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Abstract

Purpose The aim of the study was to evaluate the phar-

macokinetics and tissue absorption of 2 paclitaxel (PTX)

drug-coated balloons (DCB) using different drug loads in a

porcine-injured iliac artery model.

Materials and Methods Twenty-eight pigs were ran-

domized into 2 groups. In group B1, angioplasty was

performed with a 1.0 lg/mm2 DCB with PTX and in group

B3, with a 3.0 lg/mm2 DCB with PTX. An overstretched

model of the iliac artery was used for angioplasty under

fluoroscopy. Blood and vessel wall PTX were measured

with liquid-chromatography mass spectrometry at 1, 5,

30 min, 1, 7, and 28 days. Remaining drug in the balloon

was analyzed.

Results Mean PTX in blood was significantly higher in

the group B3 0.269 ± 0.085 lg/ml compared with the B1

0.218 ± 0.085 lg/ml; p = 0.01. Peak blood PTX

concentration was detected at 1 min, and PTX was unde-

tectable 24 h post-angioplasty. There were no statistically

significant differences in the mean arterial wall concen-

tration from the treated iliac artery between group-B1

(15.24 ± 21.29 ng/mg) and B3 (15.68 ± 16.33 ng/mg), or

in the PTX wall concentration measured at different time

points. Mean remaining drug in assayed balloons was

lower for group-B1 and represented 8 % of the initial dose.

Conclusions Blood PTX was higher when using 3.0 lg/
mm2 DCB, with a peak drug concentration at 1-min,

although the drug was undetectable at 24 h, independently

of the loading dose. This study demonstrates no difference

in arterial wall uptake of a low dose DCB (1.0 lg/mm2),

when compared to a common dose DCB (3.0 lg/mm2)

suggesting that the dose of drug in the DCB could be

reduced obtaining a similar clinical effect.

Keywords Drug-coated balloons � Angioplasty �
Paclitaxel � Neointimal hyperplasia

Introduction

The use of drug-eluting stents (DES) and drug-coated

balloons (DCB) to reduce neointimal hyperplasia following

stenting have become widespread. Neointimal hyperplasia

occurs in the coronary artery up to 60 % after stent

placement in a 10-year period, leading to patient read-

mission and repeat revascularization [1]. DES have

addressed the issue of in-stent restenosis, but late stent

thrombosis and delayed endothelialisation, along with

longer dual antiplatelet therapy, are of concern [2]. Recent

meta-analysis in the coronary artery showed similar clini-

cal efficacy when compared to DCB [3]. Despite the use of

stents, primary plain balloon PTA in selected lesions is
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performed and it is not free from hyperplasia, but multiple

studies have demonstrated superior vessel patency when

using DCB [4, 5].

DCB are becoming a promising endovascular tool,

because they have the capacity of local drug transfer to the

vessel wall, inhibiting cell proliferation and moderating the

hypertrophic cell response to injury [6]. An additional

benefit of DCB is that they do not leave any foreign body

device inside the vessel, which can produce fracture or

chronic inflammation.

Nowadays, more than 10 DCB are commercially avail-

able with the CE-mark in Europe, with different clinical

results [7]. They mainly differ in the loading dose of drug

and in the excipient or carrier that transfers the drug to the

vessel wall. The current drug of choice is paclitaxel (PTX),

a very powerful anti-microtubule agent that inhibits vas-

cular smooth muscle cell proliferation and migration, by

blocking the G2 or M phases of the cell cycle [8]. Loading

doses of the balloon vary between 2 and 3.5 lg/mm2, being

the 3 lg/mm2 dose, the most frequently used [9]. The

excipient is the more variable component and is almost

exclusive of each commercial brand [10].

Drug transfer does not only depend on the device but

also on other factors like: DCB introduction through the

sheath, navigation time, type of vessel, and morphology

and histology of the lesion. All of these influence the

amount of drug that will be absorbed by the vessel wall and

thus the clinical outcome. An associated issue is that the

drug that does not penetrate in the vessel wall circulates in

the bloodstream and may have undesirable effects.

In order to understand the effect of the drug load and the

grade of vessel wall uptake and pharmacokinetic of PTX,

we carried out this study in a swine model and tested two

DCB that only differed in the amount of loaded dose.

Materials and Methods

Device Description

The DCB device in the study was based on the Biotronik

Passeo� platform. A 3.0 and a 1.0 lg/mm2 DCB coated

with a carrier of BTHC (n-butyryl-tri-n-hexylcitrate) were

used.

Both balloons were manufactured using a micro-pipet-

ting technique to apply drug and carrier matrix in a trifold

balloon construction. Rigorous testing ensured highest

possible standards.

The DCB devices were 6 and 7 mm in diameter by

40 mm in length, in order to achieve a 20 % vessel over-

size according to the iliac artery diameter.

Total PTX load in 6 9 40 mm DCB was 2700 lg for

the B3 group (3.0 lg/mm2) and 900 lg for the B1 group

(1.0 lg/mm2). In case a 7 9 40 mm balloon was used, the

PTX loading dose was 3200 lg for the B3 group (3.0 lg/
mm2) and 1000 lg for the B1 group (1.0 lg/mm2).

Experimental Procedure

The study protocol was reviewed and approved by the

Animal Welfare and Institutional Animal Care and Use

Committee of the University UAX and the Spanish

Regulations of Health Ministry. The purpose of this study

was to evaluate the pharmacokinetics and vessel wall

uptake of two DCB based on Passeo platform and BTHC

coatings with different PTX drug load. Pharmacokinetics

evaluation of the drug released and tissue uptake were

evaluated in the iliac arteries by analysis of drug con-

centration in blood and vessel wall tissue at 1, 30 min,

24 h, 7, and 28 days.

Twenty-eight male healthy commercial hybrid pigs (Sus

scrofa domestica) were randomized into two groups, B3

and B1. In the B3 group, the 3.0 lg/mm2 DCB was used

and in the B1 group, the 1.0 lg/mm2 DCB. Group and

DCB loading dose, were operator-blinded. Age and weight

(30 ± 2 kg) of the pigs at implantation were the same in all

the procedures.

To prevent or reduce the occurrence of thrombotic

events, animals were pretreated daily, with oral acetylsal-

icylic acid (325 mg) and clopidogrel (75 mg), beginning at

least 3 days before intervention and continuing until

sacrifice.

Animals were tranquilized with ketamine, azaperone,

and atropine administered intramuscularly. Anesthesia

induction was achieved with propofol injected intra-

venously. Upon induction of light anesthesia, the subject

animal was intubated and supported with mechanical

ventilation. Isoflurane in oxygen was administered to

maintain a surgical plane of anesthesia. To prevent post-

operative infection, animals were given prophylactic

antibiotic Benzylpenicillin intramuscularly.

The access site was prepared with topical application of

chlorhexidine, 70 % isopropyl alcohol, and proviodine.

The area was then appropriately draped to maintain a

sterile field.

A central vein catheter with subcutaneous reservoir was

implanted to obtain the blood samples.

The left or right femoral artery was accessed percuta-

neously under ultrasound-guided puncture. An arterial

sheath was introduced and advanced into the artery.

An initial IV bolus of unfractioned heparin

(*400 U/kg) was administered and activated clotting

time (ACT) was measured at least every 30 min and

recorded. If ACT was \300 s, additional heparin was

administered.
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Drug-Coated Balloon Deployment Procedures

An ultrasound-guided puncture of the right external distal

iliac artery was performed and a 5-F introducer sheath was

left in place. A hand injection aortoiliac arteriogram with

iodinated contrast iopamiro-300 (Iopamidol-300, Bracco

SpA) was carried out using a calibrated pigtail catheter to

estimate the iliac vessel diameter. The ipsilateral external

iliac artery was used as the target vessel. The straight

segment between the aortic bifurcation and the gluteal

artery landmark was selected (Fig. 1). Thereafter, the bal-

loon was introduced into the selected artery by advancing

the balloon catheter, over the guide wire to the deployment

site. The balloon was expanded according to the inter-

ventionalist’s judgment using the product compliance

charts as a guide, to achieve a target balloon to artery ratio

of 1.2:1 (Oversize = 20 %), with a range of 1.15:1–1.25:1,

estimated visually by the physician and measured by vessel

calibration software. Inflation pressure value was between

nominal (6 atm) and rated burst balloon pressure (12 atm).

Inflation was maintained for 30 s. In each animal, a single

inflation of just one balloon (3.0 or 1.0 lg/mm2, blinded to

the operator) was performed in one of the external iliacs,

using the contralateral as a control, not to interfere with

PTX chemical quantitation. An angiogram of the balloon at

full inflation was recorded (designated balloon angiogra-

phy) and the inflation pressure was noted. Complete bal-

loon deflation was verified fluoroscopically. Injection of

nitroglycerin IA was administered and final angiograms of

the treated vessel were performed at orthogonal angles

(designated post-deployment angiographies) and flow was

evaluated.

Following successful deployment of balloons and com-

pletion of angiography, all catheters and the sheath were

removed from the animal and the femoral artery was

manually compressed. Balloons were cut-off from the

catheters to determine residual PTX in the balloon surface.

After follow-up, the animals were euthanized, at dif-

ferent time points by injecting a lethal intravenous dose of

thiopental sodium and a laparotomy was performed for the

harvest of different organs and tissue sampling.

PTX Analysis

The pharmacokinetic evaluation of paclitaxel was deter-

mined by drawing a 6 ml blood sample in both groups from

the femoral sheath during the intervention and from a

venous catheter during follow-up at different time points:

baseline sample after sheath introduction, 1-min sample

(after DCB-angioplasty), 5-min sample, 30-min sample;

24-h sample; 7-day sample; and 28-day sample. At least,

three animals were available for blood sample at each time

point (Table 1).

Blood samples were transferred into EDTA tubes and

then promptly transferred into polypropylene tubes. Tubes

were stored on dry ice or placed directly in a -80 �C
freezer pending the PK analysis Site.

The treated arteries were excised at necropsy, and kept

on dry ice until storage in a -80 �C freezer.

The Blood and tissue PTX concentration measurement

were performed by high-performance liquid chromatogra-

phy (HPLC)/tandem mass spectrometry equipment. PTX

powder from Taxus brevifolia and Docetaxel were used as

internal standard. The detection limit was 0.02 lg/ml.

PTX concentration in navigated balloons was assayed

by a conventional HPLC method.

All animals underwent to a comprehensive necropsy

(gross examination of the heart, thoracic, and abdominal

organs). Any lesion was collected and kept in neutral-

buffered formalin until processed. Samples of grossly

normal tissues were also harvested in neutral-buffered

formalin at the discretion of the Study Pathologist.

Statistical Analysis

Descriptive and comparative statistics were performed with

SPSS software (SPSS Inc, Chicago, IL).

Quantitative variables are displayed as means and

standard deviation. In order to compare means, we checked

normal distribution of quantitative variables with the

Fig. 1 Aortoiliac angiogram performed before DCB diameter selec-

tion. Note calibrated catheter to plan 20 % balloon-vessel oversize.

Rectangle shows target iliac vessel segment for DCB, distal to the

gluteal artery
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Shapiro–Wilk test, discarding normal distribution when

p\ 0.05.

If normal distribution was observed, Student’s t test and

variance test (Levene) were used to compare means. When

normal distribution was rejected, we used Mann–Whitney

U, Moses, and Kolmogoronov–Smirnov tests as an alter-

native. p Values \0.05 were considered statistically

significant.

Results

DCB PTA and Clinical Follow-up

Technical success was achieved in all cases. There were no

cases of dissection or thrombosis related to the DCB

angioplasty. The 20 % PTA-vessel oversize target was

reached in all the interventions. During follow-up, 2 pigs

died unrelated to the procedure. One due to an infectious

disease and the other secondary to a neurological disease.

Both events occurred during late follow-up. No PTX was

detected in blood samples in order to consider a major

toxicity of PTX as the cause of death. The pig that died

secondary to an infectious complication did not have a

progressive deterioration of the blood count during moni-

toring. No remarkable findings were found in the necropsy.

Therefore, a total of 26 pigs were used for PK analysis

and PTX determination in the artery. In 24 cases, the right

common iliac artery was the target vessel. In 2 pigs, the

target vessel was the left common iliac artery. In 90 % of

the procedures, the 6 9 40 mm DCB was chosen.

Mean time from DCB insertion through the sheath to

balloon inflation was 11 s, with a mean inflation pressure

of 10 atm.

Iliac Artery PTX Concentration

The measured (mean) arterial wall concentration from the

treated iliac artery was 15.24 ± 21.29 ng/mg for the group

B1 (1.0 lg/mm2 DCB) and 15.68 ± 16.33 ng/mg for the

B3 (3.0 lg/mm2 DCB); p = 0.607 (Fig. 2).

Although PTX in artery was very different in the time

points studied (30 min, 1, 7, 28 days) between group B1

and B3, there was no statistic significance in the mean

values at the end of the studied periods.

There was no significant drop in the amount of PTX in

artery in any of the groups, when comparing initial PTX in

artery in an early (30 min) and late (28-day) time endpoint.

PTX remained in the vessel wall after 28 days with con-

centrations above 12 ng/mg.

Blood PTX Concentration

PTX was only detectable in blood samples at 1, 5, 30 min,

and 24 h interval after DCB inflation. The mean concen-

tration of PTX in group B1 was 0.218 ± 0.085 lg/ml and

0.269 ± 0.085 lg/ml in group B3, being statistically sig-

nificant (p = 0.012) between the two groups.

The mean PTX was 0.245 ± 0.10 in the 1-min sample

and 0.192 ± 0.06 lg/ml in the 30-min sample in the B1

group. In the B3 group, it was 0.301 ± 0.09 in the 1-min

sample and 0.237 ± 0.06 lg/ml in the 30-min sample

(Fig. 3).
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Fig. 2 Time-dependent PTX arterial wall uptake using the 1.0 lg/
mm2 DCB (group B1) and the 3.0 lg/mm2 DCB (group B3)

Table 1 Study design Time point Group B1 n = 14 Group B3 n = 14

1.0 lg/mm2 DCB 3.0 lg/mm2 DCB

D0 Angiogram/deployment 14 Angiogram/deployment 14

1 min PK analysis 14 PK analysis 14

5 min PK analysis 14 PK analysis 14

30 min PK analysis/vessel wall analysis 14/14 PK analysis/vessel wall analysis 14/14

1 day PK analysis/vessel wall analysis 14/11 PK analysis/vessel wall analysis 14/11

7 day PK analysis/vessel wall analysis 14/8 PK analysis/vessel wall analysis 14/7a

28 day PK analysis/vessel wall analysis 14/4a PK analysis/vessel wall analysis 14/4

a Animal death unrelated to the procedure
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Residual DCB PTX Concentration

PTX remaining on the used balloons was measured after

inflation and withdrawal through the arterial sheath. The

mean PTX concentration in the 3.0 lg/mm2 DCB group

was 215.585 ± 28.70 lg, and in the 1.0 lg/mm2 was

118.846 ± 37.15 lg; (p = 0.183). There was a statistical

significant difference between the drug that remained in the

3.0 and 1.0 lg/mm2 DCB. This represents an 8 and 13 %

of PTX dose not released during expansion, for the 3.0 and

1.0 lg/mm2 DCB, respectively. There was a statistically

significance (p = 0.001) between the percentage released

in the 3.0 lg/mm2 DCB, when compared with the 1.0 lg/
mm2 DCB.

Discussion

The purpose of this study is to evaluate the PTX pharma-

cokinetics and vessel wall absorption of two DCBs with

different drug load in peripheral vessels. The strength of

the study relies on the comparison of 2 different PTX

loading doses, using the same balloon platform, carrier and

coating technology, thus eliminating multiple confusing

factors. The porcine model allowed the evaluation of per-

cutaneous trans-catheter equipment that is typically used

for stent placement and PTA evaluation [11]. We con-

ducted the study in porcine iliac arteries, differing the

structure of the vessel, and amount of muscular and elastic

tissue from other studies that used the coronary arteries.

Porcine and human coronary and peripheral artery size and

anatomy are similar and this allowed the use of standard

clinical devices and accurate visualization using standard

angiographic equipment [12]. Hybrid pigs were of a suit-

able size for studies of up to 28 days. In our study, we have

used a low injury model to determine drug retention by the

vessel wall and PTX behavior in the bloodstream. This

model has proven to be appropriate to test the biological

effects of PTX delivered in a DCB [13]. In order to

resemble in-human PTA, we have used native vessel

without foreign material (stents), based on the constant

anatomical landmark of the gluteal artery. The external

iliac artery has been a straight, non-tapered vessel that has

shown a perfect matching with the DCB used.

PTX was the selected drug as it has proven in multiple

reports the property of long-lasting inhibition of the SMC

proliferation in the media of the vessel after a short single

dose PTA [14–16].

There are few preclinical studies conducted that analyze

the behavior of DCB [13, 17, 18]. PTX Blood sample and

tissue values are not comparable because of the different

animal models, vessel used, DCB technology, inflation

protocol, and measurement equipment and methodology.

An example of this variability was demonstrated by Posa

et al. in an animal model using the same 3.0 lg/mm2,

resulting in an increase of tissue PTX concentration

depending on the inflation time [19, 23].

Several studies have being performed in order to

determine the minimum and maximal dose that may have

in vitro and in vivo activities inhibiting neointimal hyper-

plasia and avoiding toxic side effects. Although 3.0 lg/mm2

DCB are used in patients and has proven the fact, we

wanted to demonstrate that by reducing up to one-third the

drug load of the balloon, we could obtain similar results

[19]. One of the objectives of our study was to test the use

of a 1.0 lg/mm2 DCB (not commercially available) and

specifically created with the same technology and quality

testing that is performed in the clinically used 3.0 lg/mm2

DCB.

Iliac Artery PTX Concentration

The PTX DCB with the BTHC carrier in both platforms

demonstrated an effective delivery and retention of the

drug by the vessel wall up to the end of follow-up

(30 days). The two interventional factors (vessel oversizing

target and inflation time) that could influence in the PTX

vessel wall uptake were similar in both groups.

The mean PTX uptake in the 3.0 lg/mm2 DCB group

was higher than in the 1.0 lg/mm2 DCB without statistical

significance. This indicates that there is a similar PTX

deposition in the artery regardless of the concentration of

drug used in the balloon and that the maximum drug uptake

in the artery can be achieved with the lower concentration

of PTX. Other study also demonstrated comparable degree

of neointimal hyperplasia when lower dose 2 lg/mm2 DCB

compared to 3 lg/mm2 DCB [20]. We presume that there
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might be a vessel wall mechanism that stops absorption of

the drug once it reaches a saturation point.

When analyzing the harvested arteries at different time

points, we did not find a significant loss of the drug in the

artery regardless of the DCB used. This fact can explain

that once the PTX is absorbed by the artery wall, it remains

stable over time inside the segment of the treated vessel.

This resulted in delivery of PTX to the arterial wall up to

1 month. Moreover, the PTX concentration in the artery

wall in all time points, and specially at 1 month, with the

different loaded balloons ranged from 9.6 to 16.7 ng/mg,

and resulted in tissue levels of paclitaxel above the reported

IC50 values for human inhibition of SMC (1.4–2 ng/g),

and SMC cell culture experiments (1.7–6.8 ng/g) [8]. In the

1.0 lg/mm2 DCB, the mean arterial tissue uptake was

15.24 ng/mg.

Blood PTX Concentration

After PTA, PTX was washed out by the organism in 24 h.

It was undetectable in the resolution of our mass spec-

trometer. No significant lesions were found in any organ at

necropsy secondary to bloodstream circulation or theoret-

ical risk of embolization.

Peak blood concentration of PTX was detected 1 min

after PTA, being statistically significant, when the 3.0 lg/
mm2 DCB was used. This can be justified by the triple dose

of PTX that is packed and delivered by the balloon in a

homogenous animal model. Peak blood PTX concentration

of the 1.0 lg/mm2 DCB is in the range of PTX levels

reported by other DCB formulations. Drug slope loss was

parallel in both groups, demonstrating a similar washout

tendency regardless of the DCB used.

Residual DCB PTX Concentration

DCB was used under the company instructions. Care was

taken to protect the balloon when introducing it inside the

sheath with the use of a plastic insertion aid. Navigation

time inside the vessel was minimized and time to PTA

inflation was performed in all cases with a mean time

period of 11 s.

There is very little information related to the drug

release from DCB [21]. There is a drug loss upon passage

of the hemostatic valve of the introducer and in the blood

vessel navigation. Afterward there is a second drug loss in

the transfer process of the inflated DCB against the vessel

wall, mediated by a gradient diffusion and mechanical

forces.

The median drug percentage that remained in our bal-

loons was 8 % in B3 and 13 % in B1 group. These data

correspond to multiple drug percentages presented in other

publications that ranged from 10 to 15 % [18, 22]. It

emphasizes that there is no need to transfer all the drug

packed in the balloon in order to achieve the goal of

inhibiting vessel hyperplasia.

Surprisingly, the drug transfer of the 3.0 lg/mm2 DCB

was superior to the 1.0 lg/mm2 DCB. In this scenario, if

we consider that the drug uptake by the arterial wall was

similar with both balloons, there would be a higher amount

of non-effective PTX circulating in blood and tissues when

the 3.0 lg/mm2 DCB are used.

When studying the efficiency of the DCB, we found that

\1 % of the total loaded dose of PTX was transferred to

the vessel wall. Ten percent of the drug was transitorily in

the bloodstream the first 24 h and finally added to the 81 %

that was absorbed and eliminated by the organism (Fig. 4).

Limitations

The main limitations of our preclinical study were the

number of animals used (sample size) because of ethical

issues and the overstretched model of a non-diseased vessel

that may not totally resemble the behavior of a pathological

vessel with an atheroma plaque where PTX uptake may be

different. We did not perform a fluorescent marked PTX

test to analyze vessel wall pattern of deposition or mor-

phological evaluation of the treated vessel.

Although the main aim of the study was to compare the

efficacy of two DCB with different loading dose, com-

parison at different time points within the group might be

biased by the fact that we used arterial sample and venous

sample, respectively, for perioperative and follow-up time.

Translational Consideration

Our results support the idea that the 1.0 lg/mm2 DCB is as

effective in drug delivery and vessel wall retention as the

Fig. 4 PTX Transfer, elimination, and balloon retention graph in a

3.0 lg/mm2 DCB
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clinically available 3.0 lg/mm2 DCB. This may lead to the

existence of a ‘‘saturable vessel wall mechanism,’’ that

could demonstrate the same clinical benefit using the lower

concentration of drug. Although higher doses of PTX in

commercially DCB are safe and distant from toxic dose

major side effects, we think that the use of lower dose DCB

may have a role in patients with hepatorenal impairment,

hemodialysis fistula stenosis (recirculation of PTX

metabolites), and patients with multiple drugs in order to

reduce drug interactions.

Conclusions

This study demonstrates no difference in arterial wall

uptake of a low dose DCB (1.0 lg/mm2), when compared

to a conventional dose DCB (3.0 lg/mm2). The PTX blood

levels after PTA with different loaded DCB were unde-

tectable after 24 h. No adverse clinical or pathological

effects were found, secondary to PTX. Our data suggest

that you could theoretically obtain similar clinical out-

comes using lower dose DCB, and that the 1.0 lg/mm2

DCB might be favorable in certain clinical settings.

Clinical studies are necessary to confirm these findings.
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