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The arterial wall reaction to phosphorylcholine-coated metal stents was examined in rabbits and pigs. Compared to non-coated
stents, no significant difference was found by angiography and histology. We conclude that although phosphorylcholine-
coating does not provoke arterial neointima formation or decrease luminal diameter compared to stainless steel stents, the
coating does not seem to reduce restenosis.
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The development of serious intimal hyperplasia is a
current limitation to the clinical success of coronary
metal stents. Restenosis after stenting has been
reported in about 20%–30% of patients (1, 2), with an
even higher frequency in smaller arteries. Improved
stent implantation techniques and the use of newer
antiplatelet drugs such as ticlopidine have reduced the
occurrence of stent thrombosis and femoral artery
bleeding complications (3–8). However, stent throm-
bosis is still a problem with the use of metal stents and
implantation in smaller arteries is not recommended. A
number of stent coatings and biodegradable stents have
been developed to overcome these problems (9–15),
some of which have provoked serious intimal hyper-
plasia in animal models (10, 11, 13). Ideally, a stent
coating should be non-thrombogenic and should reduce
restenosis itself or be capable of binding drugs that can
act locally on the vessel wall to reduce restenosis.

Phosphorylcholine (PC) is the most abundant phos-
pholipid in the outer layer of the plasma membrane of
erythrocytes and thrombocytes, making their external
surface non-thrombotic. PC derivatives have been
synthesized to coat medical devices which are in
contact with blood and have been reported to be non-
thrombogenic (16, 17). In the present study we sought
to investigate whether the arterial wall thickening and
luminal reduction were less with a PC-coating on
coronary stents compared to stainless steel stents alone,

when implanted in rabbit iliac arteries and in porcine
coronary arteries.

METHODS

PC-coating

The coating is composed of methacrylate polymers
which serve as a backbone to which PC is attached.
Phosphorylcholine is a zwitterion and binds water,
which makes the coated surface non-thrombogenic.
The coating binds strongly to metal. Slotted tube
stainless steel Palmaz-Schatz stents1, PS 153 (Johnson
& Johnson) were coated with PC by BCP Dilatec Inc.,
UK.

The investigation conforms with theGuide for the
Care and Use of Laboratory Animalsand the study
protocol was approved by the local ethical committee
for animal care and use. All animals were fed on a
standard chow diet without cholesterol supplementa-
tion.

Rabbit study protocol

Eight male Chinchilla rabbits Chbb:CH (weight
3.9� 0.5 kg) underwent transcatheter balloon angio-
plasty stent placement of both iliac arteries. Sedation
was induced by 0.5 ml fentanyl (0.315 mg/ml)/fluani-
sone (10 mg/ml) (Hypnorm1) intramuscularly. Gen-
eral anesthesia was achieved by giving 4 mg/kg
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diazepam intraperitoneally and maintained by supple-
mental doses of 0.5 ml diazepam and fentanyl/fluani-
sone in a 1:1 combination. After infiltrating the skin
with 0.5% xylocaine for local anesthesia, the right
carotid artery was exposed and a 5F sheath was inserted
and anchored with ligatures. A bolus of 100 IU/kg
heparin was administered intra-arterially. A PC-coated
and a non-coated stent were randomized to implanta-
tion in the right or left iliac artery at anatomically
comparable sites. The stents were mounted on a
2.5 mm semi-compliant angioplasty balloon catheter
and deployed at 8 atmospheres for 30 s; the ilio-sacral
joint served as an anatomic landmark over which the
radiopaque balloon marker was placed. Angiography
was performed in the frontal view to assess patency of
both arteries, using a 4F catheter and injecting 3 ml of
ioxaglate (Hexabrix1) as contrast medium. A 2.5 mm
balloon angioplasty catheter dilated to 6 atmospheres
(rated diameter 2.5 mm) was placed on the caudal part
of the abdomen, in plane with the iliac arteries for
calibration for subsequent quantitative analysis. The
procedure was completed by ligating the carotid artery
and by closing the subcutis and the skin with separate
ligatures; subsequently the animals were allowed to
recover. Buprenorfin 0.3 mg (Temgesic1) and peni-
cillin were given once daily for the first 2 to 3 days. No
antithrombotic medication was given during follow-up.

Repeat angiography was performed after 4 weeks,
following the same procedure as for the initial
operation, but inserting a sheath into the left carotid
artery. After angiography, a laparotomy was performed
and the abdominal aorta was cannulated with an 18G
infusion-needle. The animals were killed by adminis-
tering an overdose of pentobarbital intra-arterially via
the sheath in the left carotid artery. The iliac arteries
were perfusion fixed antegrade with buffered 2%
glutaraldehyde at a pressure of 100 mmHg for 15 min
with a cannula in the inferior caval vein as efflux. The
stented parts of the arteries were excised and immersed
in 2% glutaraldehyde overnight.

Swine study protocol

Ten swine (Sus scrofa,8 full-grown Göttingen mini-
pigs, weight 20–22 kg and 2 juvenile Norhybrid
domestic swine, weight 32–36 kg) were implanted
with a PC-coated and a non-coated stent, randomized
to the left anterior descending artery (LAD) or the left
circumflex artery (LCx). A single dose of 330 mg
acetylsalicylic acid was administered orally the night
before the procedure. Anesthesia was induced by
giving ketamine 10 mg/kg (Ketalar1), medetomadine
0.1 mg/kg (Dormitor1) and atropine 0.03 mg/kg in-
tramuscularly. On adequate sedation, the pig was
transported to the operation theater and isoflurane
was given in a mixture of O2/NO2 (1:1) by nose cone

until the animal was sufficiently relaxed to allow
endotracheal intubation. Anesthesia was maintained by
1–1.5% isoflurane in O2/air. Electrodes were placed on
the chest for continuous electrocardiographic monitor-
ing. After infiltrating the skin with 0.5% xylocaine, the
right femoral artery was exposed and an 8F sheath was
inserted and secured with ligatures. A bolus of 100 IU/
kg of heparin was administered intra-arterially. A
multipurpose hockeystick catheter served as guiding
catheter. Angiography was performed from three
standard views: anterior-posterior, right and left ob-
lique view (30°) using ioxaglate (Hexabrix1) as
contrast medium. First, the coated stent was deployed
after advancing a 0.014-inch floppy guide wire into the
proximal part of either the LAD or the LCx according
to randomization. The stent was mounted on a 3.0 mm
diameter compliant angioplasty balloon catheter and
dilated at a final pressure of 12 atmospheres over 20 s.
Thereafter, the control non-coated stent was implanted
proximally in the other artery using the identical type
of balloon catheter at the same pressure and inflation
time. Another angiography was performed from
identical views to assess vessel patency. The femoral
artery was ligated and the subcutis and skin closed with
separate ligatures. About 30 min before conclusion of
the procedure, intramuscular diazepam 1 mg/kg and
buprenorfin 0.05 mg/kg (Temgesic1) was given and
the animals were thereafter permitted to recover.
Buprenorfin (Temgesic1) was given every 12th hour
for the first 2 to 3 days. A penicillin/streptomycin
combination was given for 3 to 4 days to prevent post-
procedure infections. No antithrombotic medication
was given during follow-up.

After 4 weeks the animals were anesthesized using
the same protocol as for the first procedure. A 6F sheath
was inserted in the left femoral artery. Control
angiography was performed from identical views as
for the first procedure, using a hockeystick catheter and
ioxaglate (Hexabrix1) as contrast medium. The pigs
were then killed by administering an overdose of intra-
arterial potassium chloride, the hearts were excised and
the coronary vasculature perfusion fixed at 100 mmHg
for 15 min with buffered 2% glutaraldehyde.

Quantitative angiography

In the rabbit studies the angiography frame with
maximal opacification was stored for subsequent
quantitative analysis, which was performed with a
digital electronic caliper (Sandhill, model EC-1) (18),
using a 2.5 mm balloon angioplasty catheter inflated at
6 atmospheres for calibration. Repeat angiography in
the rabbit study was also performed with a Siemens
angiography system with a fully computerized digital
quantitative angiography system (AWOS). Lumen area
of the stents was analyzed by videodensitometry. For
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the pig study, single matched “best views” from the
angiography images were selected for digital quantita-
tive analysis. Stenosis diameter (minimal luminal
diameter in the stent) and reference vessel diameter
were measured, and percent stenosis was calculated.
The guiding catheter served for calibration.

Histology

Stented artery segments were stored in 0.1 M cacody-
late buffer until further processing. They were dehy-
drated in graded ethanol series to 100% and infiltrated
and embedded in methyl methacrylate or a mixture of
hydroxyethyl methacrylate, hydroxypropyl methacry-
late, and butylmethacrylate. After polymerization the
blocks were cut into 0.3 mm cross-sections from
several sites per stent using a diamond-tipped rotary
saw (Buehler) and glued to acrylic slides. The sections
were then ground to 30–50mm and stained with
paragon/toluidine blue. Computer-assisted planimetry
was used to measure luminal area, vessel-wall area

(area within external elastic lamina), intimal area and
maximal intimal thickness.

Statistical analysis

All data are presented as mean� standard deviation
(SD). Student’st test was used to compare minimal
luminal diameter and stenosis between the two stent
groups and within each stent group at subsequent time
intervals. Data not normally distributed (histological
data) were analyzed by Mann-WhitneyU test. Mean
values were considered significantly different when a
two-tailedp-value was < 0.05.

RESULTS

Rabbit study

All the stents were deployed without complications.
During follow-up, none af the animals revealed signs of
inferior limb arterial insufficiency. Repeat angiography
showed that no thrombotic stent occlusion had
occurred (Fig. 1). Both PC-coated and non-coated
stents were equally dilated during implantation (stent
diameter 2.42� 0.18 mm vs 2.37� 0.08 mm, an in-
crease of 33.9% vs 31.3%,p = NS). At repeat angio-
graphy, there was no difference in stent diameter for
both groups, 2.25� 0.20 mm vs 2.20� 0.18 mm,
p = NS. Lumen area measured by videodensitometry
was also the same in both groups (Table I).

Histomorphometric analysis showed there was some
neointima formation, but intimal area was not sig-
nificantly different between either group. There was a
tendency for the arteries in the PC-coated stents to have
a larger lumen (luminal area 4.27� 0.76 mm2 vs
3.97� 0.61 mm2, p = 0.067), while the vessel area
was not statistically significant different (Table II, Fig.
2 a–d).

Pig study

In 9 pigs one stent from each group was deployed; in
one minipig only the PC-coated stent was implanted (in
the LCx), the non-coated stent could not be negotiated
into the LAD. One pig died suddenly after 2 days, but
the chest was opened within 15 min and the stented
artery segments excised. Macroscopically, there was a
thrombus in the non-coated stent implanted in the LCx.

Fig. 1. Follow-up angiography after 4 weeks of phosphorylcholine-
coated (a) and non-coated (b) stent in rabbit iliac artery. A stent is
indicated by the arrow.

Table I.Angiographic measurements for stented iliac arteries in rabbit

Coated stents Non-coated stents

Luminal in-stent diameter after stent implantation (mm) 2.42� 0.18 2.37� 0.08
% Increase of luminal diameter after stent implantation 33.9� 16.8 31.3� 16.2
Luminal in-stent diameter at follow-up (mm) 2.25� 0.20 2.20� 0.18
Luminal in-stent area (mm2) at follow-up (videodensitometry) 4.12� 0.71 4.23� 0.64

� Standard deviation,p = NS
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No statistically significant difference in the injury
score between the groups was found in either the rabbit
study or the pig study The degree of cellularity of the
intima was qualitively similar between the groups.
Moderate inflammation was seen with both the PC-
coated and the non-coated stents, mostly granulocytes
in the adventitia, with the occasional foreign body giant
cell in the neointima adjacent to the stent strut.
However, there was no striking difference between
the groups.

DISCUSSION

Stents and coatings may be regarded as foreign bodies
in the blood vessels. Compared with stainless steel

stents, the PC-coating did not provoke any additional
intima reactions as confirmed by angiography and
quantitative histology. This was observed both in the
elastic iliac arteries and in the more muscular coronary
arteries. It has been suggested that the intimal smooth
muscle cell proliferation is more prolonged after stent
implantation than after balloon injury alone (19).
During the 4 weeks’ follow-up we did not detect any
differences between coated and non-coated stents. The
follow-up time should be sufficient also to detect
delayed reactions. Furthermore, the peak rate of intimal
thickening did not seem to be delayed but occurred
within approximately the same time after different
stimuli (19).

Our aim was primarily to assess the vessel-wall

Fig. 3. Follow-up
angiography of the left
coronary porcine artery.
Phosphorylcholine-coated
stent (a) in circumflex artery
and non-coated stent (b) in
left anterior descending
artery. A stent is indicated by
the arrow.

Fig. 4. Angiographical luminal diameter at baseline and stent
diameter immediately after placement and at 4 weeks’ follow-up of
phosphorylcholine (PC)-coated and non-coated stent in coronary
arteries of swine.P < 0.05 for stent diameter after stent placement
to 4 weeks’ follow-up (late loss) for both the PC-coated and non-
coated stents. No significance between groups.

Table III. Histomorphometric analysis of stented pig coronary
arteries

Coated stents
Non-coated
stents

Intimal area (mm2) 1.51� 0.97 1.34� 0.55
Maximal intimal thickness (mm) 0.44� 0.27 0.47� 0.38
Luminal area (mm2) 2.67� 1.03 2.42� 1.27
Vessel area (mm2) 5.85� 1.20 5.09� 0.95

� Standard deviation,p = NS.

Table IV. Histomorphometric analysis of stented pig coronary
arteries by stent location

LAD LCx

Intimal area (mm2) 1.19� 0.27 1.67� 1.00
Maximal intimal thickness (mm) 0.33� 0.11 0.57� 0.39
Luminal area (mm2) 3.00� 0.79 2.17� 1.26

� Standard deviation,p = NS.
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The PC head group is the predominating phospholipid
in the outer part of the natural cell membrane, while
negatively charged phospholipids such as phosphati-
dylserine are on the inner side of the membrane. By this
asymmetry the cell becomes non-thrombogenic.
Furthermore, PC-coating on foreign material reduces
the level of interaction of proteins when present as a
close-packed array on an interface rendering the
surface hydrophilic (22). The natural phospholipids in
cell membranes give rise to the platelet aggregation
inhibitor and accelerator prostacyclin and thromboxane
A2 respectively via arachidonic acid and endoperox-
ides (23). Owing to the strong metal binding of the
phosphorylcholine-coated stent, this is unlikely to
undergo the same process and thereby interfere with
the balance between prostacyclin and thromboxane A2.

Platelet aggregation may be involved in the devel-
opment of arterial stenosis after angioplasty balloon
injury (24). By reducing clot formation, the PC-coating
could reduce restenosis. However, many previous
attempts to interfere with restenosis by inhibiting
platelet aggregation have not been successful (24).
Furthermore, PC has no known inhibitory effect on
smooth muscle recruitment and migration, which is an
important mechanism for restenosis development.

In conclusion, both PC-coated and non-coated
stainless steel stents cause an increased but similar
intimal hyperplasia. Angiographic loss of luminal
diameter during follow-up was significant in both stent
groups and was not reduced by PC. The in-stent
luminal diameter at follow-up was the same for PC-
coated and non-coated stents. PC-coating alone (with-
out acting as drug carrier) does not seem to have the
potential to reduce restenosis compared to stainless
steel stents.
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