [24]. 
Overdyk et al. evaluated respiratory function 
in 205 adult patients receiving PCA analgesia 
after surgery. The results showed that the rates 
of respiratory depression (respiratory rate <10 
breaths/min) lasting for more than 2 or 3 min-
utes were 77.8% and 66.7%, respectively, in 
patients aged 65 years and above, which were 
higher than the mean occurrence rates (58.4% 
and 41.0%, respectively) [25].

PETCO2 monitoring is critical in children because 
respiratory depression is prone to occur due to 
their larger tongue. In 1997, Hart et al. used 
relatively advanced PETCO2 equipment to mon-
itor children and found that PETCO2 monitoring 
provided earlier indications of respiratory de-
pression than pulse oximetry during procedural 
sedation with preserved spontaneous breath-
ing [26]. Langhan et al. conducted a study 
on children aged 1-20 years in the PACU and 
found that the intervention group had higher 
rate of hypoventilation per minute (5% (95% CI: 
2% - 8%) vs. 1% (95% CI: -1% - 3%); P=0.040], 
and higher apnea rate (11% (95% CI: 8% - 14%) 
vs. 1.5% (95% CI: -2% - 5%); P<0.001), as well 
as a faster rate of respiratory depression (5% 
(95% CI: 2% - 8%) vs. 1% (95% CI: 0% - 4%); 
P=0.050] compared to the control group, indi-

cating that PETCO2 monitoring in the PACU could 
better protect the postoperative respiratory 
function of children [27]. Yarchi et al. included 
57 patients aged 4-62 years in a study on pain-
less endoscopy and used PETCO2 monitoring 
with SpO2≤90% or changes in heart rate or re-
spiratory rate greater than 20% from baseline 
as an event. They found that PETCO2 monitoring 
increased the probability of event occurrence 
in patients with lower average PETCO2 values, 
higher PETCO2 variability, and younger age [28]. 
Singh tested the correlation between PETCO2 
measured using microcapillary technology and 
PaCO2 in newborns in the  neonatal intensive 
care unit. The r value between PETCO2 and 
PaCO2 was 0.73 in 204 blood samples from 
very low birth weight (VLBW) infants (birth 
weight<1,500 g) and 0.82 in 82 blood samples 
from non-VLBW infants [29].

The identification of respiratory events and 
accurate estimation of PaCO2 in patients with 
OSA, elderly individuals, and children through 
non-invasive means are the ongoing issues. 
The development of new measurement meth-
ods and sensors may provide us with more op-
tions to address this challenge.

PETCO2 monitoring in non-intubated patients

PETCO2 monitoring in patients under sedation 
outside operating room

With the advancements in endoscopy, inter-
ventional therapy, and radiological examination 
techniques, the number of procedures requiring 
sedation outside the operating room has signifi-
cantly increased. The anesthesia plan for such 
procedures often requires moderate sedation, 
involving general anesthesia with preservation 
of spontaneous breathing [30]. During mod-
erate sedation, patients are able to respond 
purposefully to verbal commands and respond 
to light tapping or verbal stimulation, usually 
without any intervention to maintain airway 
patency; their cardiovascular function is almost 
unaffected. However, in examination rooms for 
painless endoscopy, cholangioscopy, and DSA, 
the ambient light level is generally low, and in-
ternal medicine doctors and anesthesiologists 
often cannot detect respiratory impairment in 
patients in a timely manner, leading to respira-
tory depression [31]. In 2015, the Association 
of Anaesthetists of Great Britain and Ireland 
recommended PETCO2 monitoring for all patients 
undergoing procedural sedation, especially for 
those requiring oxygen [32]. The American So-
ciety of Anesthesiologists also revised its basic 
anesthesia monitoring standards to include 
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PETCO2 monitoring during moderate and deep 
sedation [33].

In recent years, multiple clinical studies have 
demonstrated that monitoring PETCO2 can ef-
fectively detect respiratory events and reduce 
the incidence of hypoxemia during sedation in 
various non-operating room settings. Qadeer 
et al. reported that in 247 patients undergoing 
endoscopy, 69% of the patients experienced 
hypoxemia without PETCO2 monitoring, and 
this proportion decreased to 46% after PETCO2 
monitoring (P<0.001) [34]. Similarly, Beitz et 
al. conducted a randomized trial and found 
that PETCO2 monitoring during routine colonos-
copy reduced the incidence of hypoxemia by 
50% [35]. Ishiwata’s study exhibited that the 
incidence of respiratory events during tracheal 
surgery was as high as 48.8%, and PETCO2 mon-
itoring could detect respiratory events earlier 
(30 seconds earlier than pulse oximetry), with 
a shorter duration of hypoxemia (20.4 vs. 41.7 
seconds, P=0.029), a lower incidence of severe 
hypoxemia (SpO2<85%) (16 (17%) vs. 29 (32%), 
P=0.019), and a higher mean lowest SpO2 val-
ue (90.5 vs. 87.6, P=0.002) [36, 37]. Study of 
Schlag et al. confirmed that PETCO2 monitoring 
during sedation for percutaneous transhepatic 
cholangiography drainage revealed significantly 
more respiratory events than clinical observa-
tion alone (113 vs. 7; P=0.012) [38]. Jiang et 
al. demonstrated that PETCO2 monitoring in the 
painless abortion room was able to reveal a 
higher rate of respiratory events or abnormal 
ventilation (55.1%, 95% CI: 39.4% - 62.3% vs. 
3.0%, 95% CI: 1.1% - 4.2%, P<0.001), leading 
to a lower incidence of hypoxemia (37.8%, 95% 
CI: 33.8% - 45.2% vs. 54.2%, 95% CI: 47.8% 
- 58.2%, P<0.001) [39]. It is indicated that
PETCO2 monitoring can also be used to identify
early changes in ventilation parameters in the
painless abortion room.

From an evidence-based medicine perspective, 
Waugh et al. conducted a meta-analysis on 
procedural sedation and analgesia (PSA) and 
demonstrated that PETCO2 monitoring during 
PSA increased the detection rate of respiratory 
events by 17.6 times compared to no PETCO2 
monitoring (95% CI: 2.50 - 122.10; P<0.004) 
[40]. Similarly, Askar et al. carried out a me-
ta-analysis on dental procedural sedation and 
found that PETCO2 monitoring during sedation 
reduced the incidence of hypoxemia (RR 0.76, 
95%CI: 0.70 - 0.83, P<0.001) and decreased 
oxygen saturation (RR 0.79, 95%CI: 0.71 - 0.87, 
P<0.001) [41]. These studies support the ben-
efits of PETCO2 monitoring during sedation in 
non-operating room settings.

In summary, the use of PETCO2 monitoring 
during sedation and anesthesia procedures 
performed outside the operating room can 
improve the detection efficiency of respiratory 
pauses, enabling clinical physicians to provide 
timely intervention, and can reduce the inci-
dence of hypoxemia in patients. Thus, PETCO2 
monitoring provides an effective safety guar-
antee for sedation and anesthesia procedures 
performed outside the operating room.

PETCO2 monitoring in PACU

The PACU is a vital location for the monitoring of 
patients who have undergone general anesthe-
sia and intubation. During the recovery period, 
the patient’s vital signs and respiratory func-
tion need to be closely monitored [42]. PETCO2 
monitoring is an effective tool for evaluating the 
patient’s respiratory and circulatory conditions 
[43]. The fourth national audit project of the 
National Audit Project of the Royal College of 
Anesthetists and the Difficult Airway Society in-
dicates that around 30% of anesthesia-related 
airway complications occur during the recovery 
period [44]. Kawanishi et al. reported that air-
way adverse events exhibited an incidence of 
16% in the PACU and about one-fourth of these 
events occurred at the end of anesthesia or in 
the recovery room [45]. Chung et al. conducted 
a study to monitor the respiratory function with 
microstream technology in 250 adult patients 
during the recovery period after general anes-
thesia and found that approximately 55% of 
patients experienced at least one episode of 
hypoxemia [46]. In addition, Potvin et al. discov-
ered that PETCO2 monitoring before tracheal ex-
tubation or removal of a laryngeal mask airway 
significantly reduced the proportion of patients 
with PETCO2>45 mmHg in the minute before 
extubation (83.3% and 54.1%, respectively, P = 
0.029) [43].

Although there is limited research in this area 
at present, future studies can explore wheth-
er monitoring vital signs such as respiratory 
rate, depth, and CO2 concentration with PETCO2 
during the recovery period can improve the de-
tection rate of adverse events such as airway 
obstruction, pulmonary embolism, respiratory 
distress, respiratory failure, and pneumothorax, 
with the aim of improving the safety of clinical 
anesthesia.

PETCO2 monitoring in patients under non-inva-
sive ventilation (NIV)

Patients with COPD, acute respiratory distress 
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syndrome, severe asthma, respiratory fail-
ure, congestive heart failure, OSA/hypopnea 
syndrome, and other respiratory conditions 
often require NIV [47]. NIV can correct alveo-
lar hypoventilation, improve sleep quality and 
survival rate, and capnography can be used to 
monitor the respiratory and circulatory func-
tions of these patients [48, 49]. Sakuraya et al. 
found that mainstream and sidestream PETCO2 
monitoring during NIV could effectively predict 
PaCO2 levels in adults (mainstream: r=0.92, 
P<0.001 vs. sidestream: r=0.79, P<0.001) [50]. 
Duggal et al. conducted a systematic review on 
the safety and efficacy of NIV for blunt chest 
trauma patients without respiratory failure and 
concluded that early use of NIV could prevent 
intubation events [51]. Aarrestad et al. moni-
tored PtCO2 in 67 patients with chronic respira-
tory failure receiving long-term NIV, and report-
ed a significant correlation between PaCO2 and 
PtcCO2 (r=0.9, P<0.0001) [52]. 

Currently, there is limited research on cap-
nography for NIV. Hence, further studies are 
needed to support its benefits for non-invasive 
ventilation.

PETCO2 monitoring in cardiopulmonary resusci-
tation

In 1978, Dr. Kalenda proposed to use CO2 mon-
itoring for the evaluation of pulmonary blood 
flow during cardiac resuscitation, which would 
help assess systemic circulation [53]. The 2015 
Resuscitation Council UK guidelines identified 
the role of capnography in cardiopulmonary 
resuscitation (CPR), including endotracheal 
tube placement, monitoring ventilation rate 
during CPR to avoid hyperventilation, assess-
ing the quality of chest compressions during 
CPR, and monitoring the return of spontaneous 
circulation after CPR [54]. In a retrospective 
analysis of 14,504,809 internal medicine and 
6,771,882 surgical patients, Izrailtyan et al. 
identified 96,554 cases of cardiac arrest, with 
surgical patients experiencing twice as many 
events as internal medicine patients (6.17 vs. 
3.77 events per 1000 cases) [55]. Independent 
predictors of cardiac arrest following opioid 
treatment included hispanic ethnicity, obesity, 
mild liver disease, and COPD. Baldi’s study 
showed that changes in PETCO2 before and with-
in 10 minutes after intubation during cardiac 
arrest were independent predictors of CPR out-
comes (OR 1.83, 95% CI: 1.02 - 3.30; P=0.040 
and OR 3.9, 95% CI: 1.97 - 7.74; P<0.001) [56]. 
Murphy’s study found that increasing chest 
compression depth by 10mm was associated 
with a 4.0% increase in PETCO2 (P<0.001), in-

creasing compression rate by 10 per minute 
was associated with a 1.7% increase in PETCO2 
(P=0.020), and increasing chest compression 
recoil speed by 10mm per second was associ-
ated with a 2.8% increase in PETCO2 (P=0.030) 
[57]. Additionally, Gutiérrez et al. demonstrated 
that the average percentage change in PETCO2 
during chest compressions could be used to 
differentiate spontaneous circulation recovery 
(sensitivity: 95.4%, 95% CI: 90.10 - 98.10; 
specificity: 94.9%, 95% CI: 91.40 - 97.10) [58].

Although PETCO2 monitoring can aid in moni-
toring spontaneous breathing and circulation 
recovery during cardiopulmonary resuscitation, 
there is currently limited evidence to suggest 
that the use of PETCO2 monitoring during CPR 
can improve patient outcomes [59].

PETCO2 monitoring and patient-controlled anal-
gesia (PCA)

The implementation of the enhanced recovery 
after surgery concept has led to the widespread 
use of PCA for postoperative pain management 
in the ward. However, the use of opioid anal-
gesics can lead to OIRD, which is a significant 
risk factor [22]. The Anesthesia Patient Safety 
Foundation recommends monitoring SpO2 and 
respiratory rate, especially after extubation and 
when using opioid analgesics for pain manage-
ment [60]. Lee et al. conducted a claims anal-
ysis on postoperative OIRD and reported that 
among 92 claims (κ=0.690), the majority of 
respiratory depression events (88%) occurred 
within 24 hours after surgery, and 97% were 
considered preventable with better monitoring 
[61]. Therefore, PETCO2 monitoring is necessary 
when patients are using PCA pumps. In a sur-
vey of 178 patients using PCA pumps conduct-
ed by Overdyk et al., PETCO2 monitoring detected 
a sustained decrease in pulse oxygen satura-
tion (SpO2<90%) in 12% of patients and a slow 
respiratory rate (RR<10 breaths/min) in 41% of 
patients, highlighting the need for PETCO2 moni-
toring in the population using PCA pumps [25].

Despite the frequent occurrence of OIRD in clin-
ical practice, most clinicians in hospitals rely 
on intermittent assessments to monitor PCA 
patients. However, there is currently limited 
research on real-time monitoring and timely in-
tervention to reduce the occurrence of respira-
tory depression. PETCO2 monitoring can provide 
real-time monitoring of a patient’s respiratory 
status and promptly detect respiratory events, 
allowing for timely intervention.

Conclusion
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In conclusion, PETCO2 monitoring could be used 
not only in patients undergoing general anes-
thesia with endotracheal incubation, but also in 
many other medical settings such as endosco-
py rooms, catheterization labs, ICU, PACU and 
emergency departments. Multiple studies have 
confirmed that PETCO2 monitoring can also ben-
efit non-intubated patients. As CO2 detection 
technology and sampling circuits continue to 
improve, PETCO2 monitoring is expected to bet-
ter reflect respiratory and circulatory functions 
of patients, thereby expanding its use in non-in-
tubated patients. Presently, PETCO2 monitoring 
is primarily employed in non-intubated patients 
for PSA, while more research is required to in-
vestigate its application in post-extubation after 
general anesthesia, cardiopulmonary resuscita-
tion, as well as the diagnosis and management 
of respiratory and circulatory system disorders.

References 

[1] Selby ST, Abramo T, Hobart-Porter N. An Up-
date on End-Tidal CO2 Monitoring. Pediatr
Emerg Care 2018;34(12):888-892.

[2] Ortega R, Connor C, Kim S, et al. Monitoring
ventilation with capnography. N Engl J Med
2012;367(19):e27.

[3] Rackley CR. Monitoring During Mechanical
Ventilation. Respir Care 2020;65(6):832-846.

[4] Kodali BS. Capnography outside the operating
rooms. Anesthesiology 2013;118(1):192-201.

[5] Kreit JW. Volume Capnography in the Inten-
sive Care Unit: Potential Clinical Applications.
Ann Am Thorac Soc 2019;16(4):409-420.

[6] Restrepo RD, Nuccio P, Spratt G, et al. Cur-
rent applications of capnography in non-in-
tubated patients. Expert Rev Respir Med
2014;8(5):629-639.

[7] Park CI, Bendjelid K, Bonvini RF. Arterial to
end-tidal CO2 pressure gradient: a bedside
parameter to monitor patients with mas-
sive pulmonary embolism. Am J Emerg Med
2013;31(3):1-3.

[8] Bhavani-Shankar K, Kumar AY, Moseley HS, et
al. Terminology and the current limitations of
time capnography: a brief review. J Clin Monit
1995;11(3):175-182.

[9] Bhavani-Shankar K, Philip JH. Defining seg-
ments and phases of a time capnogram.
Anesth Analg 2000;91(4):973-977.

[10] Krauss B, Hess DR. Capnography for procedur-
al sedation and analgesia in the emergency
department. Ann Emerg Med 2007;50(2):172-
181.

[11] Mogue L R, Rantala B. Capnometers. J Clin
Monit 1988;4(2):115-121.

[12] Kasuya Y, Akça O, Sessler DI, et al. Accuracy

of postoperative end-tidal Pco2 measure-
ments with mainstream and sidestream cap-
nography in non-obese patients and in obese 
patients with and without obstructive sleep 
apnea. Anesthesiol 2009;111(3):609-615.

[13] Williams EE, Greenough A. Lung Protection
During Mechanical Ventilation in the Prema-
ture Infant. Clin Perinatol 2021;48(4):869-
880.

[14] Schmalisch G. Basic principles of respiratory
function monitoring in ventilated newborns: A
review. Paediatr Respir Rev 2016;20:76-82.

[15] Colman Y, Krauss B. Microstream Cap -
nography Technology: A New Approach
to an Old Problem. J Clin Monit Comput
1999;15(6):403-409.

[16] Williams E, Dassios T, Greenough A. Carbon
dioxide monitoring in the newborn infant. Pe-
diatr Pulmonol 2021;56(10):3148-3156.

[17] Zhang C, Wang M, Wang R, et al. Accuracy of
end-tidal CO2 measurement through the nose
and pharynx in nonintubated patients during
digital subtraction cerebral angiography. J
Neurosurg Anesthesiol 2013;25(2):191-196.

[18] Laporta ML, Sprung J, Weingarten TN. Respi-
ratory depression in the post-anesthesia care
unit: Mayo Clinic experience. Bosn J Basic
Med Sci 2021;21(2):221-228.

[19] Maddox RR, Williams CK, Oglesby H, et al.
Clinical experience with patient-controlled an-
algesia using continuous respiratory monitor-
ing and a smart infusion system. Am J Health
Syst Pharm 2006;63(2):157-164.

[20] Yamamori S, Takasaki Y, Ozaki M, et al. A flow-
through capnometer for obstructive sleep
apnea. J Clin Monit Comput 2008;22(3):209-
220.

[21] Latham K, Bird T, Burke J. Implementing Mi-
crostream End-Tidal CO2 in the PACU. J Peri-
anesth Nurs 2018;33(1):23-27.

[22] Gupta K, Prasad A, Nagappa M, et al. Risk
factors for opioid-induced respiratory depres-
sion and failure to rescue: a review. Curr Opin
Anaesthesiol 2018;31(1):110-119.

[23] van der Schrier R, Roozekrans M, Olofsen E,
et al. Influence of Ethanol on Oxycodone-in-
duced Respiratory Depression: A Dose-esca-
lating Study in Young and Elderly Individuals.
Anesthesiology 2017;126(3):534-542.

[24] Taylor S, Kirton OC, Staff I, et al. Postopera-
tive day one: a high risk period for respiratory
events. Am J Surg 2005;190(5):752-756.

[25] Overdyk FJ, Carter R, Maddox RR, et al. Con-
tinuous oximetry/capnometry monitoring
reveals frequent desaturation and bradypnea
during patient-controlled analgesia. Anesth
Analg 2007;105(2):412-418.

[26] Hart LS, Berns SD, Houck CS, et al. The value
of end-tidal CO2 monitoring when comparing



22

Perioperative Precision Medicine 2023; 1 (1): 15-23. PPM23060201

Perioperative Precision Medicine

three methods of conscious sedation for chil-
dren undergoing painful procedures in the 
emergency department. Pediatr Emerg Care 
1997;13(3):189-193.

[27] Langhan ML, Li FY, Lichtor JL. The impact of
capnography monitoring among children and
adolescents in the postanesthesia care unit: a
randomized controlled trial. Paediatr Anaesth
2017;27(4):385-393.

[28] Yarchi D, Cohen A, Umansky T, et al. Assess-
ment of end-tidal carbon dioxide during pedi-
atric and adult sedation for endoscopic proce-
dures. Gastrointest Endosc 2009;69(4):877-
882.

[29] Singh BS, Gilbert U, Singh S, et al. Sidestream
microstream end tidal carbon dioxide mea-
surements and blood gas correlations in
neonatal intensive care unit. Pediatr Pulmonol
2013;48(3):250-256.

[30] Parker W, Estrich CG, Abt E, et al. Benefits
and harms of capnography during procedures
involving moderate sedation: A rapid review
and meta-analysis. J Am Dent Assoc (1939)
2018;149(1):38-50.

[31] Whitaker DK, Benson JP. Capnography stan-
dards for outside the operating room. Curr
Opin Anaesthesiol 2016;29(4):485-492.

[32] Checketts MR, Alladi R, Ferguson K, et al.
Recommendations for standards of monitor-
ing during anaesthesia and recovery 2015:
Association of Anaesthetists of Great Britain
and Ireland. Anaesthesia 2016;71(1):85-93.

[33] American Society of Anesthesiologists.
Standards for Basic Anesthetic Monitor-
ing. Available at: www.asahq.org/stan -
dards-and-guidelines/standards-for-basic-an-
esthetic-monitoring.

[34] Qadeer MA, Vargo JJ, Dumot JA, et al. Cap-
nographic monitoring of respiratory activity
improves safety of sedation for endoscopic
cholangiopancreatography and ultrasonogra-
phy. Gastroenterol 2009;136(5):1568-1576.

[35] Beitz A, Riphaus A, Meining A, et al. Capno-
graphic monitoring reduces the incidence of
arterial oxygen desaturation and hypoxemia
during propofol sedation for colonoscopy: a
randomized, controlled study (ColoCap Study).
Am J Gastroenterol 2012;107(8):1205-1212.

[36] Ishiwata T, Tsushima K, Fujie M, et al. End-tid-
al capnographic monitoring to detect apnea
episodes during flexible bronchoscopy under
sedation. BMC Pulm Med 2017;17(1):7.

[37] Ishiwata T, Tsushima K, Terada J, et al. Effi-
cacy of End-Tidal Capnography Monitoring
during Flexible Bronchoscopy in Nonintubated
Patients under Sedation: A Randomized Con-
trolled Study. Respiration 2018;96(4):355-
362.

[38] Schlag C, Wörner A, Wagenpfeil S, et al. Cap-

nography improves detection of apnea during 
procedural sedation for percutaneous tran-
shepatic cholangiodrainage. Can J Gastroen-
terol 2013;27(10):582-586.

[39] Jiang ZM, Chen ZH, Fang XM. Sidestream cap-
nographic monitoring reduces the incidence
of arterial oxygen desaturation during propofol
ambulatory anesthesia for surgical abortion.
Med Sci Monit 2014;20:2336-2342.

[40] Waugh JB, Epps CA, Khodneva YA. Capnog-
raphy enhances surveillance of respiratory
events during procedural sedation: a me-
ta-analysis. J Clin Anesth 2011;23(3):189-
196.

[41] Askar H, Misch J, Chen Z, et al. Capnography
monitoring in procedural intravenous seda-
tion: a systematic review and meta-analysis.
Clin Oral Investig 2020;24(11):3761-3770.

[42] McNeill MM, Hardy Tabet C. The Effectiveness
of Capnography Versus Pulse Oximetry in
Detecting Respiratory Adverse Events in the
Postanesthesia Care Unit (PACU): A Narrative
Review and Synthesis. J Perianesth Nurs
2022;37(2):264-269.

[43] Potvin J, Etchebarne I, Soubiron L, et al.
Effects of capnometry monitoring during re-
covery in the post-anaesthesia care unit: a
randomized controlled trial in adults (CAPNO-
SSPI). J Clin Monit Comput 2022;36(2):379-
385.

[44] Cook TM, Woodall N, Frerk C. Major complica-
tions of airway management in the UK: results
of the Fourth National Audit Project of the
Royal College of Anaesthetists and the Diffi-
cult Airway Society. Part 1: Anaesthesia. Br J
Anaesth 2011;106(5):617-631.

[45] Kawanishi H, Inoue S, Kawaguchi M. A Ret-
rospective Analysis of Oxygen Desaturation
during Acoustic Respiratory Rate Monitoring
in Non-ICU Patients following Tracheal Extu-
bation after General Anesthesia. Anesthesiol
Res Pract 2017;2017:1-6.

[46] Chung F, Wong J, Mestek ML, et al. Charac-
terization of respiratory compromise and
the potential clinical utility of capnography
in the post-anesthesia care unit: a blinded
observational trial. J Clin Monit Comput
2020;34(3):541-551.

[47] Contal O, Adler D, Borel JC, et al. Impact of dif-
ferent backup respiratory rates on the efficacy
of noninvasive positive pressure ventilation in
obesity hypoventilation syndrome: a random-
ized trial. Chest 2013;143(1):37-46.

[48] Duiverman ML, Wempe JB, Bladder G, et al.
Two-year home-based nocturnal noninvasive
ventilation added to rehabilitation in chron-
ic obstructive pulmonary disease patients:
a randomized controlled trial. Respir Res
2011;12(1):112.



23

Perioperative Precision Medicine 2023; 1 (1): 15-23. PPM23060201

Perioperative Precision Medicine

[49] Köhnlein T, Windisch W, Köhler D, et al.
Non-invasive positive pressure ventilation for
the treatment of severe stable chronic ob-
structive pulmonary disease: a prospective,
multicentre, randomised, controlled clinical
trial. Lancet Respir Med 2014;2(9):698-705.

[50] Sakuraya M, Douno E, Iwata W, et al. Accuracy
evaluation of mainstream and sidestream
end-tidal carbon dioxide monitoring during
noninvasive ventilation: a randomized cross-
over trial (MASCAT-NIV trial). J Intensive Care
2022;10(1):17.

[51] Duggal A, Perez P, Golan E, et al. Safety and
efficacy of noninvasive ventilation in patients
with blunt chest trauma: a systematic review.
Crit Care 2013;17(4):142.

[52] Aarrestad S, Tollefsen E, Kleiven AL, et al.
Validity of transcutaneous PCO2 in monitoring
chronic hypoventilation treated with non-inva-
sive ventilation. Respir Med 2016;112:112-
118.

[53] Kalenda Z. The capnogram as a guide to the
efficacy of cardiac massage. Resuscitation
1978;6(4):259-263.

[54] Lloyd G. Resuscitation Council (UK) basic and
advanced life support guidelines 2015. Br J
Hosp Med 2015;76(12):678-680.

[55] Izrailtyan I, Qiu J, Overdyk FJ, et al. Risk fac-
tors for cardiopulmonary and respiratory ar-
rest in medical and surgical hospital patients
on opioid analgesics and sedatives. PloS One
2018;13(3):e0194553.

[56] Baldi E, Caputo ML, Klersy C, et al. End-tidal
carbon dioxide (ETCO2) at intubation and its
increase after 10 minutes resuscitation pre-
dicts survival with good neurological outcome
in out-of-hospital cardiac arrest patients. Re-
susc 2022;181:197-207.

[57] Murphy RA, Bobrow BJ, Spaite DW, et al. Asso-
ciation between Prehospital CPR Quality and
End-Tidal Carbon Dioxide Levels in Out-of-Hos-
pital Cardiac Arrest. Prehosp Emerg Care
2016;20(3):369-377.

[58] Gutiérrez JJ, Leturiondo M, Ruiz de Gauna S,
et al. Assessment of the evolution of end-tid-
al carbon dioxide within chest compression
pauses to detect restoration of spontaneous
circulation. PLoS One 2021;16(5):e0251511.

[59] Nolan JP, Soar J, Cariou A, et al. European Re-
suscitation Council and European Society of
Intensive Care Medicine 2015 guidelines for
post-resuscitation care. Intensive Care Med
2015;41(12):2039-2056.

[60] Maddox RR, Williams CK. Clinical Experience
with Capnography Monitoring for PCA Pa-
tients. Anesthesia Patient Safety Foundation.
2012. Available at: www.apsf.org/article/
clinical-experience-with-capnography-monitor-
ing-for-pca-patients/.

[61] Lee LA, Caplan RA, Stephens LS, et al. Post-
operative opioid-induced respiratory depres-
sion: a closed claims analysis. Anesthesiology
2015;122(3):659-665.



Perioperative Precision Medicine
eISSN: 2957-5443

The interaction of Candida albicans with C-type lectin 
receptors

Address correspondence to: Chunhua Liao, School of Anesthesiology, Second Military Medical University/
Naval Medical University, No.800 Xiangyin Road, Shanghai 200433, China. E-mail: liaochh7@smmu.edu.cn; 
Zhen Xing, Department of Anesthe-siology, the First Affiliated Hospital of Hebei North University, No.47 Changqing 
Road, Hebei 075000, China. E-mail: xingzhen@sina.com.

Lindong Cheng1, Ping Li2, Duy Khanh La3，4, Zhen Xing5,#, Chunhua Liao6,#

1Graduate School, Hebei North University, Hebei 075000, China. 2Graduate School, Wannan Medical College, An-
hui 241000, China. 3Foreign Training Group, Naval Military Medical University, Shanghai 200433, China. 4Faculty 
of Medicine, Vietnam Military Medical University, Hanoi 100000, Vietnam. 5Department of Anesthesiology, the 
First Affiliated Hospital of Hebei North University, Hebei 075000, China. 6School of Anesthesiology, Second Mili-
tary Medical University/Naval Medical University, Shanghai 200433, China. 
#The authors contribute equally.

Declaration of conflict of interest: None. 

Review Article https://doi.org/10.61189/863627autews

Received March 19, 2023; Accepted May 16, 2023; Published June 30, 2023

Abstract

Candida albicans (C. albicans) is a ubiquitous commensal in the mammalian flora and the most prevalent fungal 
pathogen of humans. As an opportunistic fungus, C. albicans can cause mucosal and invasive infections. Invasive 
candidiasis infected by C. albicans is a leading cause of perioperative death in immunocompromised and immu-
nodeficient patients. The morphological change from the yeast to the mycelium plays a key role in the pathogen-
esis of C. albicans. C-type lectin receptors (CLRs), including Dectin-1, Dectin-2, Dectin-3, Mincle, and dendritic 
cell-specific intercellular adhesion molecule-3-grabbing non-integrin, are among the pattern recognition receptors 
expressed by innate immune cells that can recognize C. albicans. The emergence of drug-resistant C. albicans put 
pressure on the healthcare system, whereby CLRs have also attracted extensive attention from physicians. Thus, 
in this article, we discuss the interaction between CLRs and C. albicans and the treatment prospects of CLRs on 
anti-C. albicans.

Keywords: Candida albicans, virulence, C-type lectin receptors, anti-fungal immunity

Introduction

Candida species (Candida spp.) are common 
commensals in the skin and gut microbiota, 
colonizing the skin and mucosal surfaces of 
healthy individuals. Candida albicans (C. albi-
cans) is the most common Candida spp. in clin-
ic and one of the major causes of hospital-ac-
quired infections. C. albicans is responsible for 
more than 400,000 invasive candidiasis cases 
annually with a high mortality rate of 75% [1, 2]. 
In healthy humans, C. albicans is usually harm-
less. However, they can be hyperproliferative, 
leading to invasive Candida infections in indi-

viduals, due to pH changes, nutrition, illness, 
and immune system disorders from the use 
of antibiotics and immunosuppressive agents 
[3]. Intensive care unit (ICU) patients usually 
have chronic underlying diseases with low 
immunity and disordered pathophysiological 
conditions [4]. In the last two decades, there is 
an increase in fungal isolates from ICU subjects 
due to improvements in diagnostics, overuse of 
antibiotics, and better organ support systems 
prolonging ICU stay [5]. In a report from eastern 
India, Candida spp. were detected in nearly 
15% of isolates [6]. Perioperative medicine 
is a subject of multidisciplinary perioperative 

Highlights
● Candidiasis is a substantial cause of perioperative mortality in immunocompromised and immunodeficient pa-
   tients.
● β-glucan and α-mannan are two major pathogen-associated molecular patterns in the Candida albicans cell walls

recognized by C-type lectin receptors (CLRs).
● CLRs, such as Dectin-1 and Dectin-2, as β-glucan and α-mannan receptors, are essentially involved in recogni

tion of Candida albicans.
● CLRs are promising drug targets for treating chronic candidiasis.
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management, which is centered on surgical 
patients, based on value medicine, and aimed 
to promote the high quality of postoperative re-
covery of patients [7]. Surgical treatments play 
important roles in curing diseases. With the 
update of ideas and the progress of technol-
ogy, clinicians gradually realize that the focus 
of disease treatment is not only the operation 
itself but also the preoperative and postopera-
tive treatment. After some surgeries like cancer 
surgery, patients may require ICU admission for 
postoperative therapy [8]. However, ICU settings 
are conducive to C. albicans infection [9]. It has 
become increasingly challenging for clinicians 
to manage the C. albicans in ICUs, which was 
recently found in 52% of the observed cases in 
ICU [10, 11]. C. albicans is the most frequent 
isolate in yeast-positive cultures in patients with 
sepsis, and the mortality rate can reach 80% in 
patients with candidemia if no treatment is re-
ceived within the first 24 h of septic shock [12].

In recent years, the annual incidence of inva-
sive candidiasis has increased due to the wide-
spread use of broad-spectrum antibiotics, glu-
cocorticoids, and immunosuppressive agents. 
C. albicans infection is particularly severe in
immunocompromised patients, such as those
with acquired immunodeficiency syndrome,
those receiving chemotherapy and immuno-
suppressive agents, and those implanted with
medical devices. Virulence factors for C. albi-
cans allow it to adhere to and penetrate host
tissues, resulting in local diseases such as oral
candidiasis, onychomycosis, and vaginitis. C.
albicans have a strong morphological plasticity

and can grow in yeast, pseudohyphae, or hy-
phae, and this polymorphism is strongly asso-
ciated with its pathogenicity [13]. Additionally, 
biofilm formation is also one of the important 
virulence factors for this microorganism.

Pathogen-associated molecular patterns 
(PAMPs) exist on the surface of various patho-
genic microorganisms. They exhibit unique 
characteristics specific to certain microorgan-
isms, possess constant structural features, and 
demonstrate evolutionary conservation. Mainly 
expressed on the surface, cytosol, and serum 
of innate immune cells (macrophages, dendritic 
cells, etc.), pattern recognition receptors (PRRs) 
directly recognize pathogen surfaces such as 
the fungal cell wall components mannose, chi-
tosan and β-glucans. Common PRRs include 
toll-like receptors (TLRs), nucleoside receptors 
(NLRs), retinoic acid-inducible gene Ⅰ-like re-
ceptors, and C-type lectin receptors (CLRs) [14]. 
In recent years, CLRs play a pivotal role in host 
antifungals especially anti-C. albicans infection, 
which has attracted increasing attention. The 
interactions between CLRs and C. albicans, as 
well as their role in the induction of protective 
immunity, is elaborated in this study. The main 
CLRs involved in the recognition of C. albicans 
include Dectin-1 (CLEC7A), Dectin-2 (CLEC6A), 
Mincle (CLEC4E), DC-SIGN (CD209), and MCL / 
Dectin-3 (CLEC4D).

Virulence of C. albicans

Fungal cell walls are highly dynamic complex 
structures that play a role in maintaining cell 
shape and protecting cells. The robustness of 
the cell wall is the key to the maintenance of 
fungal morphology. Fungal cell walls are com-
posed of rich composition of an inner layer of 
β-glucans and underlying chitin and an outer 
layer of mannosylated proteins. β-glucan is 
the major PAMP in the fungal cell walls and is 
cleared after recognition by the innate immune 
system [15]. Under normal conditions, C. albi-
cans can mask the inner wall of cells by coating 
it with an outer layer of mannosylated protein 
β-glucans, which reduces the recognition of C. 
albicans by innate immune cells, enhancing 
their viability [16-18]. It has also been reported 
that the pathway for the synthesis of phos-
phatidylserine plays an important role in the 
masking of β-glucans [19]. C. albicans infection 
of macrophages triggers macrophage death, 
which is largely attributed to RIPK3/mixed 
linear kinase domain-like protein (MLKL)-me-
diated necroptosis. The TSC1/mTOR pathway 
is involved in regulating Dectin-1/2 and TLR-
2/4 pathways, respectively, by binding fungal 

Figure 1. Phenotypic switching in C. albicans. C. al-
bicans can switch among yeast, hypha, and pseudo-
hypha cell types, depending on the environmental 
and nutritional factors. C. albicans, Candida albi-
cans.
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component β-glucan or α-mannan. The pathway 
also plays a key role in controlling macrophage 
necroptosis [20].

C. albicans is a polymorphic fungus that can
grow in yeast or hyphal forms, and its ability to
interconvert between these forms is considered
an important virulence trait (Figure 1) [21].
When the flora is dysregulated or the mucosal
barrier function is altered, C. albicans switches
from a yeast state to a mycelial state, releases
secretory proteins, invades and colonizes host
cells, thus destroying host cells. Yeast wall
protein 1 is an abundant mannoprotein of the
yeast cell wall. When anchored in the cell wall,
yeast wall protein 1 has an anti-adhesive and
masking effect, leading to β-glucan unexposed,
reducing the adhesivity of C. albicans, and
protecting C. albicans from recognition by the
immune system [22]. UME6 is a transcriptional
regulator of C. albicans hyphae and is essential

for systemic Th17 immunity triggered by intes-
tinal C. albicans. Studies have demonstrated 
a greater ability of hyphal C. albicans to invade 
the host than in the yeast state. Once hyphae 
are formed, their associated virulence factors 
are abundantly expressed, thus increasing the 
pathogenicity of C. albicans [23].

C. albicans exotoxin candidalysin is the first
peptide toxin secreted by hyphae of C. albicans
found in human pathogenic fungi [24]. Can-
didalysin is encoded by the C. albicans gene
ECE1, which is one of the most expressed
genes during the formation of mycelial. The
expression of ECE1 can increase to 10,000
times within a few minutes after the induction
of mycelial growth [25]. When C. albicans are
engulfed by macrophages, the expression of
the ECE1 gene encoding C. albicans is signifi-
cantly enhanced. Therefore, mature C. albicans
may be produced by C. albicans cells engulfed

Figure 2. Dectin-1 against C. albicans. The recognition of ligands by Dectin-1 triggers SYK recruitment and down-
stream intracellular signaling. EphB2 is required for SYK phosphorylation and activation following Dectin-1 ligand 
stimulation. TAGAP is tyrosine phosphorylated by the EphB2 gene, which links dectin-1-induced EphB2 activity 
to downstream CARD9-mediated signaling pathways. PKC δ is activated upon Dectin-1-SYK signaling, which me-
diates phosphorylation of CARD9, and favors CARD9-BCL10-MALT1 complex formation and activation of NF- κB. 
The ubiquitin ligase Nedd4 is located in PKC-δ downstream, which is critical for signaling through Dectin-1 and 
the activation of NF-κB. Necroptosis is a newly discovered type of programmed cell death. It activates the actuator 
MLKL through the specific signal cascade of RIPK1 and RIPK3 complex. p38γ/p38δ deficiency protects against C. 
albicans infection by increasing the production of reactive oxygen species. DOCK2 is a nucleotide exchange factor 
for RAC. Fungus-induced ROS production is partially dependent on the DOCK2-RAC GTPase pathway. In addition, 
β-glucan can stimulate Dectin-1-dependent nociceptors, which causes unpleasant sensations. C. albicans, Can-
dida albicans; TAGAP, T cell activation Rho GTPase activating protein; EphB2, Eph receptor B2; CARD9, caspase 
recruitment domain-containing protein 9; PKC, Protein kinase C; SYK, spleen tyrosine kinase; NF-κB, nuclear fac-
tor-κB; MLKL, mixed linear kinase domain-like protein; RIPK, receptor interaction protein kinase; DOCK2, dedicator 
of cytokinesis 2; ROS, reactive oxygen species.
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by macrophages and play a toxin-dependent 
effect [26]. Candidalysin has dual functions in 
the interaction with the host. On the one hand, 
candidalysin can promote the damage to the 
host cell membrane, which is related to escape 
from phagocytes. On the other hand, it can ac-
tivate NLRP3 inflammatory corpuscles and trig-
ger a pro-inflammatory reaction that protects 
the host, which is beneficial to the elimination 
of fungus [26, 27]. In addition, Candidalysin 
can destroy primary hepatocytes in a dose-de-
pendent manner in vitro [28]. It can promote 
alcohol-induced liver disease and is positively 
correlated with the severity of liver disease and 
mortality of patients with alcoholic hepatitis.

CLRs and C. albicans

Dectin-1

Dectin-1 is a type II transmembrane receptor
with a single extracellular C-type lectin-like do-
main encoded by the CLEC7A gene [29-31]. It is 
mainly expressed by myeloid cells (e.g., neutro-
phils, monocytes, and dendritic cells) and is the 
major CLR that recognizes β-glucans in fungal 
cell walls (Figure 2) [32-34]. The recognition of 
its ligands by Dectin-1 triggers complex down-
stream signaling pathways with interconnected 
relationships [31]. Spleen tyrosine kinase (SYK) 
is a cytoplasmic nonreceptor protein tyrosine 
kinase that plays an important role in oxidative 
response and bactericidal activity. Dectin-1 is 
essential for SYK recruitment and triggers intra-
cellular signaling [35, 36]. 

It is generally believed that DOCK2, a member 
of the CDM protein family, is an upstream mole-
cule of RAC and functions as a guanine nucleo-
tide exchange factor for RAC. Recently, Ma et al. 
found that in DOCK2-KO THP-1 cells, reactive 
oxygen species (ROS) production was severely 
impaired, but after treatment with RAC GTPase 
inhibitors, ROS production was not completely 
blocked [37]. This indicates that fungal-induced 
ROS production is partially dependent on the 
DOCK2-RAC GTPase pathway, and there is a 
RAC GTPase-independent and Dock2-depen-
dent mechanism for ROS production. Protein 
kinase C-δ (PKC-δ) is activated upon Dectin-
1-SYK signaling, mediates phosphorylation
of CARD9, and favors CARD9-BCL10-MALT1
complex formation and activation of NF- κB [36,
38].

The tyrosine kinase receptor Eph receptor B2 
(EphB2), a kinase of SYK, was recently shown 
to be required for SYK phosphorylation and 
activation following Dectin-1 ligand stimula-

tion [39]. It has also been shown that SYK 
can promote phosphorylation of EphB2, and 
co-expression of SYK significantly facilitates 
the interaction between Dectin-1 and EphB2. 
T cell activation Rho GTPase activating protein 
(TAGAP) is essential in Dectin-1-induced anti-
fungal signaling and proinflammatory cytokine 
production by myeloid cells. Upon stimulation 
by Dectin-1 ligands, EphB2 was phosphorylat-
ed by SYK and further phosphorylates TAGAP, 
which links Dectin-1-induced EphB2 activity to 
downstream CARD9-mediated signaling path-
ways. During C. albicans infection, mice lacking 
TAGAP can develop defective immune respons-
es, impaired Th17 cell differentiation, and a 
higher fungal burden [40]. The ubiquitin ligase 
Nedd4 is located in PKC-δ downstream and 
plays a crucial role in signaling through Dec-
tin-1, as well as in the activation of NF-κB [41]. 

Dectin-1 is regulated by multiple factors. miR-
155, as a multifunctional microRNA (miRNA), 
is a key regulator of innate immune responses 
against bacteria and viruses. The Dectin-1 
pathway can be activated by NF-κB, p65, and 
Bcl-10, promote the expression of miR-155 in 
SYK-dependent manner, and reduce the exces-
sive inflammation caused by C. albicans [42, 
43]. Overexpression of granulocyte-macrophage 
colony-stimulating factor (GM-CSF) is a depen-
dent feature of β-glucan-induced macrophage 
priming. GM-CSF can upregulate Dectin-1 ex-
pression. However, a study found that blockade 
of the GM-CSF pathway did not affect levels of 
β-glucan, suggesting that GM-CSF is not acting 
primarily on β-glucan [44]. Song et al. recent-
ly found the activation of mast cells and the 
overexpression of Dectin-1 in patients with C. 
albicans infection, which promoted the activa-
tion of downstream MAPK signal pathway [45]. 
The deletion of CD82 could regulate Dectin-1 
signal transduction, resulting in the reduction 
of SYK phosphorylation and the production of 
ROS in response to C. albicans infection [46]. 
Lactobacillus down-regulated the transcription 
of CLEC7A, resulting in a decrease in the ex-
pression of Dectin-1. Lactobacillus changed 
the cytokine profile of macrophages stimulated 
by C. albicans, increasing the expression of IL-
10 and IL-1β and decreasing the expression of 
IL-12. These results indicate that lactobacillus 
can damage the recognition of PAMP by macro-
phages and regulating inflammation [47]. The 
autoimmune regulatory gene (AIRE) can also 
regulate the SYK-dependent Dectin-1 path-
way. AIRE-knockdown macrophage-like THP-1 
cells showed down-regulation of Dectin-1 and 
Dectin-2 receptors, and reduction in activity 
of hyphal recognition, phagocytosis of C. albi-
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cans, and formation of lysosomes. Besides, the 
expression of IL-1β, IL-6, and TNF-α were also 
reduced [48].

The insolubility of the cell wall of C. albicans 
β-glucan can increase the generation of IL-6 
and TNF-α by Dectin-1-SYK-NF-κB and p38 
MAPK pathways [49]. Dectin-1 recognizes β-glu-
can by activating PKC-δ and regulates glucose 
transporter 1 (GLUT1) phosphorylation, localiza-
tion, and early glucose transport in neutrophils. 
The host response to disseminated candidiasis 
involves renal immunity, modulation of GLUT1 
expression, and localization. This increases 
neutrophil glycolytic activity and upregulates 
glucose uptake [50]. Necroptosis is a newly 
discovered type of programmed cell death. 
It activates the actuator MLKL through the 
specific signal cascade of receptor interaction 
protein 1 (RIPK1) and RIPK3 complex. Fungi 
trigger the necrotic apoptosis of myeloid cells, 
which helps the host defense against pathogen 
infection. The activation of C. albicans and its 
sensor Dectin-1 induces necroptosis of myeloid 

cells through the RIPK1-RIPK3-MLKL pathway. 
CARD9 is a key adapter of Dectin-1 signal 
transduction and is identified as a link between 
RIPK1 and RIPK3 complex-mediated necropto-
sis pathway. RIPK1 and RIPK3 also enhance 
the MLKL-independent inflammatory response 
induced by Dectin-1. Both MLKL-dependent and 
MLKL-independent pathways are necessary for 
host defense against C. albicans infection [51].

In addition, β-glucan can stimulate Dectin-1-de-
pendent nociceptors, as well as pathways of 
inflammatory pain. The major pathway acts 
through a Dectin-1-mediated ATP-P2X3/P2X2/3 
axis via the intercellular relationship between 
keratinocytes and primary sensory neurons, 
which depends on the ATP transporter vesicular 
nucleotide transporter (VNUT). Another pathway 
works through a Dectin-1-mediated PLC-TRPV1/
TRPA1 axis in primary sensory neurons. Inter-
estingly, in the cell wall of C. albicans, β-glucan 
can enhance histamine-dependent itching, and 
the VNUT inhibitor clodronate can be used to 
treat itch induced by β-glucan-induced unpleas-

Figure 3. Dectin-2 against C. albicans. Dectin-2 can recognize α-mannan in the fungal cell wall. After α-mannan 
is recognized by Dectin-2, it can also send signals through CARD9, causing the activation of NF-κB. Dectin-2 can 
activate the downstream SYK-Ca2+-PKC δ PAD4 signal pathway, mediate the production of NADPH oxidase inde-
pendent NETs, and contribute to the production of ROS. CAWS can induce NLRP3 and pro-IL-1β expression via 
Dectin-2/SYK/JNK/NF-κB pathways and activate Dectin-2 as well as cleavesIL-1β precursor via caspase-1/SYK/
JNK mediated production of ROS. C. albicans, Candida albicans; PAD4, protein arginine deiminase 4; CARD9, 
caspase recruitment domain-containing protein 9; NF-κB, nuclear factor-κB; SYK, spleen tyrosine kinase; NADPH, 
nicotinamide adenine dinucleotide phosphate; NETs, neutrophil extracellular traps; IL, interleukin; ROS, reactive 
oxygen species. 
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ant sensations (Figure 2) [52]. β-glucan was 
masked at low oxygen level, which hinders the 
PAMP sensing of Dectin-1 on the surface of 
polymorphonuclear leukocytes. This in turn con-
tributes to the immune escape and improves 
the survival rate of fungus [53]. Homologous 
phosphatases Sts protein negatively regulates 
phagocyte activation by regulating selective 
elements of the Dectin-1-SYK tyrosine kinase 
signaling axis, and genetic inactivation of Sts 
significantly improves the survival of mice in-
fected with C. albicans, which may facilitate the 
development of novel therapeutic approaches 
to enhance protection against invasive candidi-
asis [54].

C. albicans, through the β-glucan receptor
Dectin-1, stimulates nav1.8-positive nocicep-
tors, inducing calcitonin gene-related peptide
(CGRP). CGRP can directly inhibit P65 through
transcriptional repressor JDP2, thereby inhibit-
ing β-glucan-induced inflammation and osteo-
clast multinucleation, indicating a role for the
Dectin-1-mediated sensory secretion pathway
in the resolution of fungal bone inflammation
[55]. Taurochlorolamine (TauCl), formed by the
reaction between taurine and hypochlorite in
leukocytes, is especially abundant in activated
neutrophils with an oxidative burst. As neutro-
phils undergo apoptosis, TauCl is released into
the extracellular matrix at the site of inflam-
mation, thereby affecting coexisting macro-
phages in the inflammatory microenvironment.
Exogenous TauCl can significantly increase the
phagocytic efficiency of macrophages by upreg-
ulating Dectin-1. This may be mediated by TauCl
induction of heme oxygenase-1 expression and
subsequent production of carbon monoxide.
TauCl has an important role in host defense
against fungal infections and has a therapeutic
potential in the management of inflammatory
diseases [56].

Recently, a new TAK1-TPL2-MKK1-ERK1/2 
pathway was found in macrophages. It is con-
sidered to be activated by Dectin-1 and posi-
tively regulated by p38γ/ p38δ in bone marrow 
cells. In mice, p38γ/p38δ deficiency has a pro-
tective effect against C. albicans infection. This 
protection is achieved through increased pro-
duction of ROS, which enhances the antifungal 
capacity of macrophages. Additionally, p38γ/
p38δ deficiency helps in reducing excessive in-
flammation, which can lead to severe damage 
to the host. In murine models, pharmacological 
inhibition of p38 MAPK was shown to reduce 
the fungal burden, suggesting that p38 MAPK 
may be a therapeutic target for the treatment 
of human C. albicans infections [57]. Further-

more, β-glucan triggers the production of neu-
trophil extracellular trap nets through Dectin-1 
and the engagement of CD11b and CD18 re-
ceptors, which is a fascinating antifungal mech-
anism for neutrophils [58].

Dectin-2

Dectin-2 (CLEC6A) is a CLR that mainly exists 
in dendritic cells, macrophages, and neutro-
phils. Dectin-2 has been proven to recognize 
α-Mannan in the fungal cell walls (Figure 3) [59, 
60]. After α-mannan is recognized by Dectin-2, 
it can also send signals through CARD9, caus-
ing the activation of NF-κB, and inducing the 
production of inflammatory cytokines [61]. Dec-
tin-2 can activate the downstream SYK-Ca2+-
PKC-δ protein arginine deiminase 4 (PAD4) sig-
nal pathway, mediate the production of NADPH 
oxidase independent neutrophil extracellular 
traps (NETs), and contribute to the inhibition of 
fungal dissemination [62]. Dectin-2 has been 
shown to mediate phagocytosis, cytokine, and 
ROS production. In C. albicans infection, it pro-
motes IL-12p40, IL-1β, and IL-23 production by 
dendritic cells (DCs) to induce the generation of 
protective Th1 and Th17 responses [63]. Also, 
Dectin-2-deficient mice were shown to have a 
poor capacity to secrete Th1 and Th17 cyto-
kines to generate ROS [64].

Recently, it has been shown that the recogni-
tion of α-mannans by Dectin-2 is a key to the 
pathogenesis of Kawasaki disease (KD)-like 
vasculitis induced by cell wall of polysaccharide 
of C. albicans in mice [65]. In a study of a C. 
albicans water-soluble fraction (CAWS)-induced 
murine KD model, it was found that the NLRP3 
inflammasome was required for the devel-
opment of CAWS-induced vasculitis and that 
Dectin-2 signaling in macrophages in the aortic 
root of the heart induced early CCL2 produc-
tion, which in turn induced vascular inflamma-
tion [66]. CAWS triggers Dectin-2/SYK/JNK/NF-
κB pathways, leading to the induction of NLRP3 
and pro-IL-1β expression. It also activates 
Dectin-2 as well as cleaves IL-1β precursor via 
caspase-1/SYK/JNK mediated production of 
ROS [67, 68]. These findings provide new in-
sights into the pathogenesis of KD vasculitis, 
and suggest that NLRP3 inflammasome may be 
a potential therapeutic target for KD.

Dectin-3

Dectin-3 (CLEC4D), which can be expressed 
by multiple myeloid cells, is a myeloid cell-spe-
cific CLR family member that can recognize 
bacterial and fungal components and induce 
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intracellular signaling pathways to regulate im-
mune responses[69]. Dectin-3 recognizes the 
α-mannan on the surface of C. albicans and 
induces NF-κB activation [70]. Recently, it was 
found that Dectin-3 knockout (Dectin-3-/-) mice 
exhibited increased tumorigenesis and C. albi-
cans burden during chemical induction, indicat-
ing that Dectin-3 may be the key CLR to identify 
and prevent C. albicans [71]. In addition, the in-
teraction between Dectin-3 and symbiotic fungi 
is indispensable for the homeostasis regulation 
of the intestinal immune system. Mice lacking 
Dectin-3 are more likely to suffer from colitis 
induced by dextran sulfate [72].

Mincle

Mincle (CLEC4E) is a CLR that is expressed in 
macrophages. Mincle binds to α-mannan that 
interferes with Dectin-1-mediated antifungal 
responses in human dendritic cells [73, 74]. 
Mincle receptor is an Fc receptor-γ coupled 
receptor that can transmit signals through 
SYK pathway [75]. It has been demonstrated 
that mincle regulates antifungal immune func-
tion by binding to ITAM connector molecule 
Fc receptor-γ, recognizing damaged cells and 
inducing inflammation [76]. Upon recognition 
of the ligand, mincle activates SYK and other 
downstream signaling cascades to induce in-
flammatory cytokines [77, 78]. In the absence 
of mincle, the TNF-α produced by macrophages 
is reduced, and mice lacking mincle exhibits a 
significantly increased susceptibility to system-
ic candidiasis. This indicates that the mincle 
receptor plays an important role in the immune 
process of organisms against C. albicans in-
fection. Mincle has been shown to mediate the 
production of TNF-α by BMDMs in response 
to C. albicans [73]. Both mincle and Dectin-2 
play a role in regulating cytokine production in 
response to multiple Candida spp. In BMDCs, 
mincle mediates IL-12p40 production and in-
hibits IL-1β production, whereas Dectin-2 pro-
motes the production of IL-12p40 and IL-10, in 
response to multiple Candida spp [79]. 

Mincle receptors from different cells also seem 
to have varying effects. The expression of min-
cle on neutrophils seems to be beneficial to 
early cell response, leading to the elimination 
of organisms. However, its expression on mono-
cytes may contribute to the polarization of cell 
reactions, avoiding clearance and promoting 
the generation of TNF-α, IL-1β [80]. Further-
more, mincle is required for C. albicans clear-
ance in the kidney [73]. 

DC-SIGN

DC-SIGN (CD209) is another member of the
CLR family that mainly found on the surface
of immature DCs in peripheral tissues, mature
DCs in lymphoid tissues, and some macro-
phage subsets [81]. DC signaling reduces
TGF-β1 through the activation of Raf-1 and p38
[82]. DC-SIGN directly binds to glycan struc-
tures exposed on the surface of pathogens [79].
DC-SIGN directly binds to glycan structures ex-
posed on the surface of C. albicans, activates
the Raf-1-acetylation-dependent signaling path-
way to increased IL10 transcription to enhance
anti-inflammatory cytokine responses [83, 84].

CLRs in the treatment of C. albicans

In a recent study on GPI7 mutants of C. albi-
cans, Dectin-1 was observed to signal through 
the recognition of GPI7 mutants on the cell 
surface β-1,3-glucan, leading to atypical NF-κB 
nuclear translocation. This regulates the pro-
duction of IL-18 as well as major Candida anti-
bodies. A2-aminonicotinamide derivative, 11G, 
which is revealed by β-glucan, activates Dec-
tin-1-dependent protective immune responses 
and enhances fungal immunogenicity, is a 
very promising antifungal drug [85]. Morpho-
logical conversion between C. albicans yeast 
and hyphae is essential for its interaction with 
the defense system of the host, and the Flo8 
gene may regulate this conversion process. 
Furthermore, Flo8 induces Dectin-2/CARD9 to 
mediate IL-10 production by DCs and macro-
phages, blocks thymic atrophy by suppressing 
C. albicans-induced apoptosis of thymic T cells,
and promotes sustained export of naive T cells
from the thymus to the spleen [86]. Dectin-2 is
a drug target for controlling IL-10 production in
vivo and treating chronic candidiasis.

Amphotericin liposomes coated with Dectin-2, 
specifically the mannan-binding domain of Dec-
tin-2, exhibited enhanced binding to C. albicans 
than untargeted control liposomes, significantly 
reducing the effective dose. Further, ampho-
tericin B-loaded Dectin-2-coated liposomes 
demonstrated 50 to 150 times stronger bind-
ing to C. albicans, compared to untargeted lipo-
somes [87]. DectiSomes are a novel antifungal 
drug targeting technology [88]. Two types of 
DectiSomes, DEC1-AmB-LL and DEC2-AmB-
LL, were developed by coating AmB-LL with the 
carbohydrate recognition domains of Dectin-1 
and Dectin-2, respectively [89]. These targeted 
formulations demonstrated superior efficacy 
compared to non-targeted drugs in terms of 
fungal cell binding and killing, both in vitro and 
in vivo. Additionally, they effectively reduced the 
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burden of fungi in the kidney [90]. But for cryp-
tococcus neoformans, Dectisomes may reduce 
antifungal activity. Moreover, with only moder-
ate effects in penetrating the blood-brain barri-
er as well as significant cost, further efforts are 
required to make Dectisomes a clinical reality.

Ligand recognition by DC-SIGN is provided by a 
carbohydrate recognition domain (CRD) linked 
to membrane transport and signaling sequenc-
es, and different combinations of eight neck 
repeats (NR1 to NR8) expressed in different 
protein isoforms may alter the orientation of 
the CRD and the ability to bind to different poly-
saccharides. Two recombinant isomers were 
prepared and connected with lipid carriers to 
produce DCS12-AmB-LLs and DCS78-AmB-LLs. 
The liposome AmB was targeted to fungal cells 
with DC-SIGN. In the mouse model of invasive 
candidiasis and pulmonary aspergillosis, low-
dose DCS12-AmB-LLs significantly reduced the 
fungal burden on the kidney and lung, which 
sheds light on future research in anti-Candida 
therapy [91].

In recent years, traditional Chinese medicine 
has been used to treat Candida infections. So-
dium houttuyfonate is a promising anti-Candida 
traditional Chinese herbal medicine, which 
can induce β-glucan exposure, through the co-
operation of Dectin-1 and TLR2/4, promotes 
intestinal macrophages to get rid of colonized 
C. albicans, reduces fungal load, and alleviates
colitis associated with C. albicans [92]. Kang-
bainian lotion (KBN) is a Chinese plant prepara-
tion, which has achieved good clinical efficacy
in the treatment of vulvovaginal candidiasis. It
inhibits biofilm and hyphal formation, reduces
adhesion, and inhibits ergosterol synthesis and
the expression of ergosterol synthesis-related
gene ERG11. KBN can also reduce the protein
expression of inflammatory factors TNF-α, IL-1β,
and IL-6 in vaginal tissue and inhibit the expres-
sion of proteins related to the Dectin-1 signal
pathway [93]. Butyl alcohol extract of Baitou-
weng Decoction down-regulates key proteins in
TLRs/MyD88 and Dectin-1/SYK signaling path-
ways, including ASC, caspase-1, Dectin-1, SYK,
MyD88, TLR2, TLR4, and NF-κB, and exerts
therapeutic effect in mice with vulvovaginal
candidiasis [94, 95]. Paeonol can improve liver
inflammatory injury by alleviating intestinal fun-
gal flora imbalance and inhibiting fungal flora
mediated Dectin-1/IL-1β signal pathway [96].
Cinnamaldehyde can reduce the content of
TNF-α, IL-1β, IL-6, and IL-8 in serum and colon
tissues, increase the content of IL-10, inhibit
the infiltration of macrophages, and down-reg-
ulate the protein expression of Dectin-1, TLR2,

TLR4 and NF-κB in colon tissues, showing a 
therapeutic effect on mice with ulcerative coli-
tis [97].

Discussion

C. albicans are usually a benign member of
human intestinal microflora, but in some cases,
such as in the host with low immune function,
the ecological imbalance of intestinal fungi
can lead to invasive infection and inflammatory
bowel disease [98, 99]. Intestinal epithelial
cells (IECs) may recognize the activation of the
Wnt pathway by C. albicans through Dectin-1,
leading to the progression of colorectal cancer
[96]. However, IEC recognition of C. albicans
does not lead to any detectable secretion of
pro-inflammatory cytokines [100, 101].

This review summarizes the major CLRs against 
C. albicans besides CD23 (CLEC4J), which
is also a kind of CLR and a well-known B-cell
surface marker. CD23 can sense the compo-
nents of C. albicans in antifungal immunity
and recognize the components of C. albicans
or Aspergillus fumigatus in the cell wall α-man-
nan and β-glucan, but it cannot recognize the
glutaraldehyde xylimanna in Cryptococcus. By
interacting with the FCR-γ and forming a com-
plex, CD23 can induce NF-κB activation [102].
However, it remains unclear how CD23 func-
tions as a fungal PRR and whether the anti-
fungal effect of CD23 is specific to C. albicans.
Infection of macrophages with C. albicans can
cause cell death, which is mainly due to RIPK3/
MLKL-mediated necrotic apoptosis [20]. The
size of C. albicans affects the phagocytosis of
DCs, which prolongs the duration of Dectin-1
signal transduction, increases the expression
of IL-33, and promotes the TH9 response [32].
Several microbial recognition receptors, includ-
ing TLR2, MyD88, Dectin-1, Dectin-2, and the
signaling molecule CARD9, are dispensable
for host defense against C. albicans invasion
in the epidermis. Instead, the production of IL-
17A and IL-17F by innate lymphoid cells plays
critical roles. Further studies are needed to
understand how C. albicans is recognized in
the superficial layers of the epidermis [103].
Besides, the coordinated action of CLRs plays
a key role in effectively controlling C. albicans
and preserving organ function during infection
[104]. Dectin-2 and Dectin-3 form heterodimers
to combine α-mannan more effectively, which
leads to an effective inflammatory response
against C. albicans infection. Dectin-1 signal
activates RHOA pathway, leads to actin contrac-
tion, and promotes DC recruitment. Dectin-1
and DC-SIGN synergistically enhance the clear-
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ance of C. albicans [70, 105].

Due to the long-term use of limited antibacteri-
al drugs, the drug resistance of fungi is contin-
uously increasing. However, the development 
of novel antibacterial drugs lags far behind the 
emergence of fungal resistance. Further stud-
ies of the mechanism of action between CLRs 
and C. albicans can provide new insights and 
strategies for the research of broad-spectrum 
antibacterial drugs, antitumor drugs, immuno-
suppressive agents, as well as the prevention 
and treatment of fungal infections caused by 
interventional surgery, organ transplantation, 
acquired immunodeficiency syndrome and so 
on.
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Abstract

Fungi pose a severe threat to human health worldwide, especially to patients with weakened immune systems. 
Perioperative patients are at a high risk of fungal infection and death because of the immunosuppression caused 
by the surgery, as well as the use of surgical instruments. Perioperative patients in ICU are at greater risk of 
fungal infection. Fungal infections are often difficult to identify, and the treatment is particularly challenging. A 
well-functioning host immune and an appropriate level of inflammation is essential for controlling fungal infec-
tions. MicroRNAs (miRNAs) play critical roles in regulating host immune function, primarily through participating 
in the post-transcriptional regulation of target genes. After fungal infection, miRNAs are differentially expressed in 
various tissues, cells, and extracellular vesicles, promoting or inhibiting antifungal effects through different mech-
anisms to modulate the host immune response. In addition, differentially expressed miRNAs could serve as poten-
tial biological markers for the diagnosis and treatment of fungal infections. In this review, we discuss the role and 
significance of miRNAs in fungal infections.

Keywords: MicroRNA, fungal infection, antifungal immunity, inflammatory response, potential biomarkers

Highlights
● Patients are at a high risk of fungal infection during perioperative period.
● MicroRNAs are involved in inflammatory responses, pyroptosis and autophagy in antifungal immunity.
● MicroRNAs modulate the activation of Th cells during fungal infection, thereby regulating the adaptive immune

response.
● Differentially expressed miRNAs could be used as fungal infection biomarkers.

Introduction

There are 2.2 to 3.8 million species of fungi 
worldwide [1]. However, only a tiny fraction are 
typically associated with humans, acting as 
opportunistic pathogens [2]. These fungi gen-
erally inhabit in healthy individuals’ mucosal 
and epidermal surfaces. The fungi are com-
mensal organisms that do not cause disease 
under normal conditions. However, they have 
the potential to cause mucocutaneous fungal 
infections and invasive fungal infections (IFIs) 
in immunocompromised individuals. 

IFIs are becoming increasingly common in 
critically ill patients, especially during periop-

erative period [3]. The length of hospital stay 
was longer among patients undergoing surgery, 
and prolonged hospital stay is a risk factor of 
hospital infection [4]. The use of central venous 
catheter and shunt and other medical equip-
ment in patients with immunosuppression in 
the process of the operation will increase the 
risk of fungal infection [5, 6]. IFI can be fatal in 
patients receiving organ or stem cell transplan-
tation [7]. For patients with abdominal surgery, 
intestinal fungi could enter blood, causing in-
vasive fungal infections. Perioperative critically 
ill patients admitted to intensive care unit (ICU) 
are at a high risk of fungal infections. About 
20% of infections in ICU are caused by fungi 
[8], and fungal infection is an important cause 
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of death in ICU patients. IFIs have become 
increasingly prevalent, accompanied by high 
mortality [9-11]. The most common IFIs are 
invasive Candida albicans (C. albicans) and 
invasive aspergillosis. C. albicans is the third 
frequent cause of infections for ICU patients, 
contributing to more than 40% of the crude 
mortality [12-14]. Early diagnosis and imme-
diate treatment are critical for a favorable IFI 
prognosis. However, clinical diagnosis of IFIs 
remains challenging. Fungal culture is the gold 
standard for the diagnosis of IFIs, but the long 
culture time, typically around 48 hours, can de-
lay treatment [15]. 

Presently, the most common detection method 
for IFI is (1,3) β-D-glucan assay, which identifies 
the fungal-specific cell wall component (1,3) 
β-D-glucan in serum. The (1,3) β-D-glucan assay 
is a serological test for early dection with high 
predictive value [16]. However, (1,3) β-D-glucan 
are widely present in fungal cell walls, and the 
(1,3) β-D-glucan assay cannot distinguish fun-
gal species. Additionally, (1,3) β-D-glucan assay 
sometimes shows false positive due to several 
factors, such as wound gauze and blood prod-
ucts [17, 18]. In recent years, molecular bio-
logical detection of fungal pathogen has made 
significant progress, such as T2 magnetic reso-
nance assay and next generation sequencing. 
Molecular biology methods can detect fungi 
infections in a short time, but are not mature 
enough to replace routine microbiological, sero-
logical and histopathological examinations [19-
21]. 

Treatment for IFIs is challenging because only 
three distinct antifungal drug classes are avail-
able—azoles, polyenes, and echinocandins. 
These drugs treat fungal infections through 
different mechanisms. Polyenes (Amphotericin 
B) directly bind to ergosterol, a crucial compo-
nent of the fungal cell membrane [22]. Azoles
(fluconazole, voriconazole, and posaconazole)
inhibit ergosterol biosynthesis [23]. Echino-
candins directly inhibit β-1,3-glucan synthesis,
resulting in a loss of cell integrity [24]. All these
drugs are toxic to the host, e.g., nephrotoxicity
and hemotoxicity from polyenes, hepatotoxicity
from azoles, and headaches and hepatotoxicity
from echinocandins. Also, similar to the anti-
microbial resistance of bacteria, the long-term
use of broad-spectrum antifungal agents has
also resulted in the development of resistance
in numerous fungal strains, making it difficult
to cure [25]. Therefore, healthy host immune
system is vital for defending against fungal in-
fections.

The host immune response and modulation of 
the immune response play critical roles in fun-
gal infections. MicroRNAs (miRNAs) have been 
reported to be involved in regulating immune 
system [26, 27]. The dysregulation of miRNA 
expression can lead to immunological dysfunc-
tion. In addition, aberrant expression of miRNAs 
has been confirmed to be implicated in various 
types of diseases. As a result, miRNA expres-
sion profiles can serve as biomarkers for the di-
agnosis, prognosis, and treatment response of 
certain diseases [28-30]. Furthermore, miRNAs 
have recently been found to play crucial roles 
in antifungal immunity. This review summariz-
es recent research progresses on the role of 
miRNAs in antifungal immunity. We believe that 
understanding the mechanisms of miRNAs-me-
diated antifungal immunomodulation would be 
helpful for developing more effective methods 
to combat fungal infections in the perioperative 
period.

The role of miRNAs in antifungal immunity

 miRNAs and their role in immunity

miRNAs are short non-coding RNA molecules 
that range in length from 18 to 23 nucleotides. 
They are capable of regulating gene expression 
post-transcriptionally by reducing or preventing 
the translation of target messenger RNAs [31]. 
Primary miRNA transcripts are transcribed to 
form precursor miRNA molecules. As precursor 
miRNAs are exported to the cytoplasm, they 
are further processed into miRNA-5p and miR-
NA-3p by the Ribonuclease III domain of Dicer.
To date, miRNAs have been identified to reg-
ulate most of all protein-encoding genes and 
play critical roles in varying biological processes 
and diseases. miRNAs target multiple mRNAs, 
and each messenger RNAs may be regulated 
by several miRNAs [32-35].

miRNAs are involved in regulating both innate 
and adaptive immunity. miR-155-dependent 
downregulation of MyD88 suppresses the in-
flammatory response [36]. Downregulation of 
miR-885-5p promotes nuclear factor-κB (NF-κB) 
pathway activation and immune recruitment in 
cutaneous lupus erythematosus [37]. Members 
of the miR-146 family act as key molecular 
brakes to coordinately control germinal center 
reactions to generate protective humoral re-
sponses without eliciting unwanted autoimmu-
nity [38]. Immune defense plays an important 
role in fungal infections, and miRNAs regulate 
antifungal immunity by regulating immune re-
sponse (Table 1).
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Inflammatory responses

Fungi, when sensed by individual and syner-
gistic pattern recognition receptors, initiate 
intricate signaling cascades in innate immune 
cells. These cascades mediate the production 
of pro-inflammatory cytokines and chemokines, 
promote the recruitment and phagocytosis of 
immune cells, enhance the generation of re-
active oxygen species, and improve the killing 
capacity of the phagocytes. Additionally, these 
processes influence the activation of Th cell 
responses [39]. An appropriate level of inflam-
mation is essential for controlling fungal infec-
tions, but excessive inflammatory response can 
damage normal tissues. 

miR-155

miR-155, up-regulated in both lymphoid and 
myeloid cells, is associated with inflammation 
[40, 41]. miR-155 is one of the first miRNAs 
discovered to participate in antifungal immu-
nity. Heat-killed C.albicans could up-regulate 
miR-155 in bone marrow-derived macrophages. 
NF-κB, an important regulator of pro-inflam-
matory genes, is indepensible for miR-155 
transcription. The C-Type lectin receptor Dec-
tin-1, a major pattern recognition receptor in 
antifungal immunity, is essential for recognizing 
unique component of fungi cell wall-β-glucan 
and controlling fungal infections. NF-κB may be 
the primary downstream molecule of Dectin-1 
that regulates pri-miR-155 transcription in mac-
rophages [42]. Spleen tyrosine kinase (SYK) is 
the upstream molecule of NF-κB. Daniel et al. 

Table 1. Differentially expressed microRNAs following fungal exposure

miRNA Regulation Fungal species Exposure
model Function in antifungal immunity Reference

miR-132-5p ↑ C. albicans DC (human) miR-132-5p may enhance adaptive 
immunity by increasing T cell activation 
through the regulation of FKBP1B.

[64]

A. fumigatus

miR-140-5p ↑ C. albicans RAW264.7 miR-140-5p may target TGF-β1 and pro-
mote inflammatory response through 
the MAPK signaling pathway.

[44]

miR-146a ↑ C. neoformans THP-1 miR-146a negatively regulates NF-
κB activation by targeting IRAK1 and 
TRAF6 and inhibits C. neoformans-in-
duced release of inflammatory cyto-
kines in monocytes.

[57]

↑ C. albicans THP-1 miR-146a inhibits the activation of 
p-IκBα and the translocation of NF-κB
p65.

[55]

↑ A. fumigatus THP-1 miR-146a negatively regulates TNF-α 
and IL-6 secretion.

[56]

miR-124 ↓ C. albicans mice miR-124 targets MCP-1 to reduce the 
excessive inflammatory response.

[60]

miR344b13p ↓ A. fumigatus NR8383 miR-344b-1-3p inhibits macrophage 
autophagy by targeting TLR2.

[54]

miR-155 ↑ C. albicans DC (human) miR-155 inhibits proinflammatory cyto-
kine secretion by targeting NF-κ B p65 
and BCL-10.

[22]

↑ C. albicans MH-S miR-155 can target SOCS1 to enhance 
the inflammatory response.

[49]

miR-142-3P ↓ A. fumigatus CD4+ T miR-142-3p inhibited CD4+ Th1 activa-
tion and targets RICTOR to reduce IFN-γ 
expression.

[69]

miR-384-5p ↑ C. albicans RAW264.7 
and J774A.1

miR-384-5p can target PGC-1β and en-
hance the activation of NF-kB, MAPK, 
and AKT inflammatory signaling path-
ways.

[78]

Note: miRNA, microRNA; C. albicans, Candida albicans; A. fumigatus, Aspergillus fumigatus; DC, dendric 
cell; FKBP1B, FK506-binding protein 1B; TGF-β1, transforming growth factor-β1; MAPK, mitogen-activated 
protein kinase; NF-κB, nuclear factor-κB; TNF-α, tumor necrosis factor-α; IL, interleukin; IRAK1, interleukin 
receptor-associated kinase 1; TRAF6, tumor necrosis factor receptor-associated factor 6; MCP-1, monocyte 
chemoattractant protein-1; TLR, toll-like receptor; BCL-10, B-cell leukemia/lymphoma-10; MH-S, macrophages; 
SOCS1, suppressor of cytokine signaling 1; CD4, cluster determinant 4; RICTOR, rapamycin-insensitive companion 
of mTOR; IFN, interferon; PGC-1β, peroxisome proliferator-activated receptor gamma co-activator 1β.
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showed that Dectin-1 orchestrated miR155 up-
regulation in a SYK-dependent manner. By acti-
vating toll-like receptor (TLR) 2 or 4, C. albicans 
reduces the accumulation of mature miR-155, 
though the mechanism is unclear [43]. Large 
amounts of chitin produced by fungi can in-
duce the expression of TLR2 and TLR4 as well 
as miR-155. Chitin treatment can inhibit the 
expression of suppressor of cytokine signaling 
1 (SOCS1) and SH2 domain-containing inositol 
polyphosphate 5 phosphatase 1 (SHIP1), which 
are known targets of miR-155 [44]. Moreover, 
knock-down of miR-155 can suppress inflam-
matory factors and cell apoptosis through up-
regulation of SOCS1 [45]. According to these 
findings, miR-155 enhances the antifungal ef-
fect by promoting proinflammatory chemokines. 

The anti-inflammatory effects of miR-155 have 
also been reported to be a protective factor 
[31]. Studies on fungal infections discovered its 
anti-inflammatory actions. The Dectin-1-SYK/
Raf-1-mitogen-activated protein kinase (MAPK)
signaling pathway is necessary for miR-155 
induction by C.albicans. The miR-155 molecule 
also inhibited the expression of pro-inflammato-
ry cytokines induced by C. albicans by targeting 
NF-κB, p65 and B-cell leukemia/lymphoma-10 
[46]. In addition, C. albicans germ tube forma-
tion was markedly decreased when miR-155 
was knocked down. On the contrary, the growth 
of germ tubes was greatly accelerated by trans-
fection with miR-155 mimics [45]. By suppress-
ing different targets, miR-155 plays opposing 
roles in antifungal immunity. miR-155 may 
promote the inflammatory response to enhance 
antifungal immunity through targeting SOCS1. 
By targeting NF-κB, p65 and B-cell leukemia/
lymphoma-10, miR-155 exerts anti-inflammato-
ry actions. 

miR-140-5p 

In response to heat-inactivated C.albicans 
stimulation, miR-140-5p is markedly elevated 
in RAW264.7 cells. miR-140-5p is involved in 
some biochemical processes such as inflam-
matory response, cytokine production, and 
cell apoptosis [47, 48]. Transforming growth 
factor-β1 may be a potential therapeutic target 
for treating C. albicans infection via miR-140-
5p, which promotes inflammatory responses. 
Moreover, the MAPK signaling pathway might 
play a role in the regulation of TGF-β1 by miR-
140-5p. Through RPS6KA1, vascular endothe-
lial growth factor-A, and PRKAA1, miR-140-5p
might participate in the mTOR signaling path-
way, and through B-cell lymphoma-2, it might
participate in the JAK-STAT signaling pathway

[49]. The miR-140-5p can enhance the antifun-
gal effects by activating inflammatory pathways.

miR-146a 

As a member of the miR-146 family (miR-146a 
and miR-146b), miR-146a plays an important 
role in immune and inflammatory responses 
by negatively regulating the NF-κB signaling 
pathway in macrophages [50, 51]. The expres-
sion level miR-146a is increased in THP-1 cells 
treated with β-glucan. The interaction between 
Dectin-1 and β-glucan results in a long-lasting 
increase in miR-146a expression, which is de-
pendent on Dectin-1-SYK-NF-κB and p38 MAPK 
pathways. In contrast, the levels of pro-inflam-
matory cytokines such as interleukin (IL)‑6 
and tumor necrosis factor‑α (TNF-α) exhibit a 
rapid and transient increase. Overexpression 
of miR-146a can significantly suppress the 
production of IL-6 and TNF-α. miR-146a mimics 
inhibit the β-glucan-induced activity of p-IκBα 
and translocation of NF-κB p65. miR-146a also 
inhibits NF-κB promoter-binding activity [52]. 
Similar phenomena are observed when THP-1 
macrophage-like cells are infected with Asper-
gillus fumigatus (A. fumigatus). The interaction 
between THP-1 macrophage-like cells and A. 
fumigatus results in a long-lasting increase 
in miR-146a expression, which is dependent 
on the p38 MAPK and NF-κB signaling. In A. 
fumigatus-challenged THP-1 macrophage-like 
cells, miR-146a overexpression can decrease 
TNF-α and IL-6 production. Conversely, miR-
146a downregulation significantly enhances 
TNF-α and IL-6 levels. A study demonstrated 
that the crosstalk between miR-146a and the 
inflammation regulating p38 MAPK and NF-κB 
pathways might act as a fine-tuning mechanism 
in the modulation of the inflammatory response 
in macrophages infected with A. fumigatus [53]. 
The role of miR-146 in negatively regulating 
the NF-κB signaling pathway was also found 
in Cryptococcus neoformans (C. neoformans) 
infection. C. neoformans can induce elevated 
miR-146a expression by interacting with TLR 
receptors and negatively regulate NF-κB ac-
tivation by targeting IL-1 receptor-associated 
kinase 1 (IRAK1) and TNF receptor-associated 
factor 6 (TRAF6), leading to the inhibition of 
C. neoformans-induced NF-κB activation and
subsequent release of inflammatory cytokines
from monocytes [54]. Immune cells play an
anti-inflammatory role by promoting the expres-
sion of miR-146a after recognizing the different
components of fungal cells. miR-146a negative-
ly regulates antifungal immunity by inhibiting
inflammatory pathways.
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miR-124 

miR-124 has been shown to play an important 
role in regulating the inflammatory response of 
the immune system [55]. By inhibiting pro-in-
flammatory cytokines, miR-124 mediates an-
ti-inflammatory effects [56]. Fungal infections 
are the most common cause of sepsis, and 
acute kidney injury (AKI) is a frequent conse-
quence. The activation of the pro-inflammatory 
response contributes to candidiasis-induced 
AKI. miR‑124 mimics can improve the sur-
vival outcome in candidiasis‑induced septic 
mice. Moreover, a significant downregulation 
was found in the serum levels of TNF‑α, IL‑1β, 
and IL‑6 in septic mice treated with miR-124 
mimics. Monocyte chemoattractant protein-1 
(MCP-1) has been revealed to contribute to the 
pathogenesis of sepsis. After treatment with 
the broad-spectrum triazole antifungal agent 
itraconazole, the miR‑124 expression signifi-
cantly increased, and MCP‑1 level decreased 
in the kidneys of septic mice. Additionally, 
over-expression of miR‑124 reduced the MCP‑1 
expression and attenuated candidiasis‑induced 
AKI in septic mice. Transfection with miR‑124 
mimics was equivalent to the effect of itracon-
azole in reducing excessive inflammatory re-
sponse and renal lesions in septic mice [57]. 
Circular RNA homeodomain-interacting protein 
kinase 3 (circHIPK3), which is derived from the 
second exon of the HIPK3 gene, plays a vital 
role in the modulation of cell cycle, inflamma-
tory response, and oxidative damage [58]. Cir-
cHIPK3 was reported to aggravate septic acute 
kidney injury (SAKI) inflammatory responses 
via miR124-3p/KLF6. Mechanically, circHIPK3 
upregulates KLF6 expression by competitively 
binding to miR-124-3p, thereby promoting the 
binding of KLF6 and NLRP3, activating NLRP3/ 
caspase-1-mediated pyroptosis, and eventual-
ly aggravating SAKI inflammatory responses. 
Downregulation of miR-124-3p attenuates the 
protective effect of circHIPK3 silencing on SAKI 
[59]. In summary, miR-124-3p can inhibit ex-
cessive inflammatory response to attenuate the 
fungi induced organ injury.

Th cell activation

It is vital for both innate and adaptive immune 
cells to collaborate in detecting and eliminating 
fungi. CD4+ T helper cells are the most import-
ant cells of the adaptive immune response. 
Several effector cells can arise from naive CD4+ 
T helper cells, including Th1, Th2, and Th17. 
The major CD4+ T cells involved in the antifun-
gal immune response are Th1 and Th17 [60]. 
Th1 cells promote phagocyte maturation and 

killing by secreting interferon (IFN)-γ, GM-CSF, 
and TNF. Since Th1 cells and Th2 cells inhibit 
the functions of each other, maintaining Th1/
Th2 balance is vital to antifungal immunity.

miR-132 

miR-132 is considered a relevant regulator of 
the immune response directly against A. fumi-
gatus as it is differentially expressed in mono-
cytes and dendritic cells upon stimulation with 
A. fumigatus, but not with lipopolysaccharide.
Furthermore, miR-132 expression is associated
with the activation of TLR2 or Dectin-1 but not
TLR4 [61]. As a result of C. albicans infection,
miR-132 expression in dentric cells is also
up-regulated. On both the RNA and protein lev-
els, miR-132-5p is validated to interact with im-
munologically relevant target gene FK506-bind-
ing protein 1B (FKBP1B). Moreover, a study
observed an up-regulated trend of the target
genes after silencing miR-132, although not
statistically significant. Therefore, it is suggest-
ed that miR-132 fine-tuned the FKBP1B gene
during fungal infection [62]. In a case-control
study, miRNA-132 expression was significantly
higher in the plasma of patients with allergic
bronchopulmonary aspergillosis (ABPA) com-
pared to patients with allergic asthma and
severe asthma with fungal sensitisation and
controls. miRNA-132 expression was positively
correlated with serum IL-5 levels in ABPA pa-
tients [63]. The proliferation of T cells in mice
was associated with FKBP1B [64]; when Th2
cells were activated, they released IL-5, which
caused eosinophil activation, B cell differentia-
tion, and mast cell degranulation [65]. Overall,
a fungi-induced increase in miR-132 expression
may enhance adaptive immunity by increasing
T cell activation through the regulation of FKB-
P1B.

miR-142-3p

In patients with systemic lupus erythematosus, 
the activation of T cells is negatively regulated 
by miR-142-3p [66]. Similarly, it was observed 
that miR-142-3p inhibited CD4+ Th1 activation 
after A. fumigatus infection [67]. CD4+ T cells 
are the primary source of IFN-γ. By increasing 
the level of phosphorylated AKT in vivo, RICTOR 
can promote Th1 cell activation [68]. RICTOR 
was identified as a target of miR-142-3p in en-
dothelial cells [69]. miR-142-3p expression is 
downregulated in A. fumigatus-activated CD4+ 

T cells, and the downregulation of miR-142-
3p leads to an increase in IFN-γ expression by 
promoting RICTOR expression. Thus, miR-142-
3p negatively regulates antifungal immunity. 
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But in a clinical study among hemato-oncology 
patients with profound neutropenia, free circu-
lating miR-142-3p was significantly upregulated 
because of invasive aspergillosis. The reason 
for this difference may be related to the type of 
diseases [70].

Autophagy

Autophagy is an intracellular degradation 
mechanism that plays a crucial role in main-
taining macrophage homeostasis, function, 
and metabolism and preventing immune se-
nescence [71]. It is known to regulate inflam-
matory responses by mediating the production 
and secretion of cytokines, such as TNF-α and 
type I IFN [72]. Autophagy serves a dual role.
On the one hand, it removes senescent organ-
elles, converts them into substances such as 
amino acids for reuse, destroys intracellular 
pathogens, and promotes cell survival [73-75]. 
On the other hand, it induces cell death under 
specific caspase-independent conditions [76]. 
In specific tissue macrophages, autophagy en-
hanced NF-κB activity by sequestering A20 to 
boost antifungal immunity [77]. Consequently, 

the regulation of autophagy is a key for antifun-
gal immunity [78].

miR-344b-1-3p

Recent studies have shown that miR-344b-1-3p 
negatively regulates antifungal immunity in con-
trolling autophagy after A. fumigatus infection. 
miR-344b-1-3p can target TLR2 and negatively 
regulate the TLR2 signaling pathway, which is 
essential for activating macrophage autophagy 
[79, 80]. Infection of rat alveolar macrophages 
by A. fumigatus resulted in decreased miR-
344b-1-3p expression. As a direct target of 
miR-344b-1-3p, TLR2 expression increased, 
thereby enhancing the activation of autophagy 
in macrophages. Although miR-344b-1-3p is 
only detected in rats at present, it is suggested 
that in the future, miR-344b-1-3p may be a 
potential therapeutic approach for aspergillosis 
[81].

Cross-species interaction of miRNAs

Exosomes are important signaling mediators 
for communication between immune cells that 

Figure 1. Interaction of C. albicans with miRNA-24-3p in host immune cell exosomes. Primary miRNAs are pro-
cessed to form precursor miRNAs with hairpin structures in the nucleus. Precursor miRNAs are transferred to the 
cytoplasm and later cleaved into miRNAs of approximately 22 nucleotides in length. After C. albicans infection, 
soluble β-glucan and mannan in the cell wall of C. albicans bind to immune cell CR3 and TLR4 receptors, respec-
tively, inducing the production and release of hsa-miR24-3p containing exosomes. The exosomes bind to C. albi-
cans C3b via CR1, after which C. albicans can uptake hsa-miR-24-3p in the exosomes and inhibit the translation 
of sol1 mRNA, thus promoting the proliferation of C. albicans. C. albicans, Candida albicans; miRNAs, microRNAs; 
CR, complement receptor; TLR4, toll-like receptor; mRNA, messenger RNA.
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can shuttle miRNAs to recipient cells. After in-
fection, human immune cells release exosomes 
to coordinate the immune response. Exosomes 
are vesicles that contain various cellular com-
ponents, including proteins, nucleic acids, and 
significant miRNAs [82, 83]. A recent study 
has demonstrated that miR-24-3p in exosomes 
released by human monocytes participates 
in cross-species evasion via C. albicans [84]. 
Hsa-miR-24-3p is the most common miRNA in 
exosomes released by human monocytes in 
response to the pathogenic fungus C. albicans. 
In the early stages of C. albicans infection, 
soluble β-glucan and mannans in C. albicans 
induce the production and release of hsa-miR-
24-3p transport vesicles by binding to host
blood monocyte complement receptor 3 and
TLR4 receptors. These RNA-transport vesicles
attach to the fungal surface via complement
receptor 1 on the vesicle surface, after which
C. albicans can uptake has-miR-24-3p. The
host-derived hsa-miR-24-3p interacts with C.
albicans sol1 mRNA to inhibit sol1 mRNA trans-
lation, which in turn accelerates the growth of
C. albicans (Figure 1). Other miRNAs induced
by C. albicans may also promote the survival of
C. albicans in the host through unknown mech-
anisms, suggesting that miRNA inhibitors may
be used to treat candidiasis.

miRNAs as potential biomarkers for fungal in-
fection

Invasive fungal infections have high morbidity 
and mortality in perioperative period. In recent 
years, the incidence of fungal sepsis has been 

increasing. An accurate early diagnosis is ben-
eficial to reducing the mortality and improving 
patient outcomes, but all the commonly used 
clinical methods for early diagnosis of fungal 
infections present some limitations. miRNAs 
with differential expression in cells, blood, and 
tissues have been potentially helpful for the 
ancillary diagnosis of fungal diseases (Table 2). 
Previous study detected differentially expressed 
miRNAs in peripheral blood samples from pa-
tients diagnosed with Aspergillus infection and 
found that miR-142-3p, miR-142-5p, miR-26b-
5p, and miR-21-5p were significantly upregu-
lated. After confirming a significant association 
between these four miRNAs and invasive asper-
gillosis, this group of miRNAs was subsequently 
labeled as a novel group of biomarkers sup-
porting the diagnosis of invasive aspergillosis 
(the tetramiR group), after which the diagnostic 
power and accuracy of this group were evaluat-
ed. The receiver operating characteristic analy-
sis demonstrated an area under the curve (AUC) 
of 0.97. Although the limited number of patients 
may introduce bias to determine the optimal 
diagnostic cutoff for this approach, there is po-
tential value in using tetramiRs for diagnosing 
aspergillosis [70]. After fungal infections, miR-
215 and miR-let-7c levels were up-regulated 
in the plasma of transplanted patients, while 
miR-154, miR-193a levels were down-regulated 
in their peripheral blood mononuclear cells (PB-
MCs). These four miRNAs were modeled with 
two lncRNAs which high expressed in PBMCs 
after fungal infections. The detection panel 
showed excellent diagnostic efficacy, with an 
AUC of 0.927 [85]. Another study compared the 

Table 2. Diagnostic performance of microRNAs for invasive fungal diseases
Detection model miRNAs Sensitivity Specificity AUC Type of disease Reference
tetramiR miR142-3p

miR142-5p
miR26b-5p
miR21-5p

0.96 0.95 0.97 hemato-oncology 
patients with profound 
neutropenia

[65]

miR142-3p miR142-3p 0.90 0.88 0.92 hemato-oncology 
patients with profound 
neutropenia

[65]

miR142-5p miR142-5p 0.89 0.86 0.97 hemato-oncology 
patients with profound 
neutropenia

[65]

miR-26b-5p miR-26b-5p 0.93 0.89 0.97 hemato-oncology 
patients with profound 
neutropenia

[65]

miR21-5p miR21-5p 0.86 0.81 0.92 hemato-oncology 
patients with profound 
neutropenia

[65]

6-noncoding-RNA detec-
tion panel (4 miRNAs and
2 lncRNAs: NR_027669.1;
NR_036506.1)

miR-215a 
mir -let- 7c
miR-154
miR-193a 

0.944 0.910 0.927 transplanted patients [80]

Note: miRNA, microRNA; AUC, area under the curve.
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levels of circulating miRNA between patients 
with paracoccidioidomycosis (PCM) and healthy 
controls and found that 8 miRNAs (miR‑132‑3p, 
m i R ‑ 6 0 4 ,  m i R ‑ 1 8 6 ‑ 5 p ,  m i R ‑ 2 9 b ‑ 3 p , 
miR‑125b‑5p, miR‑376c‑3p, miR‑30b‑5p, and 
miR‑423‑3p) were differentially expressed in 
the serum samples from PCM patients. The 
miR-132-3p expression was more than 10-fold 
higher in patients with PCM infection than in 
healthy individuals. The researchers concluded 
that given the relative difficulty in diagnosing 
PCM, these differentially expressed circulating 
miRNAs could be novel diagnostic biomarkers 
for PCM [86]. As noted earlier, miR-132 plays a 
role in ABPA detection and distinguishing ABPA 
from allergic asthma and severe asthma with 
fungal sensitisation. miR-132, a specifically 
elevated miRNA after fungal infection, can also 
be used as a potential diagnostic biomarker to 
distinguish bacterial and fungal infections.

Conclusion

This review summarizes differentially expressed 
miRNAs after fungal exposure and their roles 
on host immune responses. The expression 
of miRNAs varies in different cells after fungal 
infections, and both species and morphology 
of the fungi affect miRNA expression. These 
differentially expressed miRNAs regulate the 
host immune response after fungal exposure 
through different mechanisms. miR-155 exerts 
pro-inflammatory and anti-inflammatory effects 
by targeting different signaling pathways. miR-
146 inhibits the expression of inflammatory 
cytokines and has an anti-inflammatory effect 
on antifungal immunity. miR-384-5p targets 
peroxisome proliferator-activated receptor 
gamma co-activator 1β (PGC-1β), enhancing 
the activation of NF-κB, MAPK, and AKT inflam-
matory signaling pathways, thereby exacerbat-
ing C. albicans-induced acute lung injury [87]. 
Moreover, some miRNAs prevent organ damage 
by suppressing excessive inflammatory re-
sponses after fungal exposure. Differentially ex-
pressed miRNAs are also involved in regulating 
other immune response processes. miR-344b-
1-3p can regulate cellular autophagy after A.
fumigatus exposure. C. albicans can induce
the release of exosomes from the host and use
miR-24 in exosomes to achieve accelerated
growth. In addition, differentially expressed
miRNAs, such as miR-132, can contribute to
early diagnosis of fungal infections.

The detection technology of miRNAs has been 
improved. Although many articles have demon-
strated miRNA expression profiles after fungal 
exposure, there is currently a limited number of 

in-depth studies on the mechanisms by which 
miRNAs are involved in the immune response. 
Understanding the regulation mechanism of 
miRNA in antifungal immunity can help us to 
deepen the understanding of fungal infections 
and host immunity, as well as offer potential 
novel therapeutic targets for fungal infections. 
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