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The arterial circulatory system diseases are common in clinical practice, and their
treatment options have been of great interest due to their high morbidity and
mortality. Drug-eluting balloons, as a new type of endovascular interventional
treatment option, can avoid the long-term implantation of metal stents and is
a new type of angioplasty without stents, so drug-eluting balloons have better
therapeutic effects in some arterial circulatory diseases and have been initially
used in clinical practice. In this review, we first describe the development,
process, and mechanism of drug-eluting balloons. Then we summarize the
current studies on the application of drug-eluting balloons in coronary artery
lesions, in-stent restenosis, and peripheral vascular disease. As well as the
technical difficulties and complications in the application of drug-eluting
balloons and possible management options, in order to provide ideas and help
for future in-depth studies and provide new strategies for the treatment of
more arterial system diseases.
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GRAPHICAL ABSTRACT
Highlights

1. We describe the development, process, and mechanism of

drug-eluting balloons.

2. We summarize the current studies on the application of drug-

eluting balloons in coronary artery lesions, in-stent restenosis

and peripheral vascular disease.

3. We have summarized numerous clinical trials and

demonstrated the safety and effectiveness of drug-eluting

balloons in the treatment of diseases including coronary heart

disease and lower extremity vascular disease: ① For small

vessel, large vessel and bifurcation lesions of coronary artery,

their short term efficacy is favorable and safety is high, while

their long term efficacy for large vessel lesions of coronary

artery is also excellent ② For femoral and popliteal arteries,

their performance is also sound ③ For renal blood vessels,

children’s cardiac vessels and in-stent restenosis, there have

been studies or reports proving their treatment feasibility, but

a large number of studies are needed to prove their safety

and efficacy.

4. By reviewing the progress of drug-eluting balloon research

mentioned above, we can provide new ideas for the treatment

of more arterial system diseases.

Significance Statement: This review can provide ideas and

help for future in-depth studies and provide new strategies for

the treatment of more arterial system diseases.
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1 Drug eluting balloon overview

New stenosis and restenosis of blood vessels are frequent

causes of cardiovascular disease, and angioplasty is one of the

main strategies to treat such diseases (1, 2). Drug-eluting

balloon (DEB) is a new angioplasty technique which combines

balloon angioplasty and drug-eluting technology. It uses a

balloon catheter as a delivery medium to deliver drugs that

inhibit cell proliferation to the lesion site to achieve

vasodilatation and inhibit endothelial cell proliferation at the

same time. Because of its good therapeutic effect in preventing

intimal proliferation and restenosis, it is increasingly favored

by multidisciplinary researchers.
1.1 Traceability of drug eluting balloon

In 1964, Dotter et al. proposed percutaneous transluminal

angioplasty to treat inoperable arteriosclerosis stenosis (3). In

1978, Grüntzig et al. developed the expandable balloon technique

to propose intraluminal dilation of coronary artery stenosis,

which was successfully implemented in clinical practice.

Although balloon dilation was limited at that time due to the

potential for restenosis with long-term use, it cannot be denied

that balloon dilation showed better short-term efficacy (4–6). In

the 1980s, Sigwart et al. introduced bare metal stents (BMS) for

the treatment of coronary and peripheral artery stenosis,
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https://doi.org/10.3389/fcvm.2024.1287852
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Lu et al. 10.3389/fcvm.2024.1287852
significantly reducing restenosis and occlusion after angioplasty (7).

However, the presence of BMS in the vessel lumen for an extended

period may lead to stent thrombosis and worsen the condition. It

wasn’t until the early 21st century that drug-eluting stents (DES)

were developed, greatly improving the prevention of stent

thrombosis. Rensin et al.’s study, involving 15 Brazilian patients

with an average age of 60, demonstrated minimal adverse events

following the use of sirolimus drug-eluting stent (8, 9), although

in-stent restenosis still remained a concern. In 2003, Scheller

et al. conducted an animal model study mixing Paclitaxel and

iopromide, revealing effective inhibition of in-stent restenosis

(10). They suggested the use of paclitaxel drug balloons as a

novel approach for preventing and treating restenosis the

following year (11). The 2014 ESC/EACTS guidelines for

myocardial revascularization have recommended considering

drug-eluting balloons for restenosis (12). Now, the safety and

efficacy of drug-eluting balloons have been confirmed and are

gradually being utilized in clinical treatment. In recent years,

with advancements in technology and research emphasis, drug

balloons are no longer limited to restenosis treatment, but also

applied to various arterial system diseases. Additionally, new

material balloons such as nano drug balloons and micro-needle

drug balloons have shown promising therapeutic effects and

healing properties in experiments. It is expected that further

balloon technologies will be implemented in clinical treatment as

technology continues to advance in the future (Figure 1).
1.2 Drug eluting balloon production process
evolution

The drug-eluting balloon is composed of three main

components: the active substance, excipient, and balloon. These

components are combined through specific production processes
FIGURE 1

The origin of drug balloon. The figure illustrates the creation of percutaneou
of patients with atherosclerosis. In the 1970s, it was found that percutane
dilatation method to improve coronary artery stenosis. In the 1980s, BMS
peripheral artery disease. Until the early 21st century, the combination of d
of DES was effectively verified, to the point that the effectiveness of DEB
the treatment of more arterial system diseases.
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to meet clinical requirements, such as continuous drug delivery

at therapeutic doses, long-term maintenance of drug

concentration in blood vessel walls, and non-toxicity to the body

(13). Various methods exist for attaching drugs to balloons,

including spraying, dipping, micropipetting, and using

nanoparticles to imprint the drug on the balloon surface. Among

these methods, nanoparticle technology stands out due to its

ability to encapsulate the drug, firmly attach it to the balloon

surface, and achieve controlled release only in the fluid

environment at the target site (14, 15). Continuous innovation in

coating technology has led to better drug release mechanisms,

such as microcapsule coatings, hydrogel coatings, polymer-free

coatings, immediate-release coatings, bioadhesive coatings, and

multilayer coatings. These advancements enable more uniform

and stable wrapping of drugs on the balloon surface, reduce drug

loss during delivery, and improve drug delivery to the target site

(16, 17). When selecting a drug, it’s essential to consider its

lipophilicity since the balloon must deliver a large dose of the

drug to the target vessel surface within a short time. Ideally, a

lipophilic drug is preferred to ensure effective absorption by the

vessel wall and tissue retention (18). Currently, paclitaxel is the

most commonly used drug for Drug-Eluting Balloons (DEB), but

alternative options are being investigated due to potential risks. A

comparative trial between paclitaxel-coated balloons and

sirolimus-coated balloons showed no significant difference in

short-term clinical outcomes, indicating that DEB utilizing Moss

family drugs could potentially replace paclitaxel-coated balloons

(19). The choice of excipients is equally important as the

antiproliferative drugs. During balloon dilation, excipients allow

the drug to attach completely to the endothelium and mucus

layer. They also ensure stability before gradual controlled release,

enabling long-term treatment (20). Commonly used excipients in

clinical practice include urea, iopromide, tributyl acetyl citrate,

and polyester-based polymers (21). Urea facilitates penetration of
s transluminal angioplasty by Dotter et al. in (3) and used in the treatment
ous intracoronary balloon angioplasty could be used as a non-surgical
was developed and gradually used to treat coronary artery disease and
rug and stent treatment technology matured and the therapeutic safety
for in-stent restenosis has been confirmed and gradually expanded to
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the lipophilic portion or drug into the arterial wall, iopromide acts

as a hydrophilic spacer, and lipophilic lubricant-type excipients

reduce friction between the balloon, polymer layer, and vessel.

However, it’s important to consider potential vascular

inflammation and allergic reactions associated with excipients. In

this regard, a research team has developed an excipient-free

paclitaxel nano-needle crystal drug balloon, which improves

biocompatibility and reduces the risk of distal microvascular

embolism by using a unique excipient-free design and a

breakthrough of the drug crystal diameter to the nanometer level.

In comparison with the current clinical evidence of Symplex

drug balloon, it was found that there was no difference in safety

and efficacy between the two, which fully proved that the

excipient-free paclitaxel nano-needle crystal drug balloon can

improve the safety of use and still take into account the excellent

efficacy, providing a new development direction for the

production of drug balloons. Balloons as material carriers have

high requirements for flexibility, mechanical strength, and

thickness, the original balloons were made of polyvinyl chloride,

but today, balloons are mainly made of thermoplastic polymers,

there are also balloons made of cross-linked polyethylene,

polypropylene, polyamide, and polyester, depending on the

clinical purpose, the balloons can be made in different lengths

and diameters (16). Various improvements have been made to

the balloon itself to address the problems of short inflation times,

inefficient drug delivery, and loss of drug flow. Linear

micropatterned drug-eluting balloons improve the efficiency and

accuracy of intravascular drug delivery to the target lesion

through higher contact area and more effective “drug ramming”,

so as to create a fuller contact between the balloon and the

luminal side of the vascular tissue (22). Microneedle Drug

Eluting Balloon, which combines a 34G micro-needle with a

balloon catheter based on a specific array to better distribute the

drug in the vessel wall by direct injection, but due to balloon

volume limitations, the needle needs to be further improved and
FIGURE 2

Mechanism of drug balloon action. The diagram illustrates the process of d
enlarging the lumen of the vessel, and the drug inside the balloon reaches
present in the vessel wall and is absorbed by the vessel wall to act.
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reduced (23). At the same time, it has been proposed that an

external protective sleeve can be used on the drug balloon to

prevent drug loss during administration, and it has been

demonstrated by in-vitro simulated dosing tests and animal tests

that this method can reduce the loading of paclitaxel on the drug

balloon to 30% of the mainstream loading and transfer a large

amount of paclitaxel to the vessel wall, and it can be detected

throughout the 90-day animal experimental study, this technique

will be expected to reduce the possibility of systemic drug

toxicity due to the use of paclitaxel drug balloon (24). In recent

years, due to the advantages of drug balloons in clinical practice,

more and more research has been devoted to the improvement

of drug balloons, which improves the accuracy of drug release

and reduces the toxicity of drugs to humans.
1.3 Mechanism of action of drug eluting
balloon

Before using drug-eluting balloons (DEB), it is necessary to

perform pre-dilatation with various types of balloons such as

normal balloon, high pressure balloon, cutting balloon,

integrating balloon, or sphenoid balloon. This pre-dilatation

helps reduce the occurrence of intimal dissection. The ratio of

balloon diameter to vessel diameter is generally recommended

to be within the range of 0.8:1–1.0:1 (21). Once adequate pre-

dilatation is achieved, DEB balloons are employed to dilate the

stenosed vessel. During this process, the drug is released from

the balloon, allowing it to reach the lesion and penetrate into

the vessel wall. This drug release exerts an inhibitory effect on

intimal hyperplasia (Figure 2). Some commonly used drug-

eluting balloons include DIOR DEB, PACCOCATH DEB,

SeQuent DEB, and IN.PACT DEB. These balloons typically

utilize Paclitaxel as the drug (25). DIOR DEB has multiple

micropores on the balloon surface through which Paclitaxel
rug balloon after entering the vessel, the balloon expands at the lesion,
the vessel wall with the excipient through the atherosclerotic material
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can be rapidly and efficiently released. PACCOCATH DEB and

SeQuent DEB both have Paclitaxel embedded in their coatings,

enhancing the solubilization and transfer of the drug. However,

the coating substance used in SeQuent DEB rapidly dissolves

after balloon expansion. On the other hand, IN.PACT DEB is a

relatively new type of balloon that contains the hydrophilic

excipient, allantoin, in its coating. This excipient facilitates the

release and transfer of paclitaxel to the target lesion (26–30).

While Paclitaxel is commonly used as a cell proliferation

inhibiting drug in drug-eluting balloons, there are other drugs

being explored for their potential in this application. Cells

respond differently to different concentrations of Paclitaxel, but

all concentrations inhibit mitosis by targeting spindle

microtubule dynamics, thereby suppressing cell proliferation.

Low concentrations of Paclitaxel delay mitosis but may lead to

cell death or aneuploidy. On the other hand, high

concentrations of Paclitaxel block mitosis by maintaining the

formation of microtubule protein complexes (31, 32). Due to

the narrow therapeutic window and challenges in controlling

the safe dosage of Paclitaxel, as well as suboptimal inhibition

of cell proliferation, there is a growing interest in developing

new drugs for drug-eluting balloons. One such drug is

rapamycin, which inhibits cell proliferation by targeting the

mammalian rapamycin target protein signaling pathway (33).

Studies have shown that rapamycin exhibits better inhibition

of coronary proliferation compared to Paclitaxel (34),

although it may have limited effectiveness in certain lesions.

Apart from Paclitaxel and rapamycin, other drugs like

sirolimus and everolimus are also being investigated for their

ability to stabilize blood vessels and enhance the effect of

drug-eluting balloons (35).
TABLE 1 Application examples of drug eluting balloon in arterial circulatory

Diseases Researchers
Coronary artery
disease

Minor coronary artery
disease

Latib et al. (40), Jeger et al. (41)

Cortese et al. (42)

Unverdorben et al. (43)

Coronary artery
bifurcation lesions

Mathey et al. (44), Kleber et al. (45), Liu et
(46), Jing et al. (47), Kitani et al. (48)

Large coronary artery
diseases

Yu et al. (49), Rosenberg et al. (50), Lu et
(51), Wei et al. (52), Hu et al. (53)

Chronic total occlusion
of coronary arteries

Köln et al. (54)

Myocardial infarction Vos et al. (55), Scheller et al. (56)

Peripheral
artery elution

Femoral popliteal artery
disease

Kayssi et al. (57), Tepe et al. (58), Liistro et
(59), Bausback et al. (60)

Renal artery disease Takahashi et al. (61), Yamamoto et al. (62)
et al. (63), Li et al. (64), Kozlova et al. (65

Intra-stent restenosis lesions Virga et al. (66), Samady et al. (67), Alfon
et al. (68), Giacoppo et al. (69)

DEB, drug eluting balloon; DES, drug eluting stent; EES, everolimus eluting stent; TRA
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2 The application of drug eluting
balloon in arterial circulatory diseases

Until now, interventional procedures have been the most

common treatment option for cardiovascular disease, DEB is one

of the latest technologies developed as a new clinical treatment

modality for coronary artery lesions and peripheral artery

disease. Compared to traditional balloon and trans-stenting

techniques, DEB can be used in combination with BMS or alone,

offering advantages such as uniform drug delivery to the vessel

wall, no metallic foreign body residue, reduced antiplatelet

treatment time, and reduced restenosis rates (11, 36–38). At

present, there are numerous studies showing that DEB has better

results in the treatment of coronary artery disease and peripheral

vascular disease. Especially in the treatment of coronary artery

disease, DEB has better long-term treatment effect than BMS and

DES techniques (39) (Table 1 and Figure 3).
2.1 Applications in coronary artery lesions
in situ

2.1.1 Minor coronary artery disease
Percutaneous coronary intervention (PCI) has emerged as the

primary treatment modality for coronary artery disease (CAD)

(70). However, the management of minor coronary artery lesions

with a small vessel diameter (<2.8 mm) poses challenges due to

technical limitations, resulting in high restenosis rates following

treatment. Currently, there is an absence of suitable stents

available for clinical use in these cases, making minor coronary

artery disease a significant concern in clinical practice.
diseases.

Outcomes
Patients on DEB had significantly lower rates of restenosis and adverse cardiac
events than those on paclitaxel DES, and DEB treatment was not less effective
than DES treatment

Patients in the DEB group had significantly lower late lumen loss and a
significantly lower incidence of myocardial infarction and thrombosis than in
the EES group

Patients in the DEB treatment group had a significantly lower incidence of
adverse events than after DEB + BMS treatment

al. DEB causes minimal branch damage, and is significantly superior to
conventional balloon angioplasty and DES therapy in the treatment of coronary
bifurcation lesions

al. The rate of late adverse cardiovascular events was lower in the large-vessel lesion
group, and the rate of long-term adverse cardiovascular events treated by DEB
was better than DES

Better outcomes with DEB treatment

The efficacy of DEB for ST-segment and non-ST-segment elevation myocardial
infarction was similar to the rest of the treatment modalities

al. DEB is more effective in high-risk femoropopliteal artery injuries and can
improve lower extremity arterial patency and binary restenosis rates

, Bi
)

DEB is a safe and effective treatment for disease caused by renal artery stenosis,
TRAS

so DEB treatments show good therapeutic results and low recurrence rates

S, transplant renal artery stenosis; FMD, fibromuscular dysplasia.
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FIGURE 3

Key findings of the drug-eluting balloon. The main points outlined in this graphic are: in coronary artery disease, the drug-eluting balloon is
compressible, has no long-term irritation from metal stents, and is easy to manipulate in delicate areas; in renal artery disease, the drug-eluting
balloon has been shown to have good therapeutic efficacy in renal artery atherosclerosis, renal arteritis, and renal arterial wall myofibrillar
dysplasia; and in femoropopliteal artery disease, the drug-eluting balloon has resulted in improved postoperative patency and prevention of restenosis.

Lu et al. 10.3389/fcvm.2024.1287852
Advancements in balloon technology have sparked increased

interest in the use of drug-coated balloons (DCBs) for treating

small coronary artery disease. DCBs offer advantages such as

improved compressibility, absence of long-term metal stent

irritation, and ease of manipulation at fine sites. The use of

balloons allows for easy access to the lesion and effective dilation

of stenotic vessels. Additionally, drugs carried by the balloons

can be uniformly released over a short period, resulting in

favorable therapeutic outcomes. A 6-month BELLO study

conducted by Latib et al. in 2012 involved 182 patients with an

average age exceeding 64 years (40). The study demonstrated that

paclitaxel DCBs were associated with significantly lower

restenosis rates and adverse cardiac events compared to patients

treated with paclitaxel-eluting stents (DES). Nevertheless, it’s

important to note that the study’s short observation period and

small sample size only provide insights into the short-term

efficacy of DCB treatment for small coronary artery disease.

Contrasting these findings, Jeger et al. conducted a large-scale,

long-term study involving 758 participants with an average age

exceeding 65 years (41). Their results indicated similar rates of

mid-cardiovascular adverse events between patients treated with

DCBs and those treated with DES for small native coronary

artery disease. Thus, suggesting that DCB treatment is not less

effective than DES treatment. Further supporting the

effectiveness and safety of DCBs in the treatment of small
Frontiers in Cardiovascular Medicine 06
coronary artery disease, Cortese et al. conducted a 6-month

clinical trial involving 232 elderly patients in Europe (42). The

study demonstrated that paclitaxel DCBs were more effective

than everolimus-eluting stents (EES). This was evidenced by

significantly lower late lumen loss, as well as a reduced incidence

of myocardial infarction and thrombosis in the DCB group.

Researchers have also evaluated the therapeutic effects of

combining drug balloons with other techniques. Unverdorben

et al. compared the incidence of adverse cardiovascular events in

120 elderly German patients with coronary small vessel disease

after DCB therapy or DCB + BMS therapy (43). Their findings

suggested that DCB therapy alone was significantly superior to

combined therapy, possibly due to the fact that bare-metal stents

(BMS) stimulate the vessel wall and increase target cell blood

flow reconstruction, hindering lesion healing.

2.1.2 Coronary artery bifurcation lesions
Coronary artery bifurcation lesions refer to the blockage of the

coronary artery system at its bifurcation, which is a common form

of coronary artery disease. The treatment of these lesions has been

studied extensively over time. With the advancement of balloon

technology, the use of balloons for treating bifurcation lesions is

gaining attention. Authoritative organizations like the European

Bifurcation Club and the International DEB Consensus Group

have proposed the feasibility of percutaneous coronary
frontiersin.org
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intervention as a treatment method for coronary bifurcation

disease (21, 71–73). Mathey et al. successfully treated 28 stable

angina patients with coronary bifurcation lesions using paclitaxel

DEB, with low incidence of adverse events. This suggests the

feasibility of DEB for treating coronary bifurcation lesions.

Another study conducted by Kleber FX included 128 patients

over the age of 65, treated in Germany, and found the

effectiveness of DEB for coronary bifurcation disease through the

randomized multicenter PEPCAD-BIF trial (44, 45). However,

the small sample sizes (28 and 64 patients) in both studies,

including various lesion sites, limit the ability to draw definite

conclusions. For left main trunk bifurcation lesions, Liu et al.

observed lower incidence of adverse cardiovascular events in the

DEB treatment group compared to the DES group in 85 patients.

This suggests the effectiveness and safety of treating left main

trunk bifurcation lesions solely with DEB (46). The importance

of side branches becomes evident when the main coronary artery

is blocked. Jing et al. studied DEB for treating coronary artery

side branch bifurcation lesions and found that DEB was

significantly more effective than conventional balloon angioplasty

in 222 elderly patients (47). Therefore, drug balloons have shown

effectiveness in treating both collateral and main coronary

arteries with bifurcation lesions. Furthermore, combining

directional coronary atherectomy with DEB angioplasty for

bifurcation lesions in coronary arteries can yield positive clinical

results with minimal branch damage, making it a potential stent-

free percutaneous coronary intervention strategy (48). Overall,

the use of drug balloons not only allows immediate opening of

the bifurcation vessel but also reduces the occurrence of major

adverse cardiovascular events, improving the long-term prognosis

of patients (74).

2.1.3 Large coronary artery disease
Large coronary vessels (≥2.8 mm) encompass the right

coronary artery, left anterior descending branch, and left

circumflex branch. Coronary large vessel lesions represent a

common form of coronary artery disease. These lesions, located

within the coronary arteries, can manifest as diffuse, obstructive,

or bifurcation lesions, highlighting the extensive involvement of

large vessels. Consequently, research and treatment of large

coronary vessels face numerous vascular limitations. With

advancements in research techniques, an increasing number of

studies have demonstrated the efficacy of drug-eluting balloons

(DEB) in treating coronary large vessel lesions (75, 76). In a

prospective study comparing patients with large and small

coronary artery lesions after DEB treatment, the rate of major

adverse cardiovascular events was lower in the large-vessel lesion

group, with no reported fatalities (49). By dividing 234 patients

with new-onset coronary artery disease into large-vessel and

small-vessel groups based on vessel size and administering DEB

treatment to both groups, Rosenberg et al. observed a target

lesion revascularization rate of 3.8% in small vessels and 1.0% in

large vessels after 9 months. The conclusion drawn was that

DEB exhibited comparable therapeutic effects in both groups,

with no statistically significant difference (50). Additionally, in a

study conducted by Lu et al., 92 patients with an average age of
Frontiers in Cardiovascular Medicine 07
52 underwent DEB treatment for coronary macroangiopathy,

yielding a major adverse cardiovascular event rate and target

lesion revascularization rate of 4.3% in the short-term. These

findings confirmed the safety and efficacy of DEB monotherapy

for short-term treatment of coronary macroangiopathy.

However, due to the limited observation period and small

sample size, the confidence level of this conclusion was low (51).

To investigate the long-term clinical effects of DEB, Wei et al.

performed a randomized trial involving 100 patients with large

coronary artery lesions who received either DEB or drug-eluting

stents (DES). The late lumen loss and long-term incidence of

major adverse cardiovascular events were monitored in both

groups. Although the difference in late lumen loss between the

two groups was marginal, DEB exhibited slightly superior

distant positive vascular remodeling compared to DES (52). In a

study by Hu et al., 119 patients with large-vessel lesions in

coronary arteries, aged approximately 56 years on average, were

followed up for 2 years to assess the incidence of adverse

cardiovascular events. The patients were categorized into two

groups: large-vessel bifurcation lesions and non-bifurcation

lesions. The long-term follow-up revealed a low incidence of

adverse cardiovascular events in both groups, indicating

favorable long-term clinical outcomes of DEB-only treatment for

large-vessel lesions in coronary arteries (53). The complex

nature of large coronary artery disease has limited research in

this area. While drug-eluting stents remain the primary clinical

treatment for large vessel lesions, evidence suggests that DEB is

a safe and effective alternative for treating large coronary artery

disease, demonstrating promising short-term and long-term

clinical efficacy.

2.1.4 Other in situ disease of the coronary arteries
Besides the aforementioned coronary artery diseases, drug-

eluting balloons (DEB) are also utilized in the treatment of

chronic total occlusive lesions, diffuse coronary artery disease,

myocardial infarction, and other related conditions. Chronic total

occlusion of the coronary arteries refers to the progressive

narrowing of the arterial lumen, eventually leading to complete

blockage. This condition is more prevalent in patients with

coronary artery disease (CAD) (77), the safety of percutaneous

coronary intervention has been established for chronic total

occlusive coronary artery disease (78). In a study conducted in

2013, researchers exploring the efficacy of bare-metal stents (BMS)

in treating chronic total occlusion observed that the combination

of paclitaxel DEB treatment was more effective (79). Subsequently,

Köln et al. followed up on 34 patients with an average age of 59

who underwent DEB treatment for chronic total occlusion.

Through angiography, they found that DEB angioplasty, despite

the absence of stent fixation, was a feasible and well-tolerated

treatment option for chronic total occlusion of the coronary

arteries in patients with good pre-expansion (54). According to

the 2021 recommendations by the Asia-Pacific Consensus Panel

for DEB treatment of coronary artery disease, DEB treatment is

indicated for various cases, including chronic total occlusion of the

coronary arteries (80), this establishes the feasibility of DEB in

treating chronic total occlusive coronary artery disease.
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Diffuse coronary artery disease was defined on coronary

angiography as long coronary segments (≥20 mm) with

angiographic irregularity in the absence of significant focal

stenosis. It is an important determinant of the expected outcome

of percutaneous coronary intervention (81). It can occur in distal

coronary arteries, descending branches, side branches, and

bifurcations, and its complexity results in a poorer outcome

compared with focal lesions. The use of DES alone not only has

long-term metal irritation and a higher risk of late thrombosis,

but also the placement of long DES stents (≥60 mm) can lead to

an increased incidence of adverse events, resulting in poorer

outcomes in diffuse coronary artery disease, whereas the

combination of DEB and DES can limit the length of the stent to

a certain extent, reduce stent loading, and decrease the incidence

of the aforementioned adverse events, providing a favorable

treatment for diffuse coronary artery disease (82, 83).

Myocardial infarction, a serious disease associated with poor

healing and commonly occurring as a complication of

cardiovascular diseases, can be categorized into ST-segment

elevation infarction, where vessels are mostly completely blocked,

and non-ST-segment elevation infarction, where vessels are

mostly incompletely blocked (55). Percutaneous coronary artery

therapy is the primary treatment choice for myocardial infarction,

and available studies indicate that DEB is safe and feasible in its

treatment (56, 84). In a 2019 REVELATION study involving 120

middle-aged and elderly patients with acute myocardial infarction,

Vos et al. compared the efficacy of DEB and drug-eluting stents

(DES) in treating ST-segment elevation myocardial infarction.

They found that the mean flow reserve fraction of patients in the

DEB group was similar to that of the DES group, demonstrating

that DEB was not inferior to DES in this regard (85). Later,

Scheller et al. conducted a similar study comparing DEB, bare-

metal stents (BMS), and second-generation DES in the treatment

of non-ST-segment elevation myocardial infarction. The results

also indicated non-inferiority for DEB, suggesting its feasibility

and safety in treating both types of myocardial infarction (86).

However, due to the limited number of studies on the use of

DEB in myocardial infarction, further extensive research is

required to establish its safety and efficacy. Additionally, drug-

eluting balloons have demonstrated effectiveness in treating

coronary artery disease in combination with diabetes mellitus,

diffuse disease, and calcified lesions (57, 87, 88).

The minimally invasive nature of drug-eluting balloon

implantation has led to its application in the treatment of

cardiovascular disease in children. Children’s coronary arteries are

more prone to in-stent restenosis due to their smaller vessel

diameters and higher percentage of lumen loss after stent

implantation compared to adults. The long-term consequences of

coronary stent implantation in children remain uncertain, thus

opting for a “stent-less intervention” strategy seems more favorable

for the long-term prognosis of pediatric patients. Wang et al.

described a case involving a 16-year-old female patient who

experienced a non-ST-segment elevation infarction caused by

aortitis, and subsequently underwent drug-coated balloon

angioplasty for in-stent restenosis that occurred one year after

coronary stent implantation (58). Xu et al. reported the successful
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treatment of severe stenosis of the proximal left anterior

descending coronary artery caused by Kawasaki disease in a 6-

year-old boy using drug-coated balloon revascularization,

demonstrating the feasibility of this treatment approach in

children with Kawasaki disease (59). However, further

investigation is needed to determine the safety and efficacy of

drug-coated balloon treatment in this particular population. Hirose

et al. initially described a male patient who underwent heart

transplantation for restrictive cardiomyopathy at the age of 2 years

and developed severe stenosis of the proximal left anterior

descending coronary artery at the age of 11 years (60). Due to the

rejection reaction, the transplanted cardiac population was more

susceptible to restenosis compared to the general population.

Nevertheless, no restenosis was observed during the 7-month

follow-up period after undergoing angioplasty with drug-coated

balloons, indicating the feasibility of using them in pediatric

patients undergoing heart transplantation. However, as children

represent a specialized group still in an important developmental

phase, their vascular alignment, size, and tolerance to

antiproliferative drugs differ significantly from those of adults. The

long-term efficacy and safety of drug-coated balloons in pediatric

cardiovascular disease have not yet been reported, thus further

research is necessary to explore the long-term outcomes.
2.2 Applications in peripheral arterial system
lesions

Peripheral artery disease (PAD) is a condition caused by

atherosclerosis in non-cardiac blood vessels, with the femoral

popliteal artery being the most commonly affected (89). The

2011 ESC treatment guidelines emphasize the importance of

endovascular approaches, such as percutaneous transluminal

angioplasty (PTA), for PAD management (90). However, due to

the high restenosis rate associated with conventional treatments,

scholars are increasingly focusing on the efficacy of drug-eluting

balloons (DEBs) in peripheral arterial disease. In a large-scale

study conducted by Kayssi et al. in 2016, DEB treatment was

found to have a superior effect on lower extremity arterial

patency and binary restenosis rates compared to conventional

treatments (91). Nevertheless, it is worth noting that for more

severe cases such as amputation, there is no significant evidence

indicating a better treatment effect of DEBs. Comparative studies

have shown that DEBs exhibit advantages over conventional

angioplasty and drug-eluting stents (DES). For instance, a

randomized trial by Tepe et al. demonstrated significantly higher

patency rates in elderly patients with popliteal arteries treated

with DEBs compared to those treated with conventional PTA

(92). Similarly, the DRASTICO study conducted by Liistro et al.

in 2019 revealed that both DEBs and DES were effective in

treating high-risk femoropopliteal artery injuries, but DEBs did

not show a significant advantage over DES (61). Consistent

findings were reported by Bausback et al. in a clinical study

involving 150 patients (62). These findings collectively suggest

that DEBs offer improved treatment outcomes in femoropopliteal

artery disease, enhancing patency and reducing restenosis risks.
frontiersin.org

https://doi.org/10.3389/fcvm.2024.1287852
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Lu et al. 10.3389/fcvm.2024.1287852
The renal artery, as a crucial peripheral artery, commonly

experiences stenosis in renal artery disease. Atherosclerotic renal

artery stenosis is the most prevalent cause, followed by aortitis

and myofibrillar dysplasia of the arterial wall (63). Stenting the

renal artery can cause mechanical damage, leading to intimal

disruption and subsequent smooth muscle cell and intimal

proliferation, resulting in in-stent restenosis (ISR). Research has

indicated that ISR exhibits more rapid smooth muscle cell

proliferation than original plaque cells (64). In a study by

Takahashi et al., which followed 1,052 patients treated with

percutaneous transluminal renal artery angioplasty for renal

artery stenosis, secondary stenting was associated with a

significantly higher probability of restenosis compared to balloon

dilation alone (65). Consequently, finding treatments that delay

ISR onset while preserving the luminal diameter of the renal

artery is an important task for scholars. Drug balloons have

shown potential in reducing antiplatelet drug use and mitigating

the inflammatory response in patients. Patients with renal

stenosis associated with aortitis experience a high restenosis rate

of up to 78% after renal angioplasty; however, drug balloons

offer significant delays in restenosis (93). Notably, Yamamoto

et al. reported a case of a patient with aortitis-induced renal

artery stenosis who underwent multiple renal angioplasty

treatments before achieving blood flow velocities similar to those

after two years of drug balloon therapy (94). Similar outcomes

were observed in five patients with aortitis who received

pharmacological balloon treatment, as reported in another study

(66). Nevertheless, further research is required to fully

understand the efficacy of drug balloon therapy for aortitis-

related renal artery stenosis. Restenosis rates remain high in

stenting for renal artery stenosis after renal transplantation

(TRAS), with reported incidences of 15% for bare metal stents

and 15.7% for drug-eluting stents (67). The primary mechanism

underlying TRAS-related restenosis is intimal hyperplasia, and

drug balloons possess inherent advantages in directly targeting

this condition. A retrospective study on 14 patients with TRAS

treated with drug balloons indicated that the therapy was safe

and effective in the short term, as there were no significant

changes in creatinine and blood pressure indexes during a 6-

month follow-up period (68). However, considering the limited

number of patients included in this study and the lack of a

control group receiving regular balloon treatments, further

validation is needed to assess its long-term effects. Fibromuscular

dysplasia (FMD), characterized by abnormal cell proliferation

and structural variations in the arterial wall, is the second most

common cause of renal artery stenosis (69). Due to insufficient

available data, the therapeutic effect of pharmacological balloon

therapy for FMD requires further exploration.
2.3 Application in in-stent restenosis lesions

In-stent restenosis refers to the reoccurrence of stenosis

following the insertion of a stent in a narrowed blood vessel for

dilation. The underlying mechanism primarily involves the long-

term presence of the metallic stent as a foreign body within the
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arterial vasculature. This presence can induce changes in vascular

wall stress and inflammation, leading to fibrin deposition,

migration of fibroblasts, and neointimal hyperplasia, ultimately

resulting in in-stent restenosis (95). Clinical experience indicates

that reusing stents increases the likelihood of in-stent restenosis.

However, drug-eluting balloons (DEB) offer an alternative

approach. DEBs release anti-proliferative drugs during balloon

dilatation without the need for permanent stent implantation.

This allows for rapid drug delivery to the diseased vessel,

promoting drug absorption and effectively preventing restenosis

while protecting the intima. Compared to balloon-only or stent

implantation strategies, DEB significantly reduces positive

vascular remodeling and subsequent inflammatory responses.

Consequently, DEB has been recommended as an effective

treatment for in-stent restenosis in the 2014 ESC guidelines (12).

There are two common clinical types of in-stent restenosis: bare-

metal stent (BMS) in-stent restenosis and drug-eluting stent

(DES) in-stent restenosis. Research on DEB for in-stent restenosis

continues. A prospective study by a French scholar involving 206

elderly patients with DES in-stent restenosis found a low

incidence of adverse cardiovascular events in patients treated with

paclitaxel DEB (96). Virga et al. observed 39 patients with in-

stent restenosis of the superficial femoral artery treated with DEB

for 2 years, and they reported a high patency rate with only one

death during the observation period (97). Similarly, Samady et al.

found favorable long-term outcomes for DEB treatment of in-

stent restenosis (98). Alfonso et al. conducted a randomized study

on 189 elderly patients with BMS in-stent restenosis, comparing

DEB treatment group and EES treatment group. The study

revealed excellent treatment results in both groups, with a

significantly lower recurrence rate (99). In the DAEDALUS study

by Giacoppo et al. in 2020, which involved 710 elderly patients

with BMS in-stent restenosis and 1,248 elderly patients with DES

in-stent restenosis treated with DEB, the researchers found that

DEB was effective in treating both types of in-stent restenosis

mentioned above, but BMS in-stent restenosis had a better

outcome than DES in-stent restenosis (100). Both DES in-stent

restenosis and BES in-stent restenosis have a 10%–20%

probability of recurrence (101), and their treatment is more

challenging than primary stenosis. Recent studies have shown

improved efficacy of DEB for recurrent in-stent restenosis,

although differences still exist when compared to implantable fine

DES (102, 103). The most effective treatment option for recurrent

in-stent restenosis remains to be investigated, and the possibility

of in-stent restenosis after DEB treatment cannot be ignored.
3 Drug eluting balloon application
dilemma

3.1 Technical difficulties with drug-eluting
balloons

Although numerous studies have demonstrated the therapeutic

efficacy of drug-eluting balloons (DEB), and some countries and

regions have included DEB as a medical device in their medical
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insurance coverage (Table 2), DEB still encounters several technical

challenges. Firstly, the main therapeutic effect of DEB, which

involves the use of anti-proliferative drugs such as Paclitaxel, is

hindered by its cytotoxicity. Different drugs exhibit varying

pharmacodynamic properties, and the efficiency of drug

absorption by the vascular wall is negatively correlated with the

lipid content of the wall. Consequently, diseases like

atherosclerosis that increase the lipid content of the vascular wall

also affect drug absorption efficiency. To counter this, DEB often

employs drugs with higher lipophilicity, with Paclitaxel being the

most commonly used anti-proliferative drug at present (104). But

one study discovered that paclitaxel transportation is significantly

impeded in the presence of thrombosis in blood vessels (105).

Moreover, strict dose control is required for the use of Paclitaxel,

generally within the range of 3–5 µg/mm2 (106). Lower doses

decrease the antiproliferative effect on the vessel wall, while

higher doses may cause cytotoxicity after prolonged exposure

(107–109). Furthermore, Paclitaxel exhibits poor efficacy, a

narrow therapeutic window, and low safety among various anti-

proliferative drugs. Consequently, some studies have proposed

the replacement of Paclitaxel with rapamycin, which offers

similar anti-proliferative effects and a safer drug dosage.

However, the inhibitory effect of rapamycin and its derivatives

on intravascular lesions is still under investigation (18, 104).

Additionally, Wessely et al. found that when comparing the

performance of Paclitaxel and rapamycin on drug-eluting stents

(DES), rapamycin resulted in a higher restenosis rate and

significantly greater late lumen loss (110). Similarly, Alfonso

et al. compared the efficacy of Paclitaxel and everolimus in

treating patients with in-stent restenosis and found that

everolimus was significantly more effective than Paclitaxel (111).

Although Paclitaxel carries a risk of cytotoxicity, the drug

balloon used in clinical practice is a finished product that does

not require physicians to control the drug dosage. Consequently,

the clinical manifestation of Paclitaxel cytotoxicity is reduced,

thus promoting its use in clinics, despite it not being the optimal

choice. Secondly, the selection of excipients is crucial. Currently,

anti-proliferative drugs in DEB are typically used in combination

with excipients to minimize drug loss during balloon transport.

Common excipients include hydrophilic substances such as urea

and iopromide. While highly hydrophilic substances effectively

prevent the loss of highly lipophilic drugs during transport, some
TABLE 2 Approval of vascular DEB medical devices in some countries.

Name Production company Appli

Drug balloon dilatation catheter Shanghai MicroPort Endovascular
MedTech (Group) Co., Ltd.

Femora
poplitea

Coronary drug balloon dilatation catheter DK Medical Technology Co., Ltd. Corona

PTA drug balloon dilatation catheter Lutonix, Inc. Unkno

SurVeil Drug-Coated Balloon Surmodics, Inc. Femora
poplitea

Stellarex 0.035″ OTW Drug-coated
Angioplasty Balloon

Philips Image Guided Therapy
Corporation

Femora
poplitea

Chocolate Touch Paclitaxel Coated PTA
Balloon Catheter

TriReme Medical, LLC Femora
poplitea

Information Sources: Available online at: https://mdenter.bcpmdata.com/, www.nmpa
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studies have indicated that urea and iopromide tend to shed their

coating when transported within the vasculature for extended

periods. This shedding increases the rate of drug loss and

diminishes efficacy (35, 112, 113). Lastly, apart from optimizing

Paclitaxel drugs and excipients, precise control of balloon

dilation pressure is also essential. Animal experiments conducted

by Stolzenburg et al. demonstrated that higher inflation pressure

promotes the transfer of Paclitaxel in atherosclerosis (114).

However, excessive inflation pressure can lead to plaque rupture,

aggravate vascular injury, increase the risk of vascular dissection,

and cause in-stent restenosis. Conversely, low inflation pressure

results in insufficient contact between the balloon and the vessel

wall, reducing drug efficacy. While prolonging the contact time

between the balloon and the vessel wall can enhance drug

absorption, it also increases the risk of vascular injury (115, 116).

Consequently, resolving the issues associated with balloon

expansion pressure and achieving optimal contact time between

the balloon and the vessel wall has become a recent focus of

research. Numerous micron and nano new materials may offer

potential solutions to this problem.
3.2 Drug eluting balloon complication
management

DEB, a novel balloon technology, offers significant advantages

in the treatment of arterial circulatory disorders. However, it’s

important to acknowledge that complications such as

microthrombosis and vascular dissection can occur during its

utilization. Despite being infrequent, these complications cannot

be disregarded considering their serious consequences. The

combination of lipophilic antiproliferative drugs with hydrophilic

excipients holds the potential for producing a highly crystalline

coating that is unstable and prone to particle formation during

crystallization. Particularly, the combination of highly hydrophilic

excipients like urea and iopromide with lipophilic drugs such as

paclitaxel can lead to easier dissolution of the coating during

balloon transport, resulting in the formation of numerous

particles. This occurrence is especially prevalent during balloon

expansion, which increases the risk of emboli formation when

these particles reach downstream vessels (112, 117). Kelsch et al.

observed in an animal model that at least 25%–35% of the
cation area Approving country
(institution)

Included in approved country
medical insurance?

l artery,
l artery

China Yes

ry artery China Yes

wn China Yes

l artery,
l artery

USA(FDA) Unknown

l artery,
l artery

USA(FDA) Unknown

l artery,
l artery

USA(FDA) Unknown

.gov.cn, www.fda.gov. USA: The United States. FDA, Food and Drug Administration.
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paclitaxel drug was shed and thrombotic occlusion was observed

during the entry of DEB with urea and iopromide as excipients

into the vasculature to the site of lesion initiation (118). To

address this issue, Gongora CA proposed the use of a more

hydrophobic excipient like BTHC to enhance the integrity of the

balloon coating, subsequently reducing particulate production. In

their investigation, they compared three different DEB

technologies—paclitaxel urea DEB, paclitaxel polysorbate DEB,

and paclitaxel BTHC DEB—in a porcine model. The results

demonstrated that paclitaxel BTHC DEB produced nearly ten

times fewer particles compared to paclitaxel urea DEB and

paclitaxel polysorbate DEB (119). In addition to employing more

hydrophobic excipients for minimizing particulate production,

alternative methods have been proposed. One such method

involves placing the drug and excipient within a folded balloon,

reducing the exposed area of the drug coating during transport.

Once the balloon reaches the lesion site, it expands fully to

ensure complete drug exposure (11). These two improved

methods are currently under investigation. Whether a more

hydrophobic excipient or a folded balloon approach is chosen, it

is evident that a high level of technological proficiency is

required. However, questions regarding the potential delayed

release of the drug upon contact with the vessel wall and the

ability to accurately release the drug still necessitate further

confirmation through additional studies.

Since pre-dilatation of the vessel is necessary before using DEB,

it is essential to consider the impact of DEB being stent-free. In cases

where pre-dilatation is insufficient, the vessel may lose stenting

support and experience vascular elastic retraction. Conversely,

excessive pre-dilatation can lead to vessel dissection, resulting in

restricted blood flow (120, 121). Balloon angioplasty functions by

stretching atherosclerotic arteries, which often causes vascular

injury leading to dissection (122). The anatomical structure of

coronary arteries typically comprises intima, media, and adventitia.

Arterial dissection occurs when layers of the arterial wall separate,

forming a false lumen between the intima and media or between

the media and adventitia (123). Separation of the epicardium is

accompanied by the formation of a false lumen, and this stripping

reduces or obstructs blood flow, which reduces the rate of

recanalization of the target diseased vessel at the site of the lesion,

making healing very difficult, and if the entrapment remains

untreated for a long period of time, it can lead to endothelial

hyperplasia and restenosis due to prolongation of the

inflammatory process (124, 125). In contrast, in a THUNDER

study it was found that treatment with DEB PCI did not require

implantation of a stent as long as the entrapment does not lead to

acute blood flow restriction, stent implantation is not required

(126). According to the Delphi Expert Consensus, stenting is

recommended for post-balloon angioplasty dissection in cases

involving reduced lesion vessel diameter, impaired blood flow, or

poor morphology (127). The Tack Endovascular System (Intact

Vascular, Wayne, Pennsylvania) is a novel device that has been

utilized by Gray WA to treat 213 patients and assess dissection

repair outcomes. The study confirmed the safety and efficacy of

the Tack Endovascular System in focal dissection repair (128).

Furthermore, Kobayashi N observed 319 elderly patients with
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vascular dissection in the femoropopliteal artery and found higher

restenosis rates in patients with severe dissection. This finding

suggests that the generation of vascular dissection may be a

significant factor contributing to in-stent restenosis occurrence

(129). Currently, BMS in-stent restenosis and DES in-stent

restenosis are common occurrences, with neointimal hyperplasia

and vascular retraction being mechanisms associated with in-stent

restenosis. This is especially prominent in patients with diabetes

and inflammation (130). Although DEB use has shown a

reduction in the incidence of in-stent restenosis, it is not entirely

avoided. Some studies have unveiled that DEB is less effective than

repositioning DES for treating restenosis caused by DES (100,

131). However, this challenge can potentially be addressed through

the combination of DEB with biodegradable stents. Such a

combination eliminates the need for permanent stent placement,

and the use of biodegradable stents can prevent short-term vessel

elastic retraction effectively, consequently reducing late in-stent

restenosis (75). Currently, DEB combined with DES is the

predominant approach in clinical practice, while BMS is rarely

used due to its strong irritation of the vessel wall. There is limited

research on the combined use of both techniques, and the safety

and efficacy of such combinations require further investigation.

Observation of disease after DEB treatment can be used as a

means to assess disease healing. Invasive and non-invasive

methods are usually available, and the commonly used invasive

methods include coronary angiography and optical coherence

tomography. Coronary angiography can be used to compare the

changes in vessel patency and stenosis before and after treatment,

and can be used for localized treatment (132, 133). Optical

coherence tomography is a new type of catheter-based invasive

imaging modality, which uses infrared light rather than

ultrasound, and can clearly reflect arterial plaques and blood clots

(134). Non-invasive methods include intravascular ultrasound,

coronary CT, and cardiac magnetic resonance. Intravascular

ultrasound used to be the gold standard for evaluating stent

placement and stent-vessel response, and it can use ultrasound to

determine the structure of the vascular lumen as well as blood

flow, but it has the disadvantages of more stenting artifacts and

inability to distinguish small neoplastic endothelial tissues

(135, 136). Overall, both types of assessment methods have their

own advantages, and clinical use should be based on the patient’s

condition to choose the appropriate assessment method.
4 Conclusion

Drug-eluting balloons, as a new interventional technique, can

avoid the hazards associated with stent implantation. There have

been numerous clinical trials demonstrating the safety and efficacy

of drug-eluting balloons in the treatment of coronary artery

disease and lower extremity artery disease, and they are expected

to be used in larger vessel and peripheral vascular diseases. There

are also a large number of trials comparing drug-eluting balloons

with other interventional techniques that demonstrate the

advantages of drug-eluting balloons in maintaining vessel patency

and reducing the rate of in-stent restenosis. However, the current
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studies on drug-eluting balloons are characterized by small sample

size and short observation time, and the technical shortcomings in

the clinical use of drug-eluting balloons may lead to adverse

conditions such as particulate matter and vessel dissection,

therefore, more studies on the safety of drug-eluting balloons are

needed. By reviewing the progress of drug-eluting balloon research

mentioned above, we can provide new ideas for the treatment of

more arterial system diseases.
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