
LABORATORY INVESTIGATION ARTERIAL INTERVENTIONS

Improvement of Outcome for Treatment of ‘Restenosis-prone’
Vascular Lesions? Potential Impact of the Paclitaxel dose on Late
Lumen Loss in Porcine Peripheral Arteries

Ole Gemeinhardt1
• Tobias Haase1

• Beatrix Schnorr1
• Jing Xie1

•
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Abstract

Purpose Clinical data indicate that the drug density on

drug-coated balloons (DCBs) might have a role on treat-

ment effect and durability. The aim of the current study

was to investigate inhibition of neointimal formation and

potential adverse effects after treatment with a novel

double-dose DCB in swine.

Material and methods A four-week study was performed

in peripheral arteries of 12 domestic pigs after vessel injury

and stent implantation. The novel double-dose DCB with

6-lg paclitaxel (Ptx)/mm2 balloon surface (1 9 6) was

compared to a standard DCB with 3.5 lg Ptx/mm2 (3.5)

and uncoated balloons (POBA). Potential adverse effects

were stimulated by using three fully overlapping DCBs

with 6 lg Ptx/mm2 each (3 9 6). Quantitative angiogra-

phy, histomorphometry and histopathological analyses

were performed.

Results Higher paclitaxel doses per square millimeter of

treated arteries were associated with reduced late lumen

loss (LLL) in quantitative angiography 4 weeks after

treatment (POBA: 0.91 ± 0.75 mm; 3.5: 0.45 ± 0.53 mm;

1 9 6: 0.21 ± 0.41 mm; 3 9 6: - 0.38 ± 0.65 mm). In

histomorphometry, maximal neointimal thickness and

neointimal area were the lowest for the 1 9 6 group

(0.15 ± 0.06 mm/1.5 ± 0.4 mm2), followed by 3 9 6

(0.20 ± 0.07 mm/1.8 ± 0.4 mm2), 3.5 (0.22 ± 0.12 mm/

2.2 ± 1.1 mm2) and POBA (0.30 ± 0.07 mm/3.2 ±

0.7 mm2). Downstream tissue showed histopathological

changes in all groups including POBA, in larger number

and different quality (e.g., edema, inflammation, vessel

wall necrosis, vasculitis and perivasculitis) in the 3 9 6

group, which did not cause clinical or functional abnor-

malities throughout the study.

Conclusion Treatment with the double-dose DCB (6 lg
Ptx/mm2) tended to increase inhibition of in-stent neointi-

mal formation and to diminish LLL after peripheral inter-

vention in the porcine model compared to a market-

approved DCB with 3.5 lg Ptx/mm2.

Keywords Balloon angioplasty � Drug-coated
balloon � Paclitaxel � Peripheral artery disease �
Revascularization � Porcine in-stent stenosis model

Introduction

In patients with peripheral arterial disease (PAD), angio-

plasty with drug-coated balloons (DCBs) is an effective

treatment associated with high procedural success and

prolonged patency compared to plain old balloon angio-

plasty (POBA). Clinical trials consistently show that DCB

treatment reduces late lumen loss (LLL), binary restenosis,

and target lesion revascularization (TLR) compared with
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POBA [1–8]. However, despite the progress that has been

made in endovascular treatment, restenosis remains a major

issue [9, 10]. One reason for insufficient inhibition of

restenosis and long-term patency might be inefficient drug

transfer to the vessel wall and/or retention of the drug

[11–13].

Several factors that influence local drug delivery and

inhibition of neointimal formation have been discussed

(e.g., vessel preparation, composition of the coating for-

mulation, excipients, balloon membrane, coating method,

balloon-to-vessel diameter ratio, and contact time of the

DCB with the vessel wall) [13–15]. Another important

factor might be the drug density on the balloon [3, 16]. A

drug concentration of 3.0 to 3.5 lg paclitaxel (Ptx)/mm2

was proposed as standard dose [17, 18]. Meta-analyses of

various studies using paclitaxel-coated balloons (PCBs) for

treatment of PAD suggest that low-dose PCBs with 2-lg/
mm2 balloon surface are associated with premature

restenosis and shorter lasting time to reintervention,

favoring PCBs with a higher dose of 3.0–3.5 lg/mm2

[2, 16, 19, 20]. However, even after treatment with 3.5 lg/
mm2, treatments in which the effect of therapy does not last

long are repeatedly observed [21, 22]. In the COPA

CABANA trial, in 22 patients with repeated femor-

opopliteal in-stent restenosis, treatment with a double dose

of Ptx (two fully overlapping DCBs with 3 lg/mm2 each)

resulted in a smaller LLL after 6 months

(0.11 ± 0.78 mm) compared to single-dose treatment

(0.34 ± 1.12 mm) or POBA (1.58 ± 1.00 mm) [23]. In

the double-dose group, no further TLR was necessary

versus 52% in the single-dose group. No adverse events

were noticed during the observational period of

20.6 ± 9.4 months. These results suggest that therapeutic

outcome may be improved when PCBs with a higher drug

density than 3.0–3.5 lg/mm2 are used. Until now, a sys-

tematic dose-finding study for the treatment of PAD

patients with DCBs has not been performed.

In a preliminary study, we have shown that a novel

double-dose DCB with 6 lg Ptx/mm2 balloon surface

enables to deliver at least the same amount of drug as two

fully overlapping DCBs with 3 lg Ptx/mm2 [14]. In the

present study, our aim was to investigate inhibition of

neointimal formation and potential adverse effects after

treatment with the novel double-dose DCB in the porcine

model of peripheral stent- and overstretch-induced neoin-

timal proliferation. The double-dose DCB with 6 lg Ptx/

mm2 was compared to a standard DCB with 3.5 lg Ptx/

mm2 and uncoated balloons (POBA). A sixfold standard

dose (3 fully overlapping DCBs with 6 lg Ptx/mm2 each)

was used to provoke adverse effects.

Materials and Methods

Study Devices

Conventional angioplasty balloon catheters (135 cm,

OTW, wire lumen 0.03500, eucatech AG, Weil am Rhein,

Germany) were coated with 6 lg paclitaxel/mm2 balloon

surface (nominal) in an adjusted formulation with the non-

ionic contrast medium iopromide as the major constituent.

These catheters were used for treatment with the double-

dose DCB (group 1 9 6) and the three fully overlapping

DCBs (group 3 9 6). Unused balloons were taken for

analysis of total paclitaxel amount on balloon. Drug loss

from the DCBs with 6 lg/mm2 during advancement to the

artery was simulated in vitro (see Appendix A1) [24].

A market-approved PCB with 3.5 lg/mm2 (In.Pact

Admiral, Medtronic, Minneapolis, MN, USA) was used for

single-dose treatment (group 3.5). The PTA balloons of the

stent system (Express Vascular SD, Boston Scientific,

Maple Grove, MN, USA) were used for uncoated balloon

treatment (POBA).

In vivo Study

The in vivo study (inhibition of neointimal formation

after stent implantation and potential adverse effects) was

performed in 12 domestic male pigs (body weight

26.4 ± 1.6 kg). The animal experiments were approved by

the local animal ethics committee (Saxony-Anhalt, Ger-

many) and were conducted in accordance with European

commission directive 86/609/EEC and the German Animal

Protection Act.

All animals were treated according to a standard pro-

tocol for anesthesia and interventional procedure similar to

previous studies (see Appendix A2) [14, 24]. Throughout

the interventions, electrocardiogram (ECG) and blood

pressure were monitored continuously. Before treatment

and at 4-week follow-up, blood samples were taken for

complete blood count, and left ventricular ejection fraction

(LVEF) was determined (see Appendix A3).

Bare metal stents were implanted in left and right

internal iliac and femoral arteries of each animal to

enhance neointimal proliferation (4 stents/animal). After-

wards, the stented arterial segments were treated with

either one uncoated balloon (POBA) or a standard-dose or

double-dose DCB (3.5 or 1 9 6) or three fully overlapping

DCBs (3 9 6), achieving a vessel overstretch of about

20%. The four peripheral arteries of each animal were

treated with balloons of the same treatment group and the

same drug load or uncoated devices, the latter as reference

treatment. In each treatment group, three animals were

treated. DCB sizes were 5.0 mm in diameter and 40 mm in
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length for internal iliac and 6.0 mm in diameter and 40 mm

in length for femoral arteries. After treatment, all DCBs

were collected for residual drug extraction and quantifica-

tion. Control angiography was performed 4 weeks after

treatment. Inhibition of lumen narrowing and neointimal

formation versus uncoated balloons were assumed for

efficacy.

Histomorphometry and Histopathological

Examination

Stented segments of the treated arteries were dissected for

histological examination (see Appendix A4). Injury scores

were assigned as previously described by Schwartz et al.

[25], and inflammation score was assigned for each stent

strut as proposed by Kornowski et al. [26].

Histopathological examination of downstream tissue of

muscles and coronary band of the hind limbs were taken.

Tissue samples were evaluated by an experienced veteri-

nary pathologist blinded to treatment groups for edema,

hemorrhage, degeneration, necrosis, inflammation, scar-

ring, vasculitis/perivasculitis and thrombosis indicating

potential damage due microembolism. A total of 11 sites

per limb were examined (see Appendix A4).

Quantitative Angiography (QA)

Offline QA was performed in angiograms taken before,

during, and directly after treatment and at 4-week follow-

up. Analysis was performed using the software QAngio

XA, (Medis, Leiden, the Netherlands).

Quantification of Paclitaxel on Unused and Used

Balloons

Unused and used DCBs were placed in cryovials. Balloons

were extracted and paclitaxel content was quantified by

high-pressure liquid chromatography (HPLC) with UV

detection (Shimadzu Nexera-i LC-2040C 3D, Shimadzu

Corporation, Kyoto, Japan) as described before [14].

Statistical Analysis

For quantitative and qualitative analysis of angiograms,

histology, and safety data, observers were blinded to

treatment groups. Data are given as mean ± standard

deviation. Mean values were calculated for all treated

arteries per group. Continuous variables were tested for

normal distribution. Comparisons were done either by one-

way ANOVA analysis with post hoc Tukey’s test or, if data

were not normally distributed, by the Kruskal–Wallis test

with Dunn’s post hoc analysis using GraphPad Prism

(Version 6, GraphPad Software, San Diego, CA, USA).

Since this is an exploratory study, the p-values are

descriptive only.

Results

Paclitaxel on Balloon Catheters and Used Balloons

Mean paclitaxel doses on balloon used in the 1 9 6 and

3 9 6 groups were 5.5 ± 0.3 lg/mm2 (5.0–40 mm, n = 4)

and 5.6 ± 0.1 lg/mm2 (6.0-40 mm, n = 4), respectively.

Drug loss from these DCBs during in vitro simulation of

advancement to the artery was 17.2 ± 3.4% (balloon size

5.0–40 mm, n = 3). The proportion of residual drug on the

balloon after treatment was similar for all groups (3.5

(n = 12): 14.0 ± 5.4%, 1 9 6 (n = 12): 13.3 ± 12.3%,

3 9 6 (n = 36): 15.3 ± 13.9%.

In vivo Study

All balloons were successfully deployed. Balloon-to-

artery ratios (overstretch) were similar for all treatment

groups (n = 48 balloons/arteries; 1.19 ± 0.08; p = 0.835;

Table 1). Final inflation pressure was 11 ± 2 atm (n = 48).

The three animals of the 3 9 6 group were treated with the

highest drug load. In each of these animals, four arteries

were treated with a total of 12 DCBs with 6 lg Ptx/mm2

resulting in a total drug load of 59 mg paclitaxel per

animal.

No animal died during the study until euthanasia. None

of the animals showed clinically abnormal behavior (e.g.,

reduced feed intake, lameness of hind limbs) or signs of

pain during the observational period. Angiography

revealed no target-site or downstream thrombi, no

thrombemboli and no aneurysms in any of the animals.

Four dissections occurred during treatment proximal and/or

distal to the stent/balloon in four internal iliac arteries of

three animals (one animal of group 3.5 and two animals of

group 1 9 6). There was no downflow impairment of flow

after treatment in all investigated arteries. For all DCB

treatment groups, no obvious deviations to POBA-treated

animals were observed for weight gain, blood pressure,

ECG, blood parameters (Appendix Table B1), and LVEF

(Table 2).

Quantitative Angiography (QA)

Results of QA (Table 1) showed similar values of the

treatment groups for vessel reference diameter in the

stented area before stenting (RFD, p = 0.683), in-stent

minimal lumen diameter (MLD) directly after treatment

(p = 0.815), and overstretch ratio (p = 0.835).
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Four weeks after treatment, QA revealed a lower LLL

with increasing paclitaxel doses per artery (POBA:

0.91 ± 0.75 mm; 3.5: 0.45 ± 0.53 mm; 1 9 6:

0.21 ± 0.41 mm; 3 9 6: - 0.38 ± 0.65 mm; Fig. 1).

When comparing two groups, differences according to

post hoc analyses were found for: MLD in-stent at FU =

3 9 6 vs POBA (p = 0.035); LLL in-stent = 1 9 6 vs

POBA (p = 0.031); 3 9 6 vs POBA (p\ 0.001); 3 9 6 vs

3.5 (p = 0.007); diameter stenosis in-stent = 1 9 6 vs

POBA (p = 0.045); 3 9 6 vs POBA (p\ 0.001); 3 9 6 vs

3.5 (p = 0.012).

Histomorphometry

Results of histomorphometry are compiled in Table 3. At

4 weeks after treatment, the vessel diameters were similar

in all four groups (p = 0.798). Neointimal thickness and

neointimal area were the smallest in the 1 9 6 group

(0.15 ± 0.06 mm/1.5 ± 0.4 mm2), followed by the 3 9 6

(0.20 ± 0.07 mm/1.8 ± 0.4 mm2) and 3.5 group

(0.22 ± 0.12 mm/2.2 ± 1.1 mm2). The highest values for

neointimal formation were observed in the POBA group

(0.30 ± 0.07 mm/3.2 ± 0.7 mm2). No differences

between the groups were found for overstretch-induced

injury score (p = 0.301) and inflammation score

(p = 0.146).

When comparing two groups, differences according to

post hoc analyses were found for: maximal neointimal

thickness = 1 9 6 vs POBA (p\ 0.001); 3 9 6 vs POBA

(p = 0.026); neointimal area = 3.5 vs POBA (p = 0.007);

1 9 6 vs POBA (p\ 0.001); 3 9 6 vs POBA (p\ 0.001);

diameter stenosis = 3.5 vs POBA (p = 0.008); 1 9 6 vs

POBA (p\ 0.001); 3 9 6 vs POBA (p\ 0.001); lumen

loss = 3.5 vs POBA (p = 0.003); 1 9 6 vs POBA

(p\ 0.001); 3 9 6 vs POBA (p\ 0.001).

Table 1 Results of quantitative angiography in internal iliac and femoral arteries

Quantitative angiography

Group POBA 3.5 1 9 6 3 9 6 p-value (all groups)

n (analyzed vessels) 12 12 12 12

RFD initial [mm] 4.84 ± 1.07 4.62 ± 0.92 4.34 ± 1.11 4.59 ± 0.80 0.683

MLD in-stent after treatment [mm] 5.26 ± 0.96 5.02 ± 0.82 5.12 ± 0.95 4.96 ± 0.43 0.815

Overstretch [-] 1.18 ± 0.08 1.19 ± 0.10 1.21 ± 0.04 1.19 ± 0.07 0.835

RFD at FU [mm] 4.78 ± 1.08 4.63 ± 0.98 4.40 ± 0.92 4.55 ± 1.01 0.816

MLD in-stent at FU [mm] 4.36 ± 0.97 4.57 ± 0.67 4.92 ± 0.88 5.34 ± 0.88 0.039

LLL in-stent [mm] 0.91 ± 0.75 0.45 ± 0.53 0.21 ± 0.41 - 0.38 ± 0.65 \ 0.001

Diameter stenosis in-stent [%] 16.83 ± 15.78 8.28 ± 9.71 3.57 ± 7.84 - 7.48 ± 13.01 \ 0.001

Summary of quantitative angiography. RFD initial (vessel reference diameter before first intervention in stented area) [mm], MLD in-stent after

treatment (minimal lumen diameter in-stent after implantation and treatment with uncoated or coated balloons) [mm], overstretch (vessel

overstretch after stent implantation and treatment with uncoated or coated balloons) [-], RFD at FU (vessel reference diameter at 4-week follow-

up) [mm], MLD in-stent at FU (minimal lumen diameter at 4-week follow-up) [mm], LLL in-stent (late lumen loss in-stent) [mm]

Table 2 Weight gain of the animals, difference in blood pressure during anesthesia and treatment, and left ventricular ejection fraction (LVEF)

before and 4 weeks after treatment

Group Efficacy and tolerance study

POBA 3.5 1 9 6 3 9 6 p-value (all groups)

n (animals per group) 3 3 3 3

Weight gain [kg] 3.8 ± 1.3 5.7 ± 2.4 5.5 ± 1.5 4.7 ± 1.0 0.504

Delta blood pressure [mmHg] - 24 ± 10 - 14 ± 3 - 16 ± 7 - 16 ± 13 0.516

Baseline LVEF 44.4 ± 4.1 41.3 ± 7.7 47.9 ± 5.3 42.0 ± 2.5 0.443

4-week LVEF 40.7 ± 2.3 37.7 ± 6.5 41.3 ± 9.2 41.0 ± 3.3 0.935

Delta LVEF - 3.7 ± 3.0 - 3.6 ± 2.1 - 6.6 ± 4.8 - 1.0 ± 1.3 0.508

Weight gain of the animals during study period [kg], delta of systolic blood pressure [mmHg] before treatment and after treatment of the last

artery of each animal (reduction of blood pressure is mainly due to anesthesia), LVEF: left ventricular ejection fraction [%] before stent

implantation and at 4-week follow-up (4-week LVEF), and the difference from baseline to 4-week LVEF (Delta LVEF)
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Histopathological Examination of Downstream

Tissues

Lesions were classified as not detected, very low grade,

low grade, medium grade and high grade (Table 4).

Changes in downstream tissue were seen in all groups

including POBA, in larger number and different quality in

the 3 9 6 group. A total of five animals (one animal of

group 1 9 6, two animals of group 3.5 and 3 9 6 each)

showed evidence of downstream effects in the examined

muscle tissue sections, likely resulting from DCB treatment

(e.g., vessel wall necrosis, vasculitis and perivasculitis;

Fig. 2A, B and D). These changes were mostly classified as

low-grade changes. One finding out of 66 sites per DCB

group each was classified as medium grade (3.5 and 3 9 6

vasculitis; 1 9 6 hemorrhage). None of these changes did

cause vascular occlusion or necrosis in the supplied tissue.

These changes did not occur in the POBA group, but other

changes (e.g., inflammation) were also detected in the

POBA group. In one animal (group 3 9 6), the relationship

to DCB treatment was not clear, because the affected

vessels only showed perivasculitis. In one affected vessel,

unidentified material was detected. Thrombosis also

occurred here, while inflammation was not present

(Fig. 2C).

In the coronary band tissue, low-grade inflammation and

vasculitis were seen, usually localized subepidermally.

These changes did not correlate with DCB treatment and

were most likely attributable to external causes (e.g., fix-

ation of the legs during anesthesia, trauma), which led to

microlesions of the skin in this area. Histopathological

changes, related to balloon treatment, were not observed in

coronary band tissue.

Fig. 1 Summary of QA and

histomorphometry results: LLL

(QA) and diameter stenosis

(histomorphometry).

(A) Quantitative angiography of

late lumen loss (LLL) after

4 weeks and

(B) histomorphometry of

diameter stenosis at 4-week

follow-up. Differences between

treatment groups are shown.

Since this is an exploratory

study, the p-values are
descriptive only

Table 3 Results of histological examination of internal iliac and femoral arteries

Histomorphometry

Group POBA 3.5 1 9 6 3 9 6 p-value
(all groups)

n (analyzed vessels) 12 12 12 12

Vessel diameter [mm] 4.75 ± 0.93 4.58 ± 0.89 4.45 ± 0.87 4.75 ± 0.83 0.798

Maximal neointimal thickness [mm] 0.30 ± 0.07 0.22 ± 0.12 0.15 ± 0.06 0.20 ± 0.07 \ 0.001

Neointimal area [mm2] 3.17 ± 0.65 2.16 ± 1.14 1.45 ± 0.41 1.82 ± 0.45 \ 0.001

Injury score [-] 0.0 ± 0.1 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.1 0.301

Artery inflammation score [-] 1.7 ± 0.2 1.8 ± 0.2 1.7 ± 0.2 1.6 ± 0.2 0.146

Diameter stenosis [%] 11.75 ± 4.16 7.47 ± 2.03 5.79 ± 2.54 5.55 ± 3.22 \ 0.001

Lumen loss [%] 22.17 ± 7.49 14.04 ± 4.08 11.53 ± 4.56 12.47 ± 4.60 \ 0.001

Summary of histomorphometry in-stent 4 weeks after treatment. Vessel diameter [mm], maximal neointimal thickness [mm], neointimal area

[mm2], injury score [–], artery inflammation score [–], diameter stenosis [%] and lumen loss [%]
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Table 4 Summary of histopathological findings

Diagnosis Animals (legs)

with findings

Gracilis muscle Gastrocnemius

muscle

Ext. digit. brevis

muscle

Animals (legs)

with findings

Coronary band (dig.

3 ? 4)

(n = 6 sites/group) (n = 6 sites/group) (n = 18 sites/group) (n = 36 sites/group)

Number Number Severity Number Severity Number Severity Number Number Severity

POBA, no coating

Edema 3 (4) 1 ? 2 ? / ? 6 ? / ? /

? / ? /

? / ?

0 (0) – –

Hemorrhage 0 (0) – – – – – – 0 (0) – –

Degeneration 0 (0) – – – – – – 0 (0) – –

Necrosis 0 (0) – – – – – – 0 (0) – –

Inflammation 1 (1) 1 ? – – – – 2 (3) 6 ? / ?? /

? / ? /

? / ?

Scarring 0 (0) – – – – – – 0 (0) – –

Vasculitis 0 (0) – – – – – – 0 (0) – –

Thrombosis 0 (0) – – – – – – 0 (0) – –

Overall findings in the POBA group: 16 from 66 sites

3.5 lg Ptx/mm2

Edema 2 (2) – – – – 2 ? / ? 0 (0) – –

Hemorrhage 0 (0) – – – – – – 0 (0) – –

Degeneration 0 (0) – – – – – – 0 (0) – –

Necrosis 0 (0) – – – – – – 0 (0) – –

Inflammation 0 (0) – – – – – – 2 (2) 2 ? / ?

Scarring 0 (0) – – – – – – 0 (0) – –

Vasculitis 2 (3) 2 ? /

??

1 ? 1 ? 0 (0) – –

Thrombosis 0 (0) – – – – – – 0 (0) – –

Overall findings in the 3.5-group: 8 from 66 sites

1 3 6 lg Ptx/mm2

Edema 2 (2) 1 ? 1 ? 3 ? / ? / ? 0 (0) – –

Hemorrhage 1 (1) – – – – 1 ? ? 0 (0) – –

Degeneration 0 (0) – – – – – 0 (0) – –

Necrosis 1 (1) 1 ? – – – – 0 (0) – –

Inflammation 1 (1) – – – – 1 ? 1 (2) 2 ? / ?

Scarring 0 (0) – – – – – – 0 (0) – –

Vasculitis 1 (1) 1 ? – – – – 0 (0) – –

Thrombosis 0 (0) – – – – – – 0 (0) – –

Overall findings in the 1 9 6-group: 11 from 66 sites

3 3 6 lg Ptx/mm2

Edema 2 (3) 1 ? – – 5 ? / ? /

? / ? /

?

0 (0) – –

Hemorrhage 0 (0) – – – – – – 0 (0) – –

Degeneration 0 (0) – – – – – – 0 (0) – –

Necrosis 2 (2) 2 ? / ? – – – – 0 (0) – –
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Discussion

Clinical observations of the COPA CABANA trial [23]

indicate that treatment of patients with PAD with a double-

dose paclitaxel may prevent restenosis in in-stent stenosis,

even after failure of previous treatments with DCB or drug-

eluting stent. In our study, we examined treatment efficacy

(e.g., lumen preservation and neointimal formation) and

potential adverse effects of a novel double-dose DCB with

6 lg Ptx/mm2 balloon surface in the animal model of in-

stent stenosis. Peripheral arteries of 12 pigs were treated

with uncoated or paclitaxel-coated balloons after induction

of neointimal formation by means of stent implantation and

vessel overstretch. Treatment with the double-dose DCB

(1 9 6) was compared to a standard DCB with 3.5 lg Ptx/

mm2 (3.5) and uncoated balloons (POBA). A sixfold

standard dose (3 fully overlapping DCBs with 6 lg Ptx/

mm2 each, 3 9 6) was used to explore potential adverse

Table 4 continued

Diagnosis Animals (legs)

with findings

Gracilis muscle Gastrocnemius

muscle

Ext. digit. brevis

muscle

Animals (legs)

with findings

Coronary band (dig.

3 ? 4)

(n = 6 sites/group) (n = 6 sites/group) (n = 18 sites/group) (n = 36 sites/group)

Number Number Severity Number Severity Number Severity Number Number Severity

Inflammation 1 (2) 1 ? – – 4 ? / ? /

? / ?

2 (2) 5 ? / ? /

? / ? /

?

Scarring 0 (0) – – – – – – 0 (0) – –

Vasculitis* 3 (4) 4 ? /

?? /

? / ?

– – 2 ? / ? 1 (1) 2 ? / ?

Thrombosis 1 (1) 1 ? – – – – 0 (0) – –

Overall findings in the 1 9 6-group: 27 from 66 sites

Diagnoses of pathological findings, number of findings (sum of all limbs per group) and severity are given

Severity of the changes was rated as follows: - = not detected, ( ?) = very low grade, ? = low grade, ?? = medium grade and ??? = high

grade
* In one animal only perivasculitis (without vasculitis) was detected

Fig. 2 Representative HE-

stained histological images of

muscle tissue. Representative

images of hematoxylin and

eosin (HE)-stained sections of

muscle tissue showing

perivasculitis (A), vasculitis and

perivasculitis (B), thrombus

with unidentified material

(arrow), but without

inflammation (C), and necrosis

and perivasculitis of the vessel

wall (D). Magnification 200x or

400x
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effects not seen at single balloon application. Treatment

with the double-dose DCB showed a tendency to increase

inhibition of in-stent neointimal formation and to diminish

LLL compared to the already excellent efficacy of the

market-approved DCB with 3.5 lg Ptx/mm2 in the animal

model. Histopathological examination of downstream tis-

sue revealed some tissue changes associated with DCB

treatment (e.g., vessel wall necrosis, vasculitis and

perivasculitis), which did not cause clinical or functional

abnormalities throughout the study.

In one randomized, non-inferiority clinical trial [27],

patients with symptomatic femoropopliteal lesions were

treated with a DCB either with a drug load of 2 lg Ptx/

mm2 (Ranger Paclitaxel-Coated PTA Balloon Catheter,

Boston Scientific, Marlborough, MA, USA) or 3.5 lg Ptx/

mm2 (In.Pact Admiral or In.Pact Pacific, Medtronic Vas-

cular, Santa Clara, CA, USA). At 12-month follow-up,

results of the two groups were similar for primary patency

(2 lg/mm2 83.0%; 3.5 lg/mm2 81.5%) and freedom from

major adverse events (2 lg/mm2 91.0%; 3.5 lg/mm2

92.6%). Data for long-term outcome of this study would be

of great interest. In contrast, other clinical data indicate that

the paclitaxel dose on DCBs is correlated with treatment

efficacy in patients with PAD [2, 3, 16]. Lesions with high

risk for recurrence such as in-stent restenosis, restenosis

after DCB treatment, or patients with diabetes mellitus or

renal insufficiency might require a higher drug dose to

achieve the sufficient and persistent efficacy [2, 3]. The

data of the COPA CABANA study and the results of the

reported study in swine suggest a randomized clinical trial

to investigate a clinical usefulness of a double-dose

treatment.

Besides treatment of vascular stenosis of the lower limb

balloon angioplasty has become an important tool in the

treatment of stenosed or occluded hemodialysis arteriove-

nous (AV) fistulas (AV shunt stenosis). Several studies

have shown benefits of PCBs in the treatment of AV shunt

stenosis resulting in fewer re-interventions and a higher

primary patency compared to POBA [22, 28, 29]. How-

ever, patency rates over six months still leave room for

improvement. Among other things, the observed variability

in efficacy and failure to significantly extend long-term

patency may indicate insufficient delivery or retention of

the drug [29].

In a first preclinical study, we have shown that a single

DCB with a double dose of 6 lg Ptx/mm2 enables doubling

of drug transfer to peripheral arteries compared to a single

dose of 3 lg Ptx/mm2 [14]. Until now, no dose-finding

study for treatment of PAD patients with DCBs has been

performed. Kelsch et al. investigated different drug doses

using the porcine model of coronary in-stent stenosis [17].

In this study, treatment with 9 lg Ptx/mm2 did not improve

treatment efficacy compared to 3 lg Ptx/mm2 (LLL

28 days after treatment: 9 lg Ptx/mm2 0.19 ± 0.11 mm;

3 lg Ptx/mm2 0.20 ± 0.11 mm; POBA 1.21 ± 0.51 mm).

In our present study, treatment with the double-dose DCB

with 6 lg Ptx/mm2 resulted in less LLL and stenosis in QA

and in less neointimal thickness, neointimal area and

stenosis in histomorphometry compared to the DCB with

3.5 lg Ptx/mm2 and to POBA. A further increase in the

drug dose using the three fully overlapping double-dose

DCBs did not result in a further increase in the inhibition of

neointimal formation.

Technically, all balloons coated with 6 lg Ptx/mm2

were successfully deployed. Drug loss from the novel DCB

during in vitro simulation of advancement to the artery was

acceptable with 17.2 ± 3.4% of the balloon dose (balloon

size: 5.0–40 mm). Drug release was similar for all groups

with residual amounts of paclitaxel after treatment of 13%

to 15% of the balloon dose and similar to the range of 5%

to 23% reported by other preclinical studies [13, 14, 30].

In our study, none of the animals showed clinically

abnormal behavior or signs of pain during the study period.

After PCB treatment, no obvious deviations to POBA-

treated animals were observed for weight gain, blood

pressure, ECG, blood parameters, and LVEF even after

treatment with three fully overlapping DCBs with 6 lg
Ptx/mm2 per arterial segment and four treated arteries per

animal. Potential changes in downstream tissue after DCB

treatment have been widely discussed [24, 31, 32]. Chan-

ges in downstream tissue were also shown by histopatho-

logical examination in the present study in all groups

including POBA, in larger number and different quality in

the 3 9 6 group. In some cases, small vessel wall necrosis

or vasculitis and perivascular inflammation in downstream

tissue likely resulting from DCB treatment was shown.

However, these changes were classified as low grade,

except one medium grade finding out of 66 sites in each

DCB group. Only muscle tissue was affected by these

changes but not coronary band tissue. These findings

confirm the conclusion of several other preclinical studies

that none of the changes observed in downstream tissue

indicate clinically relevant damage [13, 24, 33].

To what extend the inflation of three fully overlapping

balloons of the 3 9 6 group influenced (benefited or

harmed) the results of our study, independent of the

paclitaxel, were not examined and cannot be derived from

this study.

Concerns that local endovascular therapy with pacli-

taxel-coated devices might be associated with higher

mortality rates were first voiced some years ago [34]. In

several randomized trials and large bodies of real-world

data, these concerns were not confirmed [1, 6, 35–40].
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Limitations of the study

The main limitation of the study derives from the nature of

large animal experimental models. In our study, we treated

young healthy pigs neglecting typical tissue characteristics

of stenotically altered blood vessels in humans. The effects

of the treatment were recorded over 4 weeks and not over

several years, as is desirable in clinical trials. As usual with

large animal models, the number of animals was limited.

As standard DCB, we used a market-approved DCB not

only with a different drug load of 3.5 lg Ptx/mm2, but also

with different coating formulation.

The results of our study may indicate a possible benefit

of treatment with the double-dose DCB, but the results

cannot be extrapolated to any clinical setting. Therefore,

only clinical trials using a double dose for treatment can

provide information about long-term treatment efficacy and

potential safety risks in patients.

Conclusions

Treatment with a novel double-dose DCB (6 lg Ptx/mm2)

showed a tendency to improve inhibition of in-stent

neointimal formation and to diminish LLL after peripheral

intervention in the porcine model of in-stent stenosis

compared to a market-approved DCB with 3.5 lg Ptx/

mm2. Histopathological analyses of downstream tissue

revealed mostly low-grade changes attributable to DCB

treatment, which did not cause clinical abnormalities dur-

ing the study period. Treatment with the novel double-dose

DCB might has the potential to improve inhibition of

neointimal formation. Only clinical trials using the tested

DCB versus a standard DCB for treatment can provide

information about long-term treatment efficacy and

potential safety risks in patients.
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applicants Charité—Universitätsmedizin Berlin and InnoRa GmbH,

Berlin, Germany. US is shareholder of InnoRa GmbH.

Ethical Approval All applicable international, national, and/or

institutional guidelines for the care and use of animals were followed.

Informed Consent For this type of study informed consent is not

required.

Consent for Publication For this type of study consent for publi-

cation is not required

Supplementary InformationThe online version contains

supplementary material available at https://doi.org/10.1007/s00270-

022-03277-x.

Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as

long as you give appropriate credit to the original author(s) and the

source, provide a link to the Creative Commons licence, and indicate

if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless

indicated otherwise in a credit line to the material. If material is not

included in the article’s Creative Commons licence and your intended

use is not permitted by statutory regulation or exceeds the permitted

use, you will need to obtain permission directly from the copyright

holder. To view a copy of this licence, visit http://creativecommons.

org/licenses/by/4.0/.

References

1. Albrecht T, Schnorr B, Kutschera M, Waliszewski MW. Two-

Year Mortality After Angioplasty of the Femoro-Popliteal Artery

with Uncoated Balloons and Paclitaxel-Coated Balloons-A

Pooled Analysis of Four Randomized Controlled Multicenter

Trials. Cardiovasc Intervent Radiol. 2019;42(7):949–55.

2. Caradu C, Lakhlifi E, Colacchio EC, Midy D, Berard X, Poirier

M, et al. Systematic review and updated meta-analysis of the use

of drug-coated balloon angioplasty versus plain old balloon

angioplasty for femoropopliteal arterial disease. J Vasc Surg.

2019;70(3):981-95.e10.

3. Feng H, Chen X, Guo X, Zhang Z, Zhang Z, Liu B, et al.

Comparison of efficacy and safety of drug-eluting versus

uncoated balloon angioplasty for femoropopliteal arterial occlu-

sive disease: a meta-analysis. BMC Cardiovasc Disord.

2020;20(1):395.

4. Tepe G, Laird J, Schneider P, Brodmann M, Krishnan P, Micari A,

et al. Drug-coated balloon versus standard percutaneous translu-

minal angioplasty for the treatment of superficial femoral and

popliteal peripheral artery disease: 12-month results from the IN

PACT SFA randomized trial. Circulation. 2015;131(15):495–502.

5. Tepe G, Zeller T, Albrecht T, Heller S, Schwarzwalder U, Beregi

JP, et al. Local delivery of paclitaxel to inhibit restenosis during

angioplasty of the leg. N Engl J Med. 2008;358(7):689–99.

6. Ullah W, Zghouzi M, Sattar Z, Ahmad B, Zahid S, Suleiman AM,

et al. Safety and efficacy of drug-coated balloon for peripheral

artery revascularization-A systematic review and meta-analysis.

Catheter Cardiovasc Interv. 2022;99(4):1319–26.

7. Werk M, Albrecht T, Meyer DR, Ahmed MN, Behne A, Dietz U,

et al. Paclitaxel-coated balloons reduce restenosis after femoro-

popliteal angioplasty: evidence from the randomized PACIFIER

trial. Circ Cardiovasc Interv. 2012;5(6):831–40.

8. Werk M, Langner S, Reinkensmeier B, Boettcher HF, Tepe G,

Dietz U, et al. Inhibition of restenosis in femoropopliteal arteries:

paclitaxel-coated versus uncoated balloon: femoral paclitaxel

randomized pilot trial. Circulation. 2008;118(13):1358–65.

9. Aboyans V, Ricco JB, Bartelink MEL, Bjorck M, Brodmann M,

Cohnert T, et al. 2017 ESC guidelines on the diagnosis and

treatment of peripheral arterial diseases, in collaboration with the

european society for vascular surgery (ESVS). Rev Esp Cardiol

(Engl Ed). 2018;71(2):111.

10. Schlager O, Gschwandtner ME, Willfort-Ehringer A, Wolf F,

Loewe C, Koppensteiner R, et al. Drug coated balloons in the

superficial femoral artery. J Cardiovasc Surg (Torino).

2018;59(1):60–9.

123

1830 O. Gemeinhardt et al.: Improvement of Outcome for Treatment of ‘Restenosis-prone’ Vascular...

https://doi.org/10.1007/s00270-022-03277-x
https://doi.org/10.1007/s00270-022-03277-x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


11. Granada JF, Stenoien M, Buszman PP, Tellez A, Langanki D,

Kaluza GL, et al. Mechanisms of tissue uptake and retention of

paclitaxel-coated balloons: impact on neointimal proliferation

and healing. Open Heart. 2014;1(1):e000117.

12. Murphy GJ, Johnson TW, Chamberlain MH, Rizvi SI, Wyatt M,

George SJ, et al. Short- and long-term effects of cytochalasin D,

paclitaxel and rapamycin on wall thickening in experimental

porcine vein grafts. Cardiovasc Res. 2007;73(3):607–17.

13. Speck U, Hackel A, Schellenberger E, Kamann S, Lochel M,

Clever YP, et al. Drug distribution and basic pharmacology of

paclitaxel/resveratrol-coated balloon catheters. Cardiovasc Inter-

vent Radiol. 2018;41(10):1599–610.

14. Gemeinhardt O, Schnorr B, Speck U, Scheller B. A novel

paclitaxel coated balloon with increased drug transfer for treat-

ment of complex vascular lesions. PLoS ONE.

2021;16(10):e0259106.

15. Jeger RV, Eccleshall S, Wan Ahmad WA, Ge J, Poerner TC, Shin

ES, et al. Drug-coated balloons for coronary artery disease: third

report of the international DCB consensus group. JACC Car-

diovasc Interv. 2020;13(12):1391–402.

16. Cassese S, Ndrepepa G, Fusaro M, Kufner S, Xhepa E, Fusaro M.

Paclitaxel density and clinical efficacy of drug-coated balloon

angioplasty for femoropopliteal artery disease: meta-analysis and

adjusted indirect comparison of 20 randomised trials. EuroInter-

vention. 2019;15(6):e560–2.

17. Kelsch B, Scheller B, Biedermann M, Clever YP, Schaffner S,

Mahnkopf D, et al. Dose response to paclitaxel-coated balloon

catheters in the porcine coronary overstretch and stent implan-

tation model. Invest Radiol. 2011;46(4):255–63.

18. Scheller B, SpeckU,AbramjukC,BernhardtU,BohmM,Nickenig

G. Paclitaxel balloon coating, a novel method for prevention and

therapy of restenosis. Circulation. 2004;110(7):810–4.

19. Giacoppo D, Cassese S, Harada Y, Colleran R, Michel J, Fusaro

M, et al. Drug-coated balloon versus plain balloon angioplasty for

the treatment of femoropopliteal artery disease: an updated sys-

tematic review and meta-analysis of randomized clinical trials.

JACC Cardiovasc Interv. 2016;9(16):1731–42.

20. Katsanos K, Spiliopoulos S, Paraskevopoulos I, Diamantopoulos

A, Karnabatidis D. Systematic review and meta-analysis of ran-

domized controlled trials of paclitaxel-coated balloon angioplasty

in the femoropopliteal arteries: role of paclitaxel dose and

bioavailability. J Endovasc Ther. 2016;23(2):356–70.

21. Laird JA, Schneider PA, Jaff MR, Brodmann M, Zeller T, Met-

zger DC, et al. Long-term clinical effectiveness of a drug-coated

balloon for the treatment of femoropopliteal lesions. Circ Car-

diovasc Interv. 2019;12(6):e007702.

22. Lookstein RA, Haruguchi H, Ouriel K, Weinberg I, Lei L, Cihlar

S, et al. Drug-coated balloons for dysfunctional dialysis arteri-

ovenous fistulas. N Engl J Med. 2020;383(8):733–42.

23. Tepe G, Schroeder H, Albrecht T, Reimer P, Diehm N, Baeriswyl

JL, et al. Paclitaxel-coated balloon vs uncoated balloon angio-

plasty for treatment of in-stent restenosis in the superficial

femoral and popliteal arteries: The COPA CABANA trial.

J Endovasc Ther. 2020;27(2):276–86.

24. Bettink S, Lochel M, Peters D, Haider W, Speck U, Scheller B.

Efficacy and safety of a magnesium stearate paclitaxel coated

balloon catheter in the porcine coronary model. Int J Cardiol.

2021;331:46–56.

25. Schwartz RS, Huber KC, Murphy JG, Edwards WD, Camrud AR,

Vlietstra RE, et al. Restenosis and the proportional neointimal

response to coronary artery injury: results in a porcine model.

J Am Coll Cardiol. 1992;19(2):267–74.

26. Kornowski R, Hong MK, Tio FO, Bramwell O, Wu H, Leon MB.

In-stent restenosis: contributions of inflammatory responses and

arterial injury to neointimal hyperplasia. J Am Coll Cardiol.

1998;31(1):224–30.

27. Steiner S, Schmidt A, Zeller T, Tepe G, Thieme M, Maiwald L,

et al. COMPARE: prospective, randomized, non-inferiority trial

of high- vs. low-dose paclitaxel drug-coated balloons for

femoropopliteal interventions. Eur Heart J. 2020;41(27):2541–52.

28. Trerotola SO, Saad TF, Roy-Chaudhury P. The Lutonix AV

randomized trial of paclitaxel-coated balloons in arteriovenous

fistula stenosis: 2year results and subgroup analysis. J Vasc Interv

Radiol. 2020;31(1):1-14.e5.

29. Vazquez-Padron RI, Duque JC, Tabbara M, Salman LH, Marti-

nez L. Intimal hyperplasia and arteriovenous fistula failure:

looking beyond size differences. Kidney360. 2021;2(8):1360–72.

30. Abadal JM, Vazquez E, Morales M, Toro A, Quintana M, Araujo

M. Pharmacokinetic evaluation of two paclitaxel-coated balloons

with different drug load in a short-term porcine study. Cardiovasc

Interve Radiol. 2016;39(8):1152–8.

31. Torii S, Jinnouchi H, Sakamoto A, Romero ME, Kolodgie FD,

Virmani R, et al. Comparison of biologic effect and particulate

embolization after femoral artery treatment with three drug-

coated balloons in healthy swine model. J Vasc Interv Radiol.

2019;30(1):103–9.

32. Yazdani SK, Pacheco E, Nakano M, Otsuka F, Naisbitt S,

Kolodgie FD, et al. Vascular, downstream, and pharmacokinetic

responses to treatment with a low dose drug-coated balloon in a

swine femoral artery model. Catheter Cardiovasc Interv.

2014;83(1):132–40.

33. Clever YP, Peters D, Calisse J, Bettink S, Berg MC, Sperling C, et al.

Novel sirolimus-coated balloon catheter: in vivo evaluation in a por-

cine coronary model. Circ Cardiovasc Interv. 2016;9(4):e003543.

34. Katsanos K, Spiliopoulos S, Kitrou P, Krokidis M, Karnabatidis

D. Risk of death following application of paclitaxel-coated bal-

loons and stents in the femoropopliteal artery of the leg: a sys-

tematic review and meta-analysis of randomized controlled trials.

J Am Heart Assoc. 2018;7(24):e011245.

35. Bohme T, Noory E, Beschorner U, Jacques B, Burgelin K,

Macharzina R, et al. Evaluation of mortality following paclitaxel

drug-coated balloon angioplasty of femoropopliteal lesions in the

real world. JACC Cardiovasc Interv. 2020;13(17):2052–61.

36. Donas KP, Sohr A, Pitoulias GA, Alfonso F, Torsello G. Long-

Term mortality of matched patients with intermittent claudication

treated by high-dose paclitaxel-coated balloon versus plain bal-

loon angioplasty: a real-world study. Cardiovasc Interve Radiol.

2020;43(1):2–7.

37. Freisinger E, Koeppe J, Gerss J, Goerlich D, Malyar NM, Mar-

schall U, et al. Mortality after use of paclitaxel-based devices in

peripheral arteries: a real-world safety analysis. Eur Heart J.

2020;41(38):3732–9.

38. Nordanstig J, James S, Andersson M, Andersson M, Danielsson

P, Gillgren P, et al. Mortality with paclitaxel-coated devices in

peripheral artery disease. N Engl J Med. 2020;383(26):2538–46.

39. Schneider PA, Laird JR, Doros G, Gao Q, Ansel G, Brodmann M,

et al. Mortality not correlated with paclitaxel exposure: an

independent patient-level meta-analysis of a drug-coated balloon.

J Am Coll Cardiol. 2019;73(20):2550–63.

40. Secemsky EA, Kundi H, Weinberg I, Jaff MR, Krawisz A, Parikh

SA, et al. Association of survival with femoropopliteal artery

revascularization with drug-coated devices. JAMA Cardiol.

2019;4(4):332–40.

41. Kamann S, Haase T, Stolzenburg N, Lochel M, Peters-Berg D,

Schutt D, et al. Bare metal stents on resveratrol-coated balloons

in porcine coronary and peripheral arteries. Int J Mol Sci.

2021;22(23):13099.

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

123

O. Gemeinhardt et al.: Improvement of Outcome for Treatment of ‘Restenosis-prone’ Vascular... 1831


	Improvement of Outcome for Treatment of ‘Restenosis-prone’ Vascular Lesions? Potential Impact of the Paclitaxel dose on Late Lumen Loss in Porcine Peripheral Arteries
	Abstract
	Purpose
	Material and methods
	Results
	Conclusion

	Introduction
	Materials and Methods
	Study Devices
	In vivo Study
	Histomorphometry and Histopathological Examination
	Quantitative Angiography (QA)
	Quantification of Paclitaxel on Unused and Used Balloons
	Statistical Analysis

	Results
	Paclitaxel on Balloon Catheters and Used Balloons
	In vivo Study
	Quantitative Angiography (QA)
	Histomorphometry
	Histopathological Examination of Downstream Tissues

	Discussion
	Limitations of the study

	Conclusions
	Open Access
	References




