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b-Particle–Emitting Radioactive Stent Implantation
A Safety and Feasibility Study

A.J. Wardeh, MD; I.P. Kay, MBChB; M. Sabate´, MD; V.L.M.A. Coen, MD;
A.L. Gijzel, MD; J.M.R. Ligthart, BSc; A. den Boer, BSc; P.C. Levendag, MD, PhD;

W.J. van der Giessen, MD, PhD; P.W. Serruys, MD, PhD

Background—This study represents the Heart Center Rotterdam’s contribution to the Isostents for Restenosis Intervention
Study, a nonrandomized multicenter trial evaluating the safety and feasibility of the radioactive Isostent in patients with
single coronary artery disease. Restenosis after stent implantation is primarily caused by neointimal hyperplasia. In
animal studies,b-particle–emitting radioactive stents decrease neointimal hyperplasia by inhibiting smooth muscle
cell proliferation.

Methods and Results—The radioisotope32P, ab-particle emitter with a half-life of 14.3 days, was directly embedded into
the Isostent. The calculated range of radioactivity was 0.75 to 1.5mCi. Quantitative coronary angiography
measurements were performed before and after the procedure and at 6-month follow-up. A total of 31 radioactive stents
were used in 26 patients; 30 (97%) were successfully implanted, and 1 was embolized. Treated lesions were in the left
anterior descending coronary artery (n512), the right coronary artery (n58), or the left circumflex coronary artery
(n56). Five patients received additional, nonradioactive stents. Treated lesion lengths were 1364 mm, with a reference
diameter of 2.9360.47 mm. Minimum lumen diameter increased from 0.8760.28 mm preprocedure to 2.8460.35 mm
postprocedure. No in-hospital adverse cardiac events occurred. All patients received aspirin indefinitely and ticlopidine
for 4 weeks. Twenty-three patients (88%) returned for 6-month angiographic follow-up; 17% of them had in-stent
restenosis, and 13% had repeat revascularization. No restenosis was observed at the stent edges. Minimum lumen
diameter at follow-up averaged 1.8560.69 mm, which resulted in a late loss of 0.9960.59 mm and a late loss index of
0.5360.35. No other major cardiac events occurred during the 6-month follow-up.

Conclusions—The use of radioactive stents with an activity of 0.75 to 1.5mCi is safe and feasible.(Circulation.
1999;100:1684-1689.)
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Percutaneous transluminal coronary angioplasty (PTCA) is an
accepted treatment for coronary artery disease.1 However,

angiographic restenosis is reported in 40% to 60% of patients
after a successful PTCA.1,2 The main mechanisms of restenosis
include late constriction of the arterial wall (vascular shrinkage)
and neointimal hyperplasia,3–6 which are due to the migration
and proliferation of smooth muscle cells and myofibroblasts
after balloon-induced trauma of the arterial wall and the depo-
sition of an extracellular matrix by the smooth muscle cells.6–9

Stent implantation reduces the restenosis rate10,11by preventing
elastic recoil and late constrictive remodeling.12 However, the
occurrence of restenosis after stent implantation remains unre-
solved, especially in small vessels and long lesions, in which it
may occur in.30% of cases.13 Restenosis is primarily caused
by neointimal hyperplasia, which occurs due to trauma of the
arterial wall by the stent struts.5

Irradiation is used to decrease neointimal proliferation
because the actively proliferating cells have an increased
sensitivity to the lethal effects of radiation, which inhibits
benign hyperplastic reactions such as keloid formation and
heterotopic ossification.14,15Several experimental and clinical
trials showed that brachytherapy with a radioactive source
after PTCA or stent implantation can reduce restenosis by
inhibiting neointimal hyperplasia,16–19 and several animal
studies demonstrated a dose-related reduction of in-stent
restenosis with the use of radioactive stents.20–22 Further-
more, a dose-dependent delay in the endothelialization of the
stent occurred, which increased the chance of subacute
thrombosis.20,23

This study evaluated the safety and feasibility of radioac-
tive stent implantation (activity level, 0.75 to 1.5mCi) in
single-lesion, native coronary artery disease.
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Methods
Patient Population
The Isostents for Restenosis Intervention Study (IRIS) is a nonran-
domized, multicenter trial evaluating the safety and feasibility of
radioactive stents. The data presented here represent the experience
of the Heart Center Rotterdam. Patients who had single coronary
lesions with a maximum lesion length of 28 mm (maximum, 2
radioactive stents of 15 mm implanted in tandem position) and
objective evidence of ischemia were eligible. Exclusion criteria
included the following: a recent myocardial infarction (MI; creatine
kinase [CK] isoenzyme containing M and B subunits [MB].3 times
the upper limit of normal within 5 days of the intervention); left
ventricular ejection fraction,40%; allergy or contraindication to
aspirin, ticlopidine, or stainless steel; and lesions located in the left
main artery or at the ostium of the right coronary artery. The Medical
Ethical Committee of the University Hospital Rotterdam approved
the study. All patients provided written, informed consent before the
procedure.

Radioactive Stent, Dosimetry, and Safety Issues
Two types of stents were implanted in this study: the Palmaz-Schatz
(Cordis Corp, Johnson and Johnson Interventional Systems Co) and
BX stent (Isostent Inc). Phosphorus-32 (32P), a pureb-emitter with a
half-life of 14.3 days, was produced by neutron irradiation of red
amorphous31P for 10 days to achieve a concentration of 2031026

32P/31P (100 mCi). The irradiated phosphorus was then placed into a
mass separator, ionized, and accelerated. A dipole magnet separated

the 32P and31P. Subsequently,32P was directly implanted into the
metal stent surface.21 The calculated radioactivity of the stents at
implantation was 0.75 to 1.5mCi, and the dose delivered over 100
days at 1 mm from the stent surface was calculated for each stent. All
personnel were trained in the appropriate handling of radioactive
materials. During implantation, the lucite shield enclosing the stent
and the sheathed introduction system prevented exposure of the
operator to the radiation of the stent. Background measurements of
radioactivity were made by means of a Geiger counter (Model 14c,
Ludlum Measurements Inc). All disposable materials that were in
contact with the stent were immediately disposed of in a plexiglas
container, and radioactivity measurements were made by the radia-
tion technician.

Quantitative Coronary Angiography
Quantitative coronary angiography (QCA) was performed preproce-
dure, postprocedure, and at 6-month follow-up. Coronary angiogra-
phy was performed after intracoronary administration of nitrates.
The off-line analysis of$2 orthogonal projections was performed by
the CAAS II analysis system (Pie Medical BV). Calibration of the
system was based on dimensions of the catheters not filled with
contrast medium. This method of analysis has been extensively
validated and applied in numerous clinical trials.24–26The following
measurements were obtained in each projection: minimum lumen
diameter (MLD), reference diameter, percent diameter stenosis
(%DS), and lesion length. Lesion length was user-defined.26 Proce-
dural success was defined as,20% DS as measured by online QCA.
Short-term gain was defined as MLD postprocedure minus MLD

TABLE 1. Balloon Inflation and Stent Deployment Data

Patient
Type of
Stent

Predilatation Stent Deployment Postdilatation
Lesion

Length, mmDiam, mm Atm Length, mm Diam, mm Atm Diam, mm Atm Length, mm

1 PS‡ 3.0 6 20 3.0 10 3.5 16 30 17

2 PS 3.0 8 20 3.5 8 3.0 16 15 11

3 PS 3.5 14 30 3.5 10 3.5 16 13 10

4 PS 3.5 8 30 3.5 12 ND ND ND 15

5 BX* 2.5 14 20 3.0 12 3.5 16 13 15

6 BX 3.5 6 20 3.5 10 4.0 12 13 12

7 PS 3.0 10 20 3.0 12 3.5 10 13 11

8 BX 4.0 6 15 3.5 12 4.5 16 15 10

9 BX 2.5 6 15 3.5 16 2.5 12 15 14

10 BX 3.5 10 20 3.5 11 4.0 18 13 19

11 BX* 3.0 12 13 3.5 11 4.0 18 13 8

12 BX†* 3.0 10 20 3.0 12 3.0 18 20 17

13 BX* 3.0 10 20 3.0 8 3.5 16 13 17

14 BX 3.0 8 15 3.5 12 ND ND ND 14

15 BX 3.0 12 13 3.0 10 4.0 14 13 7

16 BX 3.0 12 13 3.0 10 4.0 16 13 10

17 BX 3.5 12 20 3.5 8 4.0 16 13 12

18 BX† 3.0 8 20 3.0 10 4.0 18 20 23

19 BX 3.5 7 20 3.5 7 4.0 14 13 10

20 BX† 3.0 14 29 3.0 18 3.5 16 29 15

21 BX 3.5 8 20 3.5 8 ND ND ND 12

22 BX 3.5 8 15 3.5 8 4.0 12 13 10

23 BX† 3.0 10 20 3.5 10 4.0 16 20 16

Mean 3.2 10 19 3.3 11 3.7 15 16 13

SD 0.4 3 5 0.2 3 0.5 2 5 4

Atm indicates maximum atmospheres; Diam, maximum diameter; ND, not done; PS, Palmaz-Schatz.
*1 additional nonradioactive stent implanted; †2 BX stents implanted; ‡2 additional nonradioactive stents implanted.
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preprocedure. Late loss was defined as MLD postprocedure minus
MLD at follow-up. Late loss index was defined as short-term gain
divided by late loss.27 Restenosis was defined as.50% DS at
follow-up located within the stent or#5 mm from the stent edges.
The latter represents an area where tissue is subjected both to
balloon-induced trauma and to a lower dose of radiation,21 which
may stimulate restenosis. This edge-effect phenomenon has recently
been described in patients and called the “candy-wrapper effect.”28

To quantify an edge effect, a QCA segmental analysis was per-
formed. At both postprocedure and follow-up, the treated vessels
were first divided into segments'5 mm in length; then, the mean
diameter of the 5-mm segments distal and proximal to the stent edges
were calculated using the CAAS II analysis system. Careful com-
parison of the proximal and distal edges was performed postproce-
dure and at follow-up.

Procedure and Follow-Up
Patients received 250 mg of aspirin and 10 000 IU of heparin at the
start of the procedure. The activation clotting time was maintained at
.300 s. After balloon predilatation, the radioactive stent was
implanted at a nominal deployment pressure of 8 to 10 atm. If
needed, stent deployment was optimized using shorter postdilatation
balloons of longer diameters to higher pressures (Table 1). Extreme
care was taken to avoid inflating the balloon outside the edges of the
stent. Because of the poor radiopacity of the Palmaz-Schatz and the
BX stents, the best angiographic view was selected, and images were
filmed in a magnified field (5 inch) with digital zoom enhancement
to optimize stent visualization. All patients received ticlopidine 250
mg BID for 4 weeks after stent implantation and aspirin 80 mg daily
indefinitely. CK and CK-MB measurements were made, and the
ECG was recorded at 6 and 12 to 18 hours postprocedure in all
patients.

Patients returned for 1- and 6-month clinical follow-up. An ECG
was performed at each visit. The 30-day and 6-month clinical end
points were death, Q-wave MI (using the Minnesota code criteria29),
non Q-wave MI (CK-MB rise.2 times normal upper limit), bypass
surgery, target segment revascularization, sustained abrupt closure,
or subacute thrombosis of the target vessel.

At the 6-month visit, an exercise stress test was performed. Target
vessel revascularization was performed on the basis of clinical
symptoms and/or evidence of ischemia on exercise testing.

Statistical Analysis
Data are presented as mean6SD. Continuous data were compared by
2-tailed Student’st test or linear regression when appropriate.

Results

Baseline Characteristics
Baseline demographics, anginal status, and lesion character-
istics are shown in Table 2.

Procedural Success
A total of 30 of the 31 stents (97%) were successfully
implanted (26 were BX Isostent and 4 were Palmaz-Schatz)
in 26 patients. One stent (BX) was lost in the peripheral
circulation without clinical sequelae. Eighteen patients were
successfully treated with a single radioactive stent, and 4
required a second radioactive stent to cover lesions.15 mm.
Five patients received additional nonradioactive stents: 2 due
to procedural dissection not covered by the radioactive stent,
2 because a second radioactive stent was not available, and 1
because a second radioactive stent became dislodged when
trying to implant it distal to the first radioactive stent. All
procedures were successful, and no complications occurred.

Follow-Up
The mean hospital stay was 1.8 days. All patients were
angina-free at hospital discharge. At 30-day follow-up, no
clinical end points had occurred: 24 patients (92%) were
asymptomatic, and 2 patients (8%) had recurrent angina
pectoris (AP) of Canadian Cardiovascular Society Classifica-
tion (CCS) 1 (n51) and CCS 2 (n51). All 26 patients
returned for 6-month clinical follow-up. Twenty-one (81%)
were asymptomatic, and 5 patients (19%) had AP CCS 1
(n51), CCS 2 (n52), CCS 3 (n51), or CCS 4 (n51).

Six-month angiographic follow-up was performed in 23
patients (88%). The remaining 3 patients (12%) refused: 2 of
them were asymptomatic, and the third had AP CCS 1. Four
patients had angiographic restenosis (17%). All restenotic
lesions were diffuse (located throughout the entire length of
the stent). One of the 4 restenoses occurred in a patient with
a single radioactive stent, 1 restenosis was in a patient
receiving 2 radioactive stents in combination with a nonra-
dioactive stent, and 2 restenoses were observed in patients
receiving a combination of 1 radioactive and 1 nonradioactive
stent. In the restenotic patients who received an additional
nonradioactive stent, restenosis occurred in both the radioac-
tive and the nonradioactive stent. On QCA, no discernible
differences existed between the patterns of proliferation
between the Palmaz-Schatz and BX stents. No cases of
restenosis at the stent edges were noted. Two of the 4
restenotic patients underwent a re-PTCA. One was referred
for bypass surgery for in-stent restenosis in the proximal left
anterior descending coronary artery and progression of a
previously nonsignificant lesion in the proximal left circum-
flex artery (main stem equivalent). One was treated medi-
cally; this patient was asymptomatic, with a negative stress
test. No other clinical end points existed at 6-month
follow-up.

TABLE 2. Patient Demographics

Sex, male/female 18/8 (69/31%)

Age, y

Average 60

Range 43–74

Risk factors

Diabetes mellitus 1 (4%)

Hypercholesterolaemia 16 (62%)

Hypertension 11 (42%)

Smoking 15 (58%)

Family history 11 (42%)

AP CCS

2 3 (12%)

3 10 (38%)

4 13 (50%)

Lesion type, AHA/ACC

B1 8 (31%)

B2 18 (69%)

Data are n (%) unless otherwise indicated. AHA indicates American Heart
Association, and ACC, American College of Cardiology.
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QCA Measurements
QCA and procedural data are presented in Table 3. MLD
increased from 0.8760.28 mm preprocedure to
2.8460.35 mm postprocedure (P,0.0001). MLD at
follow-up was 1.8560.69 mm (P,0.0001 relative to post-
procedure), resulting in a late loss index of 0.5360.35.
Segmental analysis of the mean diameter of the 5-mm
segments distal and proximal to the stent edges showed
significant changes. The proximal diameter decreased from
3.1960.42 mm postprocedure to 2.7860.62 mm at follow-up
(P50.006). The distal diameter decreased from
2.6960.49 mm postprocedure to 2.4560.50 mm at follow-up
(P50.0167).

Radiation Doses
Stent activity level and the cumulative dose over 100 days
that was delivered to a 1 mmdepth outside the stent are
presented in Table 3. No correlation existed between stent
activity or delivered dose and MLD or late loss index at
follow-up. No additional environmental radiation was mea-
sured during the procedure.

Discussion
This nonrandomized study illustrates thatb-particle–emitting
radioactive stent implantation is safe and feasible, with no
subacute or 30-day clinical events recorded. Subacute throm-
bosis was not seen, despite the concern regarding delay in
endothelialization, as previously reported in animal stud-
ies.20,23 The embolization of the radioactive stent had no
clinical sequelae at this level of activity. When stents with
higher levels of radioactivity are implanted, this may not
remain true. Detecting an embolized radioactive stent is a
problem because (1) theb-radiation of the stent is not
measurable outside the body and (2) the stents have a
relatively low radiopacity. Clearly, there is room to increase
the radiopacity or to add markers to the stents.

Using a multivariate model constructed from the data of
the Benestent trials that was based on similar lesions, vessel
size, and short-term result, a predicted restenosis rate of 12%
and an MLD at follow-up of 2.05 mm was calculated.30,31

Thus, the actual results achieved are somewhat less favorable;
however, in such a small patient cohort, no definite conclu-
sions can be drawn except that the late results are within the

TABLE 3. Dosimetry and QCA Analyses

Patient
Type of
Stent

Activity,
mCi

Dose,
cGy Artery

Lesion
Length,

mm

Preintervention Postintervention Follow-Up
Acute
Gain

Late
Loss LLIMLD DS RD MLD DS RD MLD DS RD

1 PS‡ 1.07 712 RCA 17 0.65 76 2.64 2.48 19 3.04 1.74 30 2.51 1.83 0.74 0.40

2 PS 1.07 712 LAD 11 1.02 52 2.12 2.56 8 2.78 0.54 77 2.39 1.54 2.02 1.31

3 PS 0.97 647 LCX 10 0.46 85 3.05 2.93 15 3.41 2.77 18 3.36 2.47 0.16 0.06

4 PS 0.97 647 RCA 15 0.75 79 3.50 2.91 22 3.73 1.60 47 3.01 2.16 1.31 0.61

5 BX* 1.07 712 LAD 15 0.90 59 2.22 2.80 9 3.07 0.47 87 3.61 1.90 2.33 1.23

6 BX 1.50 1000 RCA 12 1.64 53 3.49 3.06 15 3.59 2.45 23 3.18 1.42 0.61 0.43

7 PS 0.75 500 LAD 11 0.67 75 2.67 2.64 15 3.12 1.58 39 2.58 1.97 1.07 0.54

8 BX 1.24 824 RCX 10 0.99 74 3.65 3.51 19 4.31 2.76 44 4.20 2.52 0.75 0.30

9 BX 1.12 748 RCX 14 0.50 77 2.08 1.92 12 2.19 1.77 26 2.39 1.43 0.16 0.11

10 BX 1.73 1157 LAD 19 0.99 71 3.31 3.18 18 3.87 2.39 16 2.82 2.19 0.79 0.36

11 BX* 0.88 587 LAD 8 0.59 79 2.73 3.42 17 4.11 2.65 20 3.32 2.83 0.77 0.27

12 BX†* 1.24 827 LAD 17 1.00 58 2.37 2.36 16 2.81 0.86 55 1.90 1.37 1.51 1.10

13 BX* 1.36 908 LAD 17 0.69 72 2.45 2.48 14 2.87 1.73 11 1.94 1.80 0.76 0.42

14 BX 1.12 748 LAD 14 0.62 79 2.96 2.75 12 3.12 1.61 44 2.86 2.13 1.15 0.54

15 BX 1.02 678 RCX 7 0.49 83 2.81 3.03 16 3.59 2.20 25 2.91 2.54 0.83 0.33

16 BX 1.06 712 LAD 10 1.10 67 3.36 3.27 10 3.63 1.87 34 2.81 2.17 1.41 0.65

17 BX 1.43 953 RCA 12 0.85 75 3.44 2.92 9 3.19 0.83 70 3.29 2.07 2.09 1.01

18 BX† 1.00 678 RCA 23 0.83 73 3.08 2.99 5 3.07 2.51 28 3.47 2.15 0.48 0.22

19 BX 1.02 677 RCX 10 0.96 71 3.28 2.90 17 3.50 2.87 17 3.46 1.94 0.03 0.02

20 BX† 0.75 500 LAD 15 1.13 60 2.81 2.81 17 2.81 1.97 39 3.23 1.69 0.84 0.50

21 BX 1.43 953 RCX 12 1.23 62 3.31 2.89 21 3.61 2.03 39 3.34 1.66 0.85 0.51

22 BX 1.06 700 RCA 10 1.16 66 3.37 2.91 9 3.18 1.72 45 3.12 1.75 1.20 0.68

23 BX† 0.75 500 RCA 16 0.90 68 2.75 2.66 23 3.45 1.73 42 2.99 1.76 0.93 0.53

Mean 1.10 743 13 0.87 70 2.93 2.84 15 3.31 1.85 38 2.99 1.97 0.99 0.53

SD 0.25 165 4 0.28 9 0.47 0.35 5 0.48 0.69 20 0.54 0.39 0.59 0.35

Dose indicates dose over 100 days at 1 mm from the stent surface; DS, percentage diameter stenoses; LAD, left anterior descending artery; LCX, left circumflex
artery; LLI, late loss index; PS, Palmaz-Schatz stent; RCA, right coronary artery; and RD, reference diameter. QCA measurements are in mm.

*1 additional nonradioactive stent implanted; †2 BX stents implanted; ‡2 additional nonradioactive stents implanted.
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acceptable limits for safety and feasibility of this stent. It
must be noted that 3 of the 4 patients who had in-stent
restenosis had multiple stents implanted, which increases the
risk of restenosis; in the group of 18 patients who had a single
radioactive stent implanted, only 1 had restenosis. Overall,
these 6-month clinical and angiographic results are similar to
the published results of nonradioactive stents.10,11

The Milan group was the first to report restenosis within
the stent and at the edges of the stent (the candy-wrapper
phenomenon); this restenosis was possibly caused by in-
creased balloon injury (barotrauma) and the lower radiation
dose at the stent edges.21,28In the Rotterdam series, particular
attention was paid to avoiding balloon injury outside the stent
to minimize the edge effect. No cases of edge restenosis were
seen in this cohort; however, the proximal and distal mean
diameter at the stent edges, measured postprocedure and at
follow-up, decreased significantly. Because extreme care was
taken to avoid inflating the balloon outside the stent edges,
this edge effect may be caused by the lower radiation dose.

Dosimetry
Previous work by Janicki et al32 on the 1.0-mCi Palmaz-
Schatz stent demonstrated the nonuniformity of dosing in
areas adjacent to stent strut wires and those areas between the
wires. Models showed that for a32P stent of 1.0mCi that was
15 mm in length, at a distance of 0.1 mm, dose values of 2500
cGy were delivered at the strut wires (peaks) and 800 cGy
between the wires (valleys) over 1 half-life (14.3 days). The
nonuniformity of dosing, reflective of stent geometry, de-
creased at distances 1 to 2 mm from the stent surface.
Although these data provide an in-vitro analysis of dosing
from a radioactive stent, the actual dose distribution is
probably affected by variations in atherosclerotic plaque
morphology and the symmetry of the lesion and stent expan-
sion. The 2D dosimetry representation of the Palmaz-Schatz
and BX stent were done using the Janicki model32 (Figures 1
and 2).

Currently, dose-finding studies examining restenosis after
implantation of32P BX stents in patients with lesion morphol-
ogy similar to that described in this study are underway. It is

possible that increased doses will decrease in-stent restenosis,
as has been described in animal studies.21–23 Therefore, a
European Dose Response trial has been started with activities
ranging from 1.5 to 3, 3 to 6, 6 to 12, and 12 to 20mCi.

Conclusion
This study reports that the implantation ofb-particle–emit-
ting radioactive stents with an activity of 0.75 to 1.5mCi is
safe and feasible.
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