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The drug-coated balloon (DCB) is an emerging percutaneous coronary intervention (PCI) device that delivers drugs to diseased vessels to decrease the rate of vascular stenosis. Recent clinical studies have demonstrated that DCBs tend to have both good safety and efficacy profiles, leading to extended application indications in the clinic, including in-stent restenosis (ISR) for metal stents such as drug-eluting stents (DESs), small vascular disease, bifurcation disease, large vascular disease, acute coronary syndrome (ACS), and high bleeding risk. However, some previous clinical data have suggested that DCBs performed less effectively than DESs. No studies or reviews have systematically discussed the improvement strategies for better DCB performance until now. Drug loss during the process of delivery to the target lesion and inefficient delivery of the coating drug to the diseased vascular wall are two key mechanisms that weaken the efficiency of DCBs. This review is the first to summarize the key influencing factors of DCB efficiency in terms of balloon structure and principles, and then it analyzes how these factors cause outcomes in practice based on current clinical trial studies of DCBs in the treatment of different types of lesions. We also provide some recommendations for improving DCBs to contribute to better DCB performance by improving the design of DCBs and combining other factors in clinical practice.
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Introduction

Currently, the rapidly developing technology of percutaneous coronary intervention (PCI) has alleviated pain and saved a large number of patients with coronary heart disease (CHD), greatly reducing the risk and cost of thoracotomy treatment. Drug-eluting stents (DESs) have been introduced to effectively cure de novo CHD by mechanical support and sustained release of antiproliferative drugs, and they still dominate the current interventional treatment of CHD. However, with increasing cases of PCI, a persistent concern is late thrombotic events (1), even with second-generation DES. The drug-coated balloon (DCB) is a half compliance balloon catheter technique with no metal implants compared with DES. The coating on the surface of the balloon consists of an excipient and drugs that inhibit intimal hyperplasia. When the balloon expands, the coating drug can be evenly delivered to the surface of vessels and rapidly absorbed by the intima, with a lasting impact on the vascular intima. This process may preserve the original anatomical integrity of the artery (2). DCBs have previously been used to treat stent restenosis and have been shown to be effective and safe, while other new indications are emerging, such as for bifurcation lesions, small vessel lesions, and high-risk bleeding (3–6).

However, in the PCI process, even if the balloon reaches the diseased vessel and successfully expands, it does not mean that the therapeutic effect will be satisfactory. The concentration of the drug on the vascular wall is the fundamental factor affecting the therapeutic effect. This article is the first to review the key factors affecting DCB efficiency and offer corresponding proposed solutions to improve DCB performance.



Mechanisms of drug-coated balloons

The mechanisms of DCBs are shown in Figure 1. The rationale for using DCBs derives from the notion that lipophilic drugs, such as paclitaxel, could be delivered to the vessel wall even with a short balloon inflation time. DCBs inhibit ISR using drugs that inhibit neointimal proliferation without the implantation of an exogenous device (7). Drugs are coated on balloons using excipients as drug carriers to facilitate adherence and release drugs during balloon inflation (8). The balloon delivery system can sustain a higher level of drug dose locally than through systemic delivery (9). To improve the efficiency of drug administration and effectively inhibit intimal hyperplasia, attention should be given to the lipophilicity of drugs, administration time, minimizing of drug loss in the process of transporting drugs to designated sites, protecting of the soluble drugs from blood erosion as much as possible, and strengthening of the binding ability of drugs (10).
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FIGURE 1
Mechanisms of DCB in longitudinal section view. The difference between DCB and plain old balloon angioplasty (POBA) is that the balloon surface is coated with antiproliferative drugs and excipients. When the DCB reaches the lesion, as the balloon expands, the antiproliferative drug on the balloon surface can be transferred to the vessel wall, and the average expansion time is 30 –60 s.




The influencing factors on drug-coated balloon efficiency

The efficiency of DCB delivery relies on various factors, namely, the type of coating drugs, effective excipients, the rate of pharmacokinetics, the optimal drug load, release kinetic profiles, and drug loss during the process of delivery (11, 12). In addition, proper lesion preparation and other related factors are also crucial to improving the therapeutic effects of DCBs.


Influence of the type, dose, and chemical properties of the coating drugs on drug-coated balloon efficiency

A wide variety of different DCBs are available for PCI, and paclitaxel (PTX) remains one of the most preferred coating drugs, with a typical dose between 2 and 3.5 μg/mm2 (3). PTX inhibits cell proliferation by promoting the formation of microtubules and inhibiting the decomposition of microtubules during mitosis, thus stopping cells in the G2/M phase (13). Mohammed M proved that DCB-PEA (percutaneous endovascular angioplasty) could significantly reduce the activity of inflammatory proteases and postpone the progression of the disease, while the anti-inflammatory effect of PTX could shorten the double antiplatelet (DAPT) time in patients treated receiving DCBs (14). To increase the drug concentrations on the vascular walls, high crystalline and low soluble coatings were applied to the first generation of DCBs with large drug particles. The more particles that were deposited on the vasculature, the longer the effects lasted. However, using a highly crystalline coating could increase the toxicity of the organism and the possibility of particle embolism. Reducing the drug dosage could reduce concerns about particle embolization (15). In vitro tests of PTX showed that the proliferation of smooth muscle cells (SMCs) could be effectively inhibited as long as the IC50 of PTX was 1–2 ng/g, and the migration of SMCs could be inhibited when the IC50 of PTX was 0.4 ng/g (16–18). This level is sufficient to demonstrate that PTX can inhibit cell migration and proliferation at a low concentration. Interestingly, in a meta-analysis of mortality in patients treated with paclitaxel drug balloons at different drug doses, Peter A. Schneider pointed out that there was no statistically significant difference in mortality, especially for limb ischemia after DCB treatment with different doses of PTX (19), which could be due to the lipophilicity and tissue retention characteristics. PTX uptake kinetics are governed by the specific binding capacity to the arterial wall and are fairly independent of surface concentration. Even low drug densities might be associated with high local and potentially dangerous concentrations (20). PTX uptake does not obey concentration gradients, in characteristic contrast to hydrophilic drugs (21). This fact could be a reasonable explanation for the results of the above study. The potential mortality risk of paclitaxel has been controversial, and in a 2018 meta-analysis, Kantasanos suggested that paclitaxel drug balloons, as well as paclitaxel-eluting stents, had higher 2-year and 5-year mortality rates in patients treated for occlusive popliteal artery disease than in those treated receiving plain balloon angioplasty or bare-metal stents (22). Some scholars believe that the crystallization of PAC paclitaxel caused downstream embolisms (23), while others believe that the patients were treated with suboptimal secondary prevention medication (19). In his article, Dr. J. Nordanstig noted that there was little difference in mortality between the paclitaxel-coated balloon treatment group and the uncoated endovascular device treatment group during the 1- to 4-year follow-up period and suggested that the previously reported mortality might have been caused by bias in the meta-analysis (24).

In contrast, sirolimus balloon therapy has attracted increasing attention. Wim Martinet showed in his study that sirolimus alleviates atherosclerotic plaque formation by inhibiting macrophage proliferation, lipid accumulation, and plaque formation during angiogenesis (25). However, the systematic use of rapamycin in response to a number of adverse events, such as hypertriglyceridemia and interstitial lung diseases, and the topical use of rapamycin can reduce the incidence of adverse reactions (26), so rapamycin-coated balloons seem to be a proper choice. In previous studies of sirolimus stents, sirolimus prevented ISR by inhibiting smooth muscle progenitor cells and circulating progenitor cells, which could increase cardiovascular risk, while rapamycin-eluting stents tended to result in late thrombosis (27–29). Dr. Yvonne Patricia Clever applied sirolimus-coated balloons (SCBs) to the coronary arteries of pigs and confirmed that SCBs could effectively inhibit intimal hyperplasia, but the relevant clinical effect is uncertain (30). Combined with clinical trials of marketed approved SCBs (31, 32), in terms of major adverse cardiac events (MACEs) and target lesion revascularization (TLR), SCBs had the same effect as paclitaxel-coated balloons (PCBs) in the treatment of ISR in the short term, but SCBs must be confirmed by more clinical trials.

In addition to these two drugs, some other drugs have been used as coatings on drug capsules of implanted devices. In a report, arsenic trioxide was used to inhibit the growth and cycle of cancer cells and to induce the apoptosis of VSMCs in vitro. Scaffolds coated with arsenic trioxide effectively inhibited intimal hyperplasia in the iliac arteries of rabbits (33). This technology deserves to be extended to applications in DCBs, in addition to DESs. As analogs of sirolimus, the combination of adjuvant tamoxifen and immune molecule tacrolimus binding protein 12 (FKBP-12) has a high affinity with a strong inhibition of human coronary artery SMC proliferation. At the same time, compared with sirolimus, the adjuvant tamoxifen department has a short half-life in the body, and it has been proven to have weaker immune inhibition compared with sirolimus (34), reducing systemic exposure and side effects. Compared with PTX, zotarolimus is more lipophilic but less absorbed in the vascular wall (35). Studies have shown that zotarolimus-coated balloons (ZCBs) not only inhibit coronary artery inflammation but also inhibit the formation of new vascular neointima to a similar extent as DES (36). Clinical trials of zotarolimus-eluting stents in recent years have been relatively satisfactory in inhibiting intima proliferation and atherosclerotic plaque inflammation (37–39), but clinical trials comparing ZCB with other types of zotarolimus-coated stents have been lacking. Additionally, zotarolimus is less sensitive to complex lesions than paclitaxel (10, 40). Currently, the safety and efficacy of the above drug-related DES have been fully verified with a large amount of clinical data, but the corresponding DCBs remain insufficient. More clinical trials are necessary (Figure 2).
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FIGURE 2
(A) The factors influencing DCB efficiency from a cross-sectional view. (B) The factors influencing the efficiency of DCBs include the drug (type, dose, chemical properties), excipient, coating method, balloon surface temperature, and lesion characteristics.




Influence of excipients and coating methods on drug-coated balloon efficiency

Currently, lipophilic antiproliferation drugs are more suitable for coating, but lipophilic drugs have poor solubility. To decrease the loss of drugs caused by blood scouring and improve the stability of drug release, various carrier excipients are needed. The excipients currently used are hydrophilic excipients that can hydrate and gradually promote the release and transfer of the drug to the vessel wall. Early on, Dr. Bruno Scheller added PTX to an iopromide contrast agent and found that PTX in the contrast agent was several times more soluble than in normal saline and inhibited ISR without systemic or local toxicity (41, 42). All studies have shown that, in addition to iopromide, lemon acid butyryl three hydroxyl ester (BTHC) could also be used as an excipient of paclitaxel for drug delivery and organization reserve (43–45).

However, it is worth noting that the combination of lipophilic drugs and hydrophilic excipients will produce a highly crystalline coating, which is unstable and will form particles while the crystallization resolves, thus causing downstream vascular embolisms (31, 46). It is encouraging that changing the ratio of drug to excipient and improving the spraying method to maintain the stability of the coating could be effective methods to reduce the incidence of these events. Various experiments have shown that changing the ratio of drug to excipient actually changes the solubility, causing less crystalline coating formation and leading to less microparticle formation (47). Dr. Sebastian Kaule pointed out that a thin coating with a smooth surface and high delayed solubility could decrease drug scouring, as well as particle loading, which could further reduce embolization (48). Various methods, namely, impregnation, air spraying, and ultrasonic spraying, can be adopted to keep the surface of the DCB smooth to reduce the occurrence of embolization events caused by coating particles. Impregnation is one of the earliest methods of hydrophilic coating. However, with the increase in impregnation, the uniformity of the coating will become less ideal, and the deposition at the fold will also be affected by solution viscosity and drug concentrations. Although air spraying can produce a highly uniform coating, the drug transfer efficiency is still low (48, 49). Therefore, developing a new coating method is necessary, which not only can improve the drug uniformity on the coating but also can decrease the incidence of downstream vascular embolism events (Figure 2).



Influence of the contact area and pressure between the drug-coated balloon and vascular wall on drug-coated balloon drug delivery

Figure 2 shows the factors influencing the contact area and microindentation pressure between the DCB and vascular wall. The contact area and pressure between the DCB and vascular wall also play important roles in drug delivery and retention in tissues and the efficiency of DCBs, but this relationship has been poorly studied until now. Abraham R. Tzafriri’s team developed a concept called microindentation pressure from the contact pressure gradient of the coating. Microindentation pressure is positively correlated with coating adhesion and van der Waals adhesion, which in turn promotes drug transfer. The factors influencing the microindentation pressure are shown in Figure 3 (50). Dr. Nicola Stolzenburg explored the effect of inflation pressure on drug delivery from DCBs to the vascular wall in an animal study, which demonstrated that higher inflation pressure could promote the metastasis of PTX in atherosclerosis (51). This finding could be explained by the contact pressure of the DCB on the atherosclerotic vessels perhaps being greater than that on the normal arteries. The coating adhesion, which is proportional to the microindentation pressure and van der Waals adhesion, promotes drug transfer (52).
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FIGURE 3
Microindentation pressure on DCB drug delivery. Compared with conventional DCBs, microindentation pressure results from the combination of inflation pressure, coating particle shape, and tissue stiffness. Microneedles of DCBs enhance drug delivery by increasing contact pressure in micromode after full inflation.


In actual clinical interventions, a more defined range of expansion pressure should be considered. During interventional procedures, high inflating pressure not only can cause plaque rupture, aggravate the vascular injury, increase the possibility of vascular dissection, and even cause negative vascular remodeling and neointimal hyperplasia, but it also can lead to restenosis after angioplasty (53). In 2020, a team at Yonsei University designed a new type of DCB. Based on a rabbit model of atherosclerosis, the application of microneedles (MNs) on the balloon surface could enhance drug delivery efficiency as a form of increased intravascular drug dosing. Microneedles seem to be an emerging innovation in DCBs and related areas of intervention (54–57). The pressure of microindentation can be increased when the pressure of balloon inflation remains continuous (Figure 3). Regarding safety, compared with conventional balloons without drugs, MN balloons did not induce a greater intravascular immune response (50, 58). In addition to pressure, the contact area is another important factor that affects drug delivery. The inflated balloon is in contact with the extensive surface of the vessel, providing uniform longitudinal and lateral drug delivery to the intima and enabling uniform drug transfer and distribution along the length of the lesion (35). With the increase in the contact area between the coating and the vascular tissues, the adhesion of the coating will also increase, thus promoting the effective delivery of drugs (50, 51), which should be considered when designing new DCBs.



Influence of the surface temperature of the drug-coated balloon on drug delivery

While the coating drug is retained in the arterial wall, diffusion and convective forces, generated by random molecules and solvent-driven flow, transfer the drug molecules deeper into the vessel wall (10), and then the drug molecules bind to the reversible extracellular matrix binding sites. This transmural transport is enslaved to the tissue binding ability, dissolution reaction, effective diffusivity, etc. (20). Recent studies have shown that temperature could be considered another important factor. Temperature not only changes the solubility of lipophilic antiproliferative drugs and thus affects drug release, but it also promotes the transfer of drug molecules into the deeper vasculature (59, 60). Current studies of temperature have been limited to the radiofrequency ablation of atherosclerotic plaques using balloon temperature, such as the PLOSA balloon catheter, which melts plaque by transferring heat to the vascular wall (61–63). However, the human body temperature is constant, and high temperatures could cause injury to the vessel endothelium, leading to intracoronary thrombosis and periarterial myocardial necrosis. Inflammation can lead to restenosis, which is another non-negligible challenge when using temperature to accelerate drug delivery in the process during radiofrequency ablation (64–66). Few studies have focused on the influence of temperature on the delivery efficiency of DCBs. More studies in this field are needed to promote the updating of DCB technologies in future.



The coronary artery lesion characteristics on the efficiency of drug-coated balloon

The coronary anatomic factors affecting interventional surgery include the presence of calcium, severe vascular distortion, thrombotic content, and diffuse arteriosclerosis (67), which could also affect the drug delivery efficiency of DCBs. Dr. Karthic Anbalakan pointed out that the overall morphology and volume of atherosclerosis were important factors that affected the efficiency of DCBs (68). Fernandez reported a significant 3.5-fold increase in PTX levels in atherosclerotic lesions compared with control lesions (69).

In previous studies, it has been proposed that different compositions of atherosclerotic plaques have discrepant effects on the absorption and retention of drugs, the biological response after intimal injury, and the intimal pharmacological response to drugs (40, 70–72). Can the lipid components in atherosclerotic plaques affect the delivery of lipophilic drugs to arteries, such as paclitaxel and sirolimus? Studies have demonstrated that the deposition of these drugs in the human aorta is inversely proportional to the lipid content (40, 70). The lipid content in atherosclerotic plaques weakens the effectiveness of lipophilic drugs. In addition, DCBs are less effective in treating severely calcified blood vessels (40, 50), as proven in previous studies. Dr. F Fanelli found that DCBs were not effective in lesions with severe calcification, and corresponding tests proposed that the presence of calcium inhibited drug absorption (73). In addition, the extracellular matrix plays a key role in the distribution and retention of lipophilic drugs (40, 70). Because drugs bind to histone proteins for transmembrane transportation, these proteins can promote drug delivery and retention. Moreover, previous studies have indicated that vascular beds with more elastin have greater absorption and deposition capacity (10, 74). Lipophilic drugs preferentially bind to elastin and tend to be distributed in deeper layers of the arterial wall. Calcium ions can affect the structure of elastin and thus affect drug absorption, which requires more attention.



Effect of preoperative lesion preparation on the efficacy of drug-coated balloon

Lesion preparation is very important for both drug-eluting stents and drug balloon implantation. The importance of lesion preparation for drug balloon implantation is reflected in the following: the stenotic lesion can be partially dilated, which reduces the damage to the drug coating of the balloon during balloon transport to the lesion and thus decreases the amount of drug loss; and the lesion plaque is compressed, which increases the degree of balloon apposition and ensures uniform local drug distribution (75). More interestingly, Dr. Robert A. Byrne noted that morphologically intact vessel walls impede drug penetration, while moderate plaque and vessel wall damage can facilitate antiproliferative drug delivery, as well as tissue retention (76). This view also indirectly indicates the importance of preoperative lesion preparation for DCB angioplasty (77).

Although preclinical data have suggested the importance of preoperative lesion preparation for DCB angioplasty (44, 78, 79) and that the preexpansion of scored and cut balloons improves clinical outcomes for DCB angioplasty (75, 80), data from these clinical trials are limited, and clinical data on postoperative complications are inadequate. Compared to conventional balloon angioplasty, scoring and cutting balloons rupture the plaque and cause a higher degree of intimal rupture at a relatively low inflation pressure, improving vascular compliance and allowing for better dilatation of the DCB (81), but coronary atherosclerotic plaques are usually eccentric and heterogeneous (82), and it is worth discussing whether scoring and cutting balloons, although good at creating cracks in the plaque, damage the normal intima and are more likely to cause the incidence of vascular entrapment.



Double antiplatelet treatment is an important factor affecting the treatment effect of drug-coated balloon

At present, antiplatelet therapy has become the essential drug after PCI, which is currently combined with aspirin and P2Y12 receptor inhibitors for the prevention of stent thrombosis and secondary prevention of ischemic thrombotic events (83, 84). With the improvement of PCI technology, the guidelines on DAPT are also changing (85). Currently, clinical trials on DAPT are mainly comparing two strategies of shortening and prolonging DAPT after PCI. Clinicians face many difficulties in making decisions about the optimal duration of DAPT in order to minimize the risk of ischemic and bleeding complications (86). A relatively systematic overview of clinical guidelines for DAPT duration after drug-eluting stenting is currently presented (87, 88). However, there is no consensus on the duration of DAPT treatment after DCB. Compared with DES, implantation without a foreign body seems to be an obvious advantage of DCB. There is no inflammation caused by the implantation of foreign body (89). Theoretically, the DAPT time after the implantation of DCB should be shorter than that of the DES group. In addition, there lacks clinical trials on the duration of DAPT after DCB application, so we can only collect relevant information from clinical trials of DCB in the treatment of different coronary artery lesions.

Compared with small vessel and large vessel angiogenesis coronary artery disease and bifurcation disease, DCB has good efficacy and good safety in the treatment of ISR (90). In clinical trials of drug-eluting stent restenosis, such as PEPCAD-DES, ISAR-Desire, PEPCAD China ISR, ISAR-Desire, and other clinical trials, the duration of DAPT is generally between 6 and 12 months, and the endpoint of DCB group is better than that of the POBA group (75, 91–93). However, it is interesting that in the clinical trial of Ribs IV, DCB did not perform as well as EES. The DAPT duration in the Ribs IV group was 3 months, while that in the EES group was 12 months (94). Whether the duration of DAPT has an important effect on the clinical trial is worth further investigation. For small vessel and large vessel coronary artery lesions, as well as bifurcation lesions, the current clinical trial data are not very sufficient, In the Basket-Small, BELLO, and other trials of SMALL coronary artery disease, DAPT for stable angina was 1 month in the DCB group and 6 or 12 months in the DES group, but the rates of MACE were similar between these two groups. There were no significant differences in the rates of major bleeding and restenosis between them. Thus, short-term DAPT treatment after DCB for small coronary vessels is safe and effective (95, 96). But according to some limited clinical trials, for patients with short-term DAPT duration, the endpoint of the DCB group was not better than that of the DES group. However, these results showed that short-term DAPT is feasible and safe (97, 98). Compared with long-term DAPT, more clinical trials are needed to verify the optimal duration of DAPT.




The efficiency of drug-coated balloons in clinical trials

In 2003, a clinical study of DCBs in the treatment of ISR called PACCOCATH was launched. A series of studies and experiments have been performed over the past 20 years. Initially, DCBs were mainly used to treat ISR using bare-metal stents (BMSs) and DESs. With the gradual increase in randomized clinical data, DCBs have been found to be effective in the treatment of emerging small vessel disease, bifurcation disease, large vessel disease, acute coronary syndrome, etc. Therefore, the clinical indications for DCBs are constantly expanding, and DCB technologies are also constantly improving (77, 99, 100). Table 1 shows a comparison of characteristics between DCBs and DES.


TABLE 1    Characteristics comparison between DCB and DES.
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Factors influencing the efficiency of drug-coated balloons for the treatment of in-stent restenosis

The data from several clinical trials in recent years are shown in Table 2. Compared with BMS, DESs have additional polymeric and drug coatings that could effectively decrease the incidence of ISR (101). Compared with DES, the advantage of DCBs is that they allow for a more uniform distribution of the drug on the surface of the vessel with no metal stent implanted. Therefore, DCBs do not cause delayed healing of the vessel. In consideration of the encouraging results of clinical trials of DCBs for the treatment of ISR, the European Society of Cardiology recommended the use of DCBs for various ISRs in 2014 (4, 102). From a series of larger clinical trials of DCBs for the treatment of ISR in recent years (91, 103–106), it is clear that the MACEs and TLR data of patients treated with DCB are more favorable than those from the plain old balloon angioplasty (POBA) and DES groups in both patients with BMS-ISR and DES-ISR. Interestingly, according to a clinical meta-analysis, DCB angioplasty was comparable to DES repeated stenting in the treatment of BMS-ISR, whereas DCB angioplasty was less effective than DES repeated stenting in the treatment of DES-ISR (107). Previous pathological studies have demonstrated that restenosis after DES was caused by neointimal hyperplasia, as well as neoatherosclerosis, whereas restenosis within BMS stenosis was mainly caused by neointimal hyperplasia (108).


TABLE 2    Randomized, controlled trials of the efficiency of DCBs for the treatment of ISR.
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Drug-coated balloons (DCBs) performed no better than DES regarding TLR and MACEs. In both the RIBS IV and restore clinical trials, which compared everolimus-eluting stents to DCBs coated with paclitaxel, the DES group had better MACEs and TLR than the DCB group in both trials (94, 109). Dr. Fernando Alfonso’s study could explain the results. It was illustrated that patients with DES-ISR might have developed some degree of resistance to antiproliferative drugs (110); with the addition of the neovascular plaques appearing in DES-ISR (108), it might be less effective than a conventional dose of PTX-coated balloon for ISR compared with an eluting stent coated with a new antiproliferative drug. In the PEPCAD CHINA and IASR-DESIRE trials, there was no significant difference in MACEs between the PTX-coated balloon (PCB) and PTX-eluting stent (PES) groups, while the TLR was higher in the DCB group than in the DES group in the IASR-DESIRE trial. It was explained by Dr. Robert A Byrne that the second stenting in the DES group reduced the success of the reintervention (92, 93). In addition, compared to DCBs, DESs undergo less drug loss when delivered to the lesion site. In addition, repeated stenting could achieve a satisfactory drug dose for the specific pathological changes in DES-ISR.



Factors influencing the efficiency of drug-coated balloon for the treatment of small vessel de novo coronary artery disease

Currently, the incidence of stenosis increases with small vessel de novo coronary artery disease treated with DES, and the treatment of small vessels remains a great challenge for interventional cardiologists. One of the advantages of DCBs over DES for the treatment of small coronary arteries is the shortened time of dual antiplatelet therapy (DAPT) and the decreased incidence of bleeding-related complications (95, 111, 112), leading to the development of clinical trials of DCBs in this field. However, the results of all current randomized, clinical trials on DCBs for the treatment of small vessel de novo coronary artery disease have been inconsistent, mainly because of the heterogeneity in the definition of small vessels, implantation techniques, and measurement results (113). A meta-analysis illustrated that DCBs were not as effective as DES in the treatment of small vessel diseases (114). Moreover, small vessels treated by DCB balloon angioplasty are more prone to restenosis (104). As shown in Table 3, there was no statistically significant difference in TLR or MACEs between the DES and DCB groups, but the restenosis rate was higher in the DCB group than in the DES group. The main causes of restenosis include de novo intimal hyperplasia, early vascular recoil, negative vascular remodeling (115–119), and abrupt vessel closure caused by elastic recoil and occlusive plaque. Dr. Yida Tang found that dilation pressure correlated with each endpoint in the DCB group by comparing the dilation pressure of the BELLO trials (112). Higher dilation pressure is more likely to cause acute occlusion of the vessel, while lower dilation pressure not only decreases the tight fit of the balloon to the vessel surface but also results in a lower drug delivery rate. Thus, proper dilation pressure is necessary for the treatment of small vessel diseases. In addition, PTX on DCBs is generally deposited on the arterial wall in the form of crystals, which can maintain the storage of PTX and thus produce an antiproliferation effect (46, 120).


TABLE 3    Randomized, controlled trials of the efficiency of DCBs for the treatment of small vessel de novo coronary artery disease.
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What is more interesting is the recent clinical trial conducted in China on the treatment of small vessels with a new drug-coated balloon. The endpoints of the DCB and POBA groups were compared, and the DCB group was significantly better than POBA. In this clinical trial, besides the balloon being an innovation point, the endpoint added an innovative indicator, “LLE (Late luminal enlargement)” (121). There has been a positive correlation between LLE and the therapeutic effect of DCBs in the literature, and LLE may be an important indicator of positive vascular remodeling (122).



Influencing the efficiency of drug-coated balloons for the treatment of large vessel and bifurcation de novo coronary artery disease

Limited clinical trials have been conducted on DCBs in the treatment of large vessel disease (Table 4). Theoretically, large vessels are elastic vessels that are prone to recoil, and they tend to form acute occlusion after DCB application (123). Some clinical trials have evaluated the risk of acute occlusion in large vessels and demonstrated the preferable feasibility of a DCB-only strategy under these circumstances (124, 125). Dr. Raban V. Jege explained that this outcome might be due to the lack of foreign body implantation, as well as its inherent thrombosis (7). There are currently many limitations to DCBs for the treatment of macrovascular diseases, such as pressure control and balanced drug delivery. More clinical trials are required to identify these issues.


TABLE 4    Randomized, controlled trials of the efficiency of DCBs for the treatment of large vessel de novo coronary artery disease.
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According to previous statistics, coronary bifurcation accounts for approximately 15% to 20% of coronary interventions (126). Unlike other lesions, bifurcation lesions involve both the main and side branches, and the special anatomy of the lesion at a bifurcation increases the difficulties of PCI procedures. When a stent is implanted into the main branch, the plaque in the vessel could be displaced and transferred to the side branch, and the branch vessel could become occluded (127, 128). Currently, the main treatment methods include single stent implantation, double stent implantation, and balloon dilation (7). In the PEPCad-BIF clinical trial, the advantages of DCBs for the treatment of side branches were investigated. Patients were followed up for 9 months, and the DCB group showed significantly better data than the POBA group (129). No consensus has been reached on the treatment of bifurcation lesions due to few clinical trials on DCBs for bifurcation lesions. However, drug dose and dilatation pressure seem to be important factors for DCBs in the treatment of bifurcation lesions.




Some novel drug-coated balloons designed to improve drug-coated balloon efficiency

Although DCB technologies have been updated over the past 20 years, there still exist some significant limitations, such as vascular perforation, embolism, dissection, and other postoperative complications, greatly attracting people’s attention (130–132). The chocolate touch DCB is a new DCB with a nickel–titanium alloy expansion component. When the balloon expands, the special structure exerts a uniform force upon the vessel, correspondingly decreasing intimal injury. In a recent clinical trial, it was encouraging that the chocolate touch DCB was shown to have great efficacy and safety in the short term (133). Currently, on the market, the drug dose on the surface of PTX-coated balloons is generally 2–3.5 μg/mm2. However, in a recent study by Ole Gemeinhardt, the dose of PTX was increased to 6 μg/mm2. Experimental data showed that the dose of PTX delivered from this new DCB to the wall of the vessel was two times that of the conventional DCB (134, 135).

In current interventional procedures, it seems difficult for the balloon to fit closely with the vessel wall without injuring the natural anatomy of the vessel. Stephanie Bienek proposed a new type of DCB catheter (HCDCB), which contains a stretchable biocompatible elastic substance. As a compliant balloon, the shrinking surface of this novel DCB is smaller, the drug density on the surface is higher, the drug loss during propulsion is less, and a smaller inflating pressure could achieve a similar inflating effect to that of a commercial DCB at a higher pressure (136, 137).

The improvement of the therapeutic effect of DCBs not only depends on the DCB itself but also lies in the combination of DCBs and other PCI technologies. Junying Kong proposed encouraging results in his study that combined cutting balloons and DCBs (138).



Conclusion

DCBs implement the concept of “no implant,” avoiding many adverse effects, such as delayed healing caused by exogenous implants. In the early stage, DCBs were mainly applied to treat ISR. Since 2003, increasing clinical trial data have demonstrated the safety and effectiveness of DCBs. Indications for DCBs now extend to ISR for metal stents, small vascular disease, bifurcation disease, large vascular disease, acute coronary syndrome (ACS), and high bleeding risk. The coating of DCBs could exert a therapeutic effect by transferring a proper dose of the drug to vascular lesions in a controlled fashion. However, the instability of the crystal coating could lead to vascular embolism, placing more stringent requirements on the ratio of drugs to excipients and coating spray techniques. In addition, pressure and temperature are two other key factors affecting the efficiency of DCBs. Coronary anatomic factors could also affect the drug delivery efficiency of DCBs. A series of clinical trials of DCBs for different types of lesions have been underway, providing new data and ideas for DCB improvement. The current research on DCBs is not adequate, and more in-depth studies are necessary for future.
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