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Abstract

Background Drug-eluting balloon (DEB) catheters
coated with paclitaxel in a water-soluble matrix have
shown beneficial effects in the treatment and prevention of
restenosis in the porcine coronary overstretch model and in
clinical trials. Adherence of paclitaxel, same dose, on
another recently introduced coated percutaneous coronary
intervention (PCI) catheter (DIOR®) is mediated by a
roughened balloon surface. Only scarce experimental and
clinical data has been published on the new coating
method. The aim of the present study was to compare the
safety and efficacy of the two coatings in the porcine
model.

Methods and results Twenty-eight stainless steel stents
were implanted in the left anterior descending and circum-
flex coronary arteries of 14 domestic pigs using either
matrix-coated (n = 8), roughened DEB (n = 9), or uncoa-
ted PCI catheters, which served as control (n = 11). After
28 days, quantitative angiography and histomorphometry of
the stented arteries were performed. Matrix-coated DEB led
to a highly significant (P < 0.01) reduction of all parameters
indicating neointimal proliferation compared to both,
uncoated control and the roughened DEB; late lumen loss in-
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segment was 0.4 £ 0.2, 1.9 £0.5, and 1.4 £ 0.5 mm,
respectively. In contrast, the roughened DEB failed to pro-
duce statistically significant effects on angiographic
measures of stenosis or morphometric parameters such as
maximal neointimal thickness and luminal area, except for
neointimal area (5.7 £ 1.5 mm® in the control group,
41 + 1.7 mm? roughened DEB, P < 0.05 vs. control, and
2.5 + 0.8 mm? matrix-coated DEB, P < 0.01 vs. control).
Conclusion Inhibition of neointimal proliferation in the
porcine coronary overstretch model by paclitaxel depends
critically on the coating method.

Keywords Drug-eluting balloon - Restenosis -
Paclitaxel - PACCOCATH - DIOR

Introduction

The finding that sustained release of paclitaxel is not a
precondition for long-lasting inhibition of restenosis using
drug-eluting balloons (DEBs) led to the development of a
novel method for local drug delivery to the vessel wall
[11]. Coating of conventional percutaneous coronary
intervention (PCI) balloon catheters with paclitaxel using a
new matrix-coating technique (PACCOCATH®) allows
immediate and complete drug release upon inflation. Cells
retain paclitaxel in vivo for 6 days even when plasma
levels fall far below the detection limit [7]. In vitro, even
brief contact with antiproliferative agents results in
prolonged inhibition of vascular smooth muscle cell pro-
liferation [9-11, 17].

Paclitaxel-coated DEB catheters based on the matrix
technology have shown excellent effects in the treatment
and prevention of restenosis in the porcine coronary
overstretch model [11, 17], in coronary in-stent restenosis

@ Springer



326

Clin Res Cardiol (2009) 98:325-330

in patients [1, 12, 14], and in human peripheral arteries
[18]. Although a product making use of this coating
method is approved in several countries under the trade
mark of SeQuent® Please a CE marked commercial prod-
uct is not yet available. The favorable results obtained so
far suggest that the DEB has the potential to become
established as the currently most advanced alternative to
drug-eluting stents (DES) for local drug delivery.

The CE-certified DIOR® balloon catheter has recently
been introduced for paclitaxel delivery in PCI. Although
the paclitaxel dose is similar to that in the matrix-coated
balloon, coating is done in a different way. Adherence of
the drug to the balloon surface is mediated by roughening
of the membrane. Few experimental and clinical data
regarding safety and efficacy have been published. The aim
of the present study was to compare the safety and efficacy
of PACCOCATH® and DIOR® DEB in inhibiting neoin-
timal proliferation in the porcine coronary overstretch
model.

Methods
Restenosis study

Bare metal stents (Bavaria Medizin Technologie,
Oberpfaffenhofen, Germany) were implanted with an over-
sizeratio of ~ 1.2. According to the randomization list, the 14
domestic pigs (body weight 24.8 + 1.1 kg) received a total
of 28 stents (diameter 3.5 mm, length 18 mm) into the left
anterior descending (LAD) and circumflex (CX) arteries.
The stents were premounted (crimping device produced by
Machine Solutions Inc., Flagstaff, Arizona, USA) on either
uncoated (control, n = 11 vessels) or paclitaxel-coated PCI
balloon catheters (matrix-coating, catheters Bavaria Medi-
zin Technologie, coating MB, Charité, Berlin, Germany:
n = 8 vessels; roughened-surface coating, DIOR®, Eurocor
GmbH, Bonn, Germany: n = 9 vessels). According to the
manufacturers (Eurocor, DIOR® product brochure, Rev. No.
0807 B7), the paclitaxel dose on the balloon surfaces was
3 pg/mm? in each case. Implantation pressures (control:
12.0 £ 0.0 atm, matrix-coating: 11.6 £ 1.3 atm, rough-
ened-surface coating: 12.0 £ 0.0 atm) and inflation times
(60 £ 0 s) were equal in all treatment groups. After infla-
tion, stent deposition, and balloon withdrawal through the
guiding catheter, the paclitaxel content of the balloons was
determined by HPLC [11].

Animals were pre-sedated by intramuscular injection
of ketamine and xylazine. A venous access was provided
and anesthesia initiated by intravenous injection of pro-
pofol followed by orotracheal intubation, maintained with
1.0-2.0 vol% isoflurane, 70 vol% N,O, and 30 vol%
oxygen. All pigs received 5,000 IU of heparin, 250 mg
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aspirin, and intracoronary nitroglycerin. The coronary
arteries were imaged using a standard angiographic
technique via the left carotid artery. Target segments
were selected in the LAD and CX coronary arteries. After
stent implantation, prophylactic intramuscular streptomy-
cin and penicillin were given; pigs were allowed to
recover and were monitored for 4 weeks. Oral aspirin
100 mg and ticlopidine 250 mg per day were adminis-
tered starting 3 days before the procedure and continuing
until sacrifice. After 4 weeks, the animals were sacrificed
by means of an intravenously injected overdose of pen-
tobarbital after follow-up angiography. Hearts were
rapidly excised, the coronary system flushed with 0.9%
saline, and the arteries were fixed by perfusion with 4%
buffered formalin under physiological pressure and
overnight immersion. The target segments were then
dissected and samples for histology obtained. All exper-
iments were conducted in accordance with the guidelines
for animal experiments set forth by the local animal
protection committee.

Quantitative coronary angiography (QCA)

Coronary imaging was done using a Philips PolyArc fluo-
roscope connected to a digitizer and an Apple Macintosh
Power PC. The CAAS II System (Pie Medical, the
Netherlands) was used for quantitative coronary angiog-
raphy (QCA) by two experienced cardiologists blinded to
the treatment groups. Discrepancies were resolved by
mutual consensus. The following parameters were evalu-
ated: reference diameter, stent diameter at baseline
angiography, and minimal lumen diameter (MLD) at
follow-up angiography. Late lumen loss was calculated as
the difference between stent diameter immediately after
implantation and MLD at follow-up angiography.

Histology

Stented coronary arteries were dissected from the formalin-
fixed hearts and immersed in methyl-methacrylate (Merck,
Darmstadt, Germany). Three representative cross sections
(proximal, mid, distal) per stent were separated from the
blocks with a coping saw, polished, and glued on acrylic
plastic slides. Final specimens were stained by HE tech-
nique. After digitizing, histomorphometric measurements
were performed with the NIH image program (PC version
‘Scion Image’, Scion Corporation, MD, USA). The
parameters determined were: maximal neointimal thick-
ness, vessel area, luminal area, and neointimal area. An
injury score was assigned as previously described by
Schwartz et al. [15], an inflammation score as described by
Kornowski et al. [5].
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Table 1 Quantitative coronary angiography and histomorphometry of stented porcine coronary arteries after 28 days

Control (n = 11) Roughened-surface Matrix-coated DEB P
DEB (n = 9) (n=23)
Reference diameter (mm) 249 £ 0.39 241 £0.21 2.62 + 0.16 0.331
Stent diameter (mm) 2.98 + 0.37 2.84 + 0.25 3.05 £ 0.17 0.341
Implantation pressure (atm) 12.0 £ 0.0 12.0 £ 0.0 11.6 £ 1.3 0.394
Implantation time (s) 60 £ 0 60 £0 60 £ 0 1.000
Overstretch ratio® 1.20 + 0.10 1.18 + 0.06 1.17 £ 0.10 0.645
Reference diameter at 4 weeks (mm) (QCA) 2.72 £ 045 2.73 £ 0.39 2.52 £0.20 0.438
Minimal lumen diameter at 4 weeks (mm) (QCA) 1.12 £ 045 1.43 £+ 0.46 2.62 £ 0.17 0.001
Late lumen loss® (mm) (QCA) 1.85 + 0.52 1.41 + 048 0.43 + 0.20 0.001
% Stenosis 59.3% + 12.1% 48.4% + 10.7% —4.6% + 12.1%° 0.001
Vessel diameter (mm) (histomorphometry) 3.37 £ 0.22 3.30 £ 0.13 3.33 £ 0.21 0.722
Lumen diameter (mm) (histomorphometry) 1.84 £+ 0.69 2.24 +0.39 2.83 £0.25 0.001
Maximal neointimal thickness (mm) 1.24 £ 0.59 0.86 £ 0.37 042 £0.14 0.002
Vessel area (mm?) 8.61 £ 0.97 8.17 £ 0.84 8.21 £+ 1.40 0.603
Luminal area (mm?) 2.89 + 1.84 412 £ 1.52 5.73 + 1.46 0.004
Neointimal area (mm?) 572 £ 1.51 4.05 £ 1.65 248 + 0.78 0.001
Injury score 2.06 £ 0.58 1.70 £ 0.97 1.24 £+ 0.63 0.078
Inflammation score 1.96 + 0.96 2.29 + 0.56 2.03 £ 0.71 0.630

Implantation of bare metal stents using conventional PCI catheters and paclitaxel-coated PCI catheters

Values are mean + SD (ANOVA)

% Overstretch ratio = stent diameter/reference diameter

" Late lumen loss = lumen diameter after stent implantation minus minimal lumen diameter at 28-day follow-up

¢ Over stretch still visible
Statistical analysis

Histomorphometric variables of the three cross-sectional
planes were averaged to obtain a mean value per stent.
Continuous variables of quantitative coronary angiography
were compared by one-way, repeated-measures ANOVA
and Student’s ¢ test after normal distribution was confirmed
by a statistical program (SPSS 15.0 for Windows, SPSS
Inc.). Data are presented as mean £ SD.

Results

There were no acute thrombotic complications and no sig-
nificant adverse events in terms of ECG parameters during or
after the coronary interventions. After inflation, stent depo-
sition, and withdrawal of the balloon through the guiding
catheter, the paclitaxel content of the balloons was measured.
The postprocedural content was 50.4 & 11.5% of the initial
dose (specified by Eurocor, DIOR® product brochure) on the
roughened PCI balloon catheters (P = 0.001 vs. control),
and 4.5 + 0.7% on matrix-coated balloons (P = 0.001 vs.
control, P = 0.001 vs. roughened DEB).

Quantitative angiography and histomorphometry of the
stented arteries ascertained the statistical equality of baseline

parameters between the control and treatment groups
(Table 1). Quantitative coronary angiography revealed no
edge effects. Treatment with the matrix-coated balloon
resulted in a marked and statistically highly significant
reduction of late lumen loss and highly significant increase in
MLD compared to control (P < 0.001) and the roughened
DEB (P < 0.001) (Figs. 1, 2; Table 1). Uncoated balloon
PCI led to a late lumen loss of 1.85 £ 0.52 mm (n = 11)
within the stented segments. Angioplasty with the roughened
DEB failed to show a significant reduction in late lumen loss
compared to control (1.41 & 0.48 mm, n = 9). In contrast,
late lumen loss in vessel segments treated with the matrix-
coated DEB was reduced to 043 £ 020 mm (n = 8,
P < 0.001 vs. control, P < 0.001 vs. roughened DEB)
28 days after intervention (Fig. 2; Table 1).

After 4 weeks, histological evaluation showed that all
the stents were sufficiently expanded (Fig. 3). Complete
endothelialization was present in all samples (Fig. 3).
Inflammation scores were similar in the different treatment
groups (Fig. 4; Table 1). Corresponding to the angio-
graphic findings, histomorphometry showed a statistically
significant increase in lumen diameter and luminal area in
the vessels treated with the matrix-coated DEB compared
to control and the roughened DEB (Fig. 4; Table 1). In
contrast, treatment with the roughened DEB resulted only
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Fig. 1 Representative
examples of coronary
angiography. After treatment
(upper panel). 28-day follow-up
(lower panel). White lines
indicate treated vessel segments

control

in a slight decrease in neointimal hyperplasia, in compar-
ison to the control group. Four weeks after intervention,
uncoated balloon angioplasty led to a maximal neointimal
thickness of 1.24 4 0.59 mm (n = 11). Vessels treated
with the matrix-coated DEB displayed a highly significant
reduction of maximal neointimal thickness to 0.42 £
0.14mm (n =28, P=0.001 vs. control, P <0.01 vs.
roughened DEB; Fig. 4; Table 1). However, neointimal
thickness was not significantly reduced by the roughened
DEB (0.86 £ 0.37 mm, n =9). Neointimal area was
highly significantly (P = 0.001) reduced by treatment with
the matrix-coated DEB (2.48 £ 0.78 mmz, n=2y8 vs.
572+ 1.51 mm>% n =11 (control)). In contrast, the
roughened DEB reduced the neointimal area to only
4.05 + 1.65 mm® (n = 11), which reached the defined
level of statistical significance (P = 0.03 vs. control;
Fig. 4; Table 1).

Discussion

Paclitaxel has been coated on stents in different ways,
preferably mixed with polymers but also directly on the
metal surface, on the surface of a pretreated metal or in tiny
cavities created in the abluminal surface of the stent struts.
Some of these paclitaxel-eluting stents have shown
impressive anti-restenotic effects after PCIs [3, 4, 13, 16].
Efficacy of other stents coated with the same drug and the
same or an even higher dose was not satisfactory and
the development was discontinued [6, 16]. In these cases,
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Fig. 2 Results of quantitative coronary angiography (QCA) of
stented porcine coronary arteries after 28 days. Implantation of bare
metal stents using conventional PCI catheters and paclitaxel-coated
PCI catheters. Values are mean = SD

the lack of efficiency of the DES was attributed to too fast
drug release [16].

Paclitaxel admixed to a suitable matrix on balloon
catheters has shown similar or superior effects in the
treatment and prevention of restenosis in preclinical [11,
17] and clinical trials [1, 12, 14, 18]. Thus, the DEB is by
all means the currently most advanced potential alternative
to DES to prevent restenosis. However, pure paclitaxel
coating on plain PCI balloons alone seems to be insuffi-
cient to achieve adequate inhibition of neointimal
proliferation. The effect in restenosis inhibition obtained
with the matrix-coated DEB was established in extensive
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roughened-

surface DEB |

Fig. 3 Representative examples of histological findings 4 weeks
after stent implantation. Bare metal stent implanted with uncoated
balloon catheter (control, leff). Bare metal stent implanted with

animal studies investigating numerous coating variations
[9-11, 17]. As the matrix of a DES is at least as important
as the antiproliferative drug itself, the same holds true for
DEB coating. The challenge posed by DEBs is to ensure
adhesion of the drug on the balloon while transferring it to
the target vessel segment. Upon inflation, which should be
as short as possible, an effective dose has to be released to
ensure transfer of a large enough amount of the drug into
the vessel wall. In our initial animal studies, several coat-
ings failed to cause sufficient neointimal inhibition [11].
Finally, a specific matrix coating (paclitaxel to which a
small amount of the hydrophilic X-ray contrast medium
iopromide, the iodinated component in Ultravist®, was
added) resulted in substantial neointimal inhibition [11, 17]
in animals. These effects have since been confirmed in
clinical trials [1, 12, 14, 18]. Matrix coating results in a
porous surface with a large contact surface between the
lipophilic drug molecules and the vessel wall. It provides
uniform and complete release of the drug after the first
balloon expansion. These attributes result in a high bio-
availability of paclitaxel at the target site, a precondition
for rapid drug absorption by the vessel wall [11].

One limitation of our present study is the lack of pac-
litaxel tissue concentration measurement. However, data
were already published for the matrix-coated DEB [11] and
recently also for the DIOR® balloon [8]. Posa et al. [8]
demonstrated that DIOR® angioplasty leads to measurable,
although very low tissue concentrations in porcine coro-
nary arteries. In this study no angiographic follow-up was
performed to show efficacy in restenosis inhibition. In the
present study only the paclitaxel-coated DEB based on the
matrix technology led to a major reduction of neointimal
proliferation in the porcine coronary overstretch model.

The DIOR® balloon has a ‘nanoporous’ balloon surface
containing paclitaxel microcrystals following dimethyl
sulfate treatment (probably dimethyl sulfoxide meant) [2].
In contrast, the PACCOCATH® matrix coating uses small
amounts of iopromide (Ultravist®) as matrix to enhance the
release and dissolution of the drug, possibly also the
adherence to the vessel wall. Iopromide is used anyway
as X-ray contrast medium in angioplasty [9, 10, 17]. Only

roughened-surface DEB (middle). Bare metal stent implanted with
matrix-coated DEB (right)

ns

ns [] control (n=11)
i [J roughened-surface DEB (n=9)
Il matrix-coated DEB (n=8)

s :nsvs. control (p>0.05)
: p<0.05 vs. control
: p<0.05 vs. rough. DEB
: p<0.001 vs. control
: p<0.01 vs. rough. DEB
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inflammation
score (-)

neointimal
thickness (mm)

neointimal
area (mmg?)

Fig. 4 Results of histomorphometry of stented porcine coronary
arteries after 28 days. Implantation of bare metal stents using
conventional PCI catheters and paclitaxel-coated PCI catheters.
Values are mean + SD

30-45% of the drug coating is released from roughened
balloons during the recommended balloon inflation time of
45-60 s [2]. These findings are consistent with the results
of the present study, showing a postprocedural paclitaxel
content of 50.4% on balloons with comparatively high
variance (SD 11.5%). In contrast, the iopromide matrix was
found to release the full amount of the drug (4.5 £ 0.7% of
paclitaxel dose on ballons after the procedure), which may
contribute to the superiority in restenosis inhibition.

Therefore, the favorable preclinical and clinical findings
with the paclitaxel-iopromide-coated balloon cannot nec-
essarily be generalized to other balloon coatings.
Preclinical [8] and clinical [2] trials with paclitaxel on the
roughened balloon membrane did not yet demonstrate
efficacy in restenosis inhibition. The clinical data are lim-
ited to a registry of 20 patients with bifurcation lesions [2].
The fact that MACE rates were not elevated after 4 months
in this trial indicates that the coating of this balloon is well
tolerated but without angiographic follow-up the benefit of
the coating is difficult to assess.

The data presented demonstrate that the challenge with
DEBs is to achieve fast release upon inflation and

@ Springer



330

Clin Res Cardiol (2009) 98:325-330

persistent efficacy in restenosis prevention and safety
without long-lasting double antiplatelet therapy.

Conflict of interest statement Prof. Scheller report being coin-
ventor of a patent application for various methods of inhibiting
restenosis (including the technique used in this trial), which was
submitted by Charité University Hospital in Berlin.
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