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Abstract. A relatively high per cent of restenoses, being a long-term complication of percutaneous transluminal
coronary angioplasty (PTCA), can be significantly reduced by short-range ionizing radiation applied locally,
immediately after PTCA. In search for dosimetrically favourable and easy to handle radiation sources for this
purpose, we tried a pure p" emitter 32P (t1/2=l4.3 days). Ways of preparation of 32P sources were the following:
(1) Neutron activation of 31P layers implanted into metallic surfaces by ionic methods; (2) Conversion coating of
metallic surfaces in aqueous solutions containing 32PO43" ions; (3) Direct application of Na2H32PO4 solutions in
the angioplasty balloon. It was shown that: (1) 32P sources obtained by 3IP ion implantation followed by neutron
activation can be useful, but only if activation of the support material by thermal neutrons is negligible;
(2) Phosphate layers on stainless steel surface exhibit rather poor adhesion. Similar layers on titanium require
further studies; (3) Liquid 32P sources ensure very good radial dose distribution but only utmost care in filling the
balloon can give a reliable activity-dose dependence. Dosimetry of liquid sources, performed in a PMMA
phantom by thermoluminescence method showed that 32P sources of radioactive concentration of 200 MBq/cm3

can deposit therapeutic dose during about 12 min of exposition. TL detectors manufactured for this purpose in
our laboratory show very good spatial resolution and can be recommended for similar studies.

1. INTRODUCTION

1.1. General

Percutaneous transluminal coronary angioplasty (PTCA) is a powerful means for treatment of
coronary disease. Short-term efficiency of this method reaches 95% but its long-term complication is
a relatively high per cent of restenoses (30-50% of cases during 6 months), which may lead to
repetitive treatment. Metallic stents can reduce the number of restenoses by ca 50% simply by acting
against the elastic component of the wall narrowing, but they cannot prevent metabolic
transformations or proliferation of the arterial wall cells, which is the main factor responsible for
restenosis. The search for ways of preventing this effect revealed that radiation doses of 10-30 Gy
play a positive role in remodelling of the arterial wall [l]-[7] which in mid-nineties initiated the
practice of post-PTCA intravascular brachytherapy (IVBT). Nuclear properties of the nuclides
suggested for IVBT [8] are compared in Table I. Among these three, 32P has advantages such as
convenient half-life, decay by pure (3" emission and favourable range of the emitted particles. It is
important to note that, contrary to the oncological brachytherapy, nuclides emitting y radiation should
be avoided in IVBT because of the very short distances in the tissue at which the radiation energy
should be deposited.

Physical form of the source determines the treatment fractionation and technique (high- or low
dose rate). Angioplasty balloons and thrust wires, which are in brief contact with the tissue, are most
suitable as supports for radionuclides in the high dose rate techniques whereas stents, remaining in the
organism for ever, are natural carriers for radioactivity in the low dose rate techniques. To choose a
method for preparation of IVBT sources, one has to take into account physical and chemical
properties of stent or thrust wire materials which can be: pure titanium, Ti-Ni alloy or stainless steel.
For animal studies we are going to use stainless steel stents which are shaped on-site by one of us [9].

The objective of this work was to compare several methods of preparation of 32P sources and
their dosimetry as a first step towards choosing sources for high-dose-rate or low-dose-rate treatment.
In preliminary experiments on solid source preparation we used either stainless steel or pure titanium
supports, in the form of plates, foils, or wires, depending on the parameters to be measured
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afterwards. We tried both ion implantation and chemical conversion, to compare the quality of P-
containing coatings and possibilities of preparing sources under conditions when the ion implanter is
not available. Apart from solid 32P sources, we worked with water solution of 32P phosphate which
can be introduced directly into the angioplasty balloon. This liquid source, tempting from the
viewpoint of dose uniformity, availability of registered 32P radiopharmaceuticals and possibility of
using standard angioplasty balloons for IVBT, was also evaluated.

TABLE I. NUCLEAR PROPERTIES OF SELECTED NUCLIDES SUGGESTED FOR IVBT

Nuclide

32p

90y
192jr

tl/2
(days)

14,3 d
2,7 d

74,0 d

Gamma energy
and intensity

(keV (%))
-
-

67 (4)
296 (28)
308 (29)
317 (83)
468 (48)
588 (4)
604 (8)

Maximum
beta energy

(MeV)

1,7
2,3
0,7

Average beta
energy
(MeV)
0,695
0,934
0,171

Average beta range
in water

(mm)
7,5
10

1.2. Implantation of phosphorus onto metallic surfaces

Beams of ions are very suitable for doping thin surface layers of solid materials by stable or
radioactive isotopes, or for creation of hard complex coating layers with very good adhesion and
friction resistance [10]. A rather easy way of source preparation is implantation of stable 31P into bulk
material, especially into titanium. If titanium is really of high chemical purity, the implanted 31P can
be later activated with thermal neutrons to 32P, without much risk of activating the supporting
material. In case of stainless steel or nickel-titanium alloys, ion beam modification of the surfaces
requires direct implantation of radioactive 32P. Otherwise, contrary to titanium of highest purity,
thermal neutron bombardment would activate unwanted long-lived gSmma-emitting nuclides in these
materials. The disadvantage of implantation of radioactive 32P into^stent or thrust wire material is the
necessity of using radioactive 32P as the ion source. In the geometry of our ion implanter this can
severly contaminate the machine and rule it out from other uses for long periods.

1.3. Conversion coatings

Aiming at an easy method of preparation of 32P source, possibly alternative to implantation of
radioactive 32P, we looked for simple ways of chemical modification of metallic surfaces, bearing in
mind that biocompatibility of orthopedic or dental titanium implants is due to formation of passive
oxide film on metal surface [9]. Recent investigations brought evidence that this film does not remain
intact under physiologic conditions but in prolonged periods incorporates spontaneously mineral ions,
especially Ca2+ and PO4

3\ from biological fluids [12]-[15].

Another question was about the behaviour of stainless steel under physiologic or laboratory
conditions in solutions containing various concentrations of PO4

 3" ions. Formation of phosphate
conversion coatings on mild steels is a widely used method of corrosion protection, and our question
was whether and how phosphates would precipitate on surfaces of chromium-rich stainless steels from
which most stents are made. To look at possibilities of chemical modification of such passive
surfaces, we performed another set of experiments.
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1.4. Dosimetric considerations

The main problem in dosimetry of 32P radiation are high dose-rate gradients occurring at
distances of a few millimetres of tissue. Therefore, it is necessary to use in measurements detectors
exhibiting very good spatial resolution. One of possible solutions are thermoluminescent (TL)
detectors, and as our laboratory has a long experience in preparation and application of TL detectors,
we decided to use this technique for dosimetric measurements. To obtain sufficiently good spatial
resolution it was necessary to develop a completely new type of miniature TL detectors particularly
for this purpose.

2. MATERIALS AND METHODS

2.1. Ion implantation

Our dual beam 75 kV ion implanter, used either for implantation or for the IBAD* technique,
was described in detail in Ref. [16]. Its main features are listed in Table 3 in the Appendix.

Stainless steel stents and pure titanium wires were mounted on an Al sheet (purity 99.99%).
The same sheet served as support for a Ti pellet ( 0 5 mm d = 1 mm, Goodfellow, purity 99.999%).
The samples were implanted by 25 keV/10 uA 31P ions, focused to form a 8 mm x 70 mm trace on the
sheet. To improve implantation uniformity, the whole target was oscillating in the plane perpendicular
to the beam. The overall 31P dose, measured by the Faraday cup, was 1017 of 3IP ions/cm2. The range
of 25 keV 31P in Ti, calculated using the SRIM program, was 25 nm. In the described experiments,
only one side of each sample was implanted. The samples were sent for activation with thermal
neutrons to the reactor in POLATOM, Swierk, Poland.

The efficiency of the implantation process was checked by PIXE and RBS methods. To do this
it was sufficient to measure 31P content in the Al support and in the Ti pellet. The depth distribution of
31P was determined from energetic spectrum of back-scattered 2040 keV He+ ions bombarding the
doped surfaces, perpendicularly or at 45° angle. The scattered He+ ions were detected at 168° angle
and 10 cm distance, using a 0 8 mm particle detector of 12 keV resolution. Simultaneously, He+ -
induced X-ray spectra were registered at detection angle of 90° respective to the He+ beam.

2.2. Chemical conversion coatings

Preliminary experiments were performed using 3IP phosphates. Metallic support samples were
either of the following: (a) 3 mm x 5 mm x 10 mm plates of austenitic chromium-nickel steel
(AISI 316L), (b) stainless steel wire (AISI 316, 0 = 0.15 mm), (c) 3 mm x 25 mm pieces of 0.3 thick
mm titanium foil (Johnson-Matthey, 99.7+% purity), (d) titanium wire (Goodfellow, 99.6+% purity,
0 = 0.4 mm).

All metallic samples were ultrasonically degreased with CCLj, acetone, and ethanol, for 15 min
each, and rinsed with deionized water in between. Additionally, before degreasing, the stainless steel
plates were mechanically polished with 500, 1200, and 1500 grit silicon carbide paper. The merely
degreased samples served as control. Some stainless steel samples were additionally pickled in 20%
HC1 at 20°C for 3 min [17], and part of the Ti ones in 40% HNO3 at 20°C for 30 min (cf. Ref. 14).

All phosphating baths were kept at 85°C. These for stainless steel were: (a) 0.15 M (15 g/dm3)
H3PO4, (b) 1.5 x 10-5 M (1.5 mg/dm3) H3PO4, (c) 0.15 M (18 g/dm3) NaH2PO4, (d) 1.5 x 10-5 M
(1.8mg/dm3) NaH2PO4, with or without the addition of 0.01 M H2O2, (e) 3.7 MBq/cm3 (40-
400GBq/mg P) Na2H

32PO4 (POLATOM, (Ewierk, PL). The baths for Ti were: (f) 0.001 M

* IBAD = Ion-Beam Assisted Deposition, PIXE = Particle-Induced X-ray Emission, RBS = Rutherford Back-
Scattering.
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(0.12 g/dm3) Na2HPO4, (g) same as (f) with addition of H2O2 up to 0.1 M concentration. Stainless
steel samples were just immersed in phosphating baths, whereas Ti samples were polarized to anodic
potential of 0.5 V relative to standard calomel electrode (SCE). Phosphate deposition on Ti was
observed by measuring the current between the immersed metal and the auxiliary Pt electrode.

32,2.3. Liquid P sources

T32TLiquid 32P sources were prepared from commercial Na2H
J>zPO4 (POLATOM, CEwierk, Poland).

Radioactive concentration of stock solution was 355 MBq/cm3 at the calibration date. Aliquots of this
solution were diluted with water/75%Uropolinum** mixture (1:1 v/v) to desired radioactive
concentrations, and introduced into angioplasty balloons (Schneider AG, Europe). To fill a 25 mm
long, 0 3 mm balloon along with its 1350 mm long cathether we needed ca 0.5 cm3 of radioactive
solution, of which only about 0.15 cm3 (less than 30%) was in the balloon itself. The radioactive
concentrations of 32P solutions used in dosimetric measurements ranged between 1.37 MBq/cm3 and
3.6 MBq/cm3.

2.4. Dosimetric measurements

The manufactured TL detectors have shape of circular pellets with diameter of 2 mm and
effective thickness of ca. 0.05 mm (overall thickness was 0.5 mm). They were constructed with use of
the two-layer technique [18], which enables making the radiation-sensitive part of the detector
extremely thin. The thermoluminescent material used for preparation of detectors was lithium fluoride
activated with magnesium, copper and phosphorus (LiF:Mg,Cu,P; trade name MCP-N), which
characterises nearly tissue equivalence and very good sensitivity. Calibration of the detectors was
performed with 137Cs 661 keV gamma rays in terms of absorbed dose in water.

(a) phantom body (b) insert with a TL detector

FIG. 1. Phantom used in dosimetric measurements.

To mimic real conditions of radiation interaction with human tissue, measurements were
performed within a PMMA phantom. A sketch of the phantom is presented in Fig. 1. It has cylindrical
shape with a hole drilled along the central axis in which the balloon was placed. Perpendicularly to
the axis a few channels were drilled. In these channels the inserts containing TL detectors were
placed. Head parts of the inserts (made also of PMMA) were of different thickness, ranging from
0.15 mm to 4.00 mm. In this way it was possible to measure doses at different distances from the
balloon surface. The "zero distance" measurements were performed using TL detectors wrapped in

* Uropolinum®, Polpharma, PL — iodine containing contrast medium, necessary to control the degree of ballon
filling during PTCA. 75%Uropolinum contains 380 mg I/cm3.
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lmg/cm2 thick foil (food wrapping foil, Ulith, Germany), placed directly on the balloon surface.
Balloon background radiation was measured under the same conditions for the air-inflated balloon.
Laboratory background was measured far from all sources, using the same set of TL detectors.

3. RESULTS AND DISCUSSION

3.7. Ion-implanted sources

Overall dose of implanted phosphorus, its depth distribution and concentration of trace
elements was determined from PIXE and RBS spectra, whose examples are shown in Fig. 2 and
Fig. 3. It can be seen (Fig. 2) that trace elements content was below the detection limit. The RBS
spectrum confirms the dose 10 of P atoms/cm implanted into the target and allows to determine
depth distribution of 31P in Al. Since implantation conditions were the same for Al and Ti targets, the
31P dose determined initially for Al can be used for interpretation of both RBS and PIXE spectra for
Ti, especially for depth distribution of 31P in Ti. The latter parameter will be the crucial one in
optimizing 31P implantation conditions and in calculating corrections for shielding of 32P P" emission
in metal surface layers. A program for such calculations is developed in our laboratory.
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FIG. 2. PIXE spectrum of a Ti plate implanted by 3!P ions.

3.2. Conversion coatings

It seems evident that immersion method of P source preparation cannot be applied to stainless
steel because of very poor adhesion of phosphate coatings: simple wipe tests on treated stainless steel
wires showed significant loss of 32P radioactivity. At the same time it is a confirmation of chemical
resistance of the material used.

Time necessary for reaching equilibrium, checked by observing potential changes after metal
immersion, was about 60 min for stainless steel and about 20 min for Ti samples. Anodic potential
applied to metallic samples significantly increases the phosphating rate. Typical current plots for Ti
are represented in Fig. 4. Shift between two series of curves seems to evidence the increase of active
surface of metal after acid etching. As titanium phosphates are rather active inorganic ion exchangers,
it is very desirable to further study such coatings in the context of possible applications not only in
IVBT but also in implant surgery. Influence of H2O2 and of other chemical species on Ti behaviour in
phosphating baths is still under study in our laboratory.
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FIG. 3. RBS spectrum for Al support implanted by P ions.
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FIG. 4. Phosphating rate ofTi wire.

3.3. Dosimetry of32P liquid sources

The measured radial dose-rate distribution around a 0 3mm balloon is presented in Fig. 5. Each
data point represents an average of a larger number of measurements (different for each distance,
ranging between 4 and 25). The solid line represents an empirical fit with exponential function:/^ =
4.55 x exp (-1.7 x r), where r is a distance from the balloon surface. The pre-exponential factor
represents a coefficient of proportionality between radioactive concentration inside the balloon and a
dose-rate on its surface. Using this formula it is possible to calculate dose rates averaged over
different depths inside the phantom, what is presented in the Table 2. The dose-rate drops rapidly with
distance, which is very favourable from the viewpoint of radiation protection of healthy tissue.
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TABLE II. CALCULATED DOSE-RATES, AVERAGED FOR VARIOUS "SHELLS"
SURROUNDING A BALLOON FILLED WITH 32P/UROPOLINUM SOLUTION.

Shell thickness
(mm)

Average dose-rate
(mGy/min)/(MBq/cm3)

Dose-rate for effective 200 MBq/cmJ iZP
(Gy/min)

0.25
0.50
1.00
2.00

3.71
3.07
2.19
1.30

0.742
0.614
0.438
0.260

Commercial P solutions from POLATOM can have maximum radioactive concentration of
400 MBq/cm3. Assuming that dilution with Uropolinum reduces this concentration to effective
200 MBq/cm3, it can be seen that this ensures dose rate of ca. 0.75 Gy/min near the balloon surface.
This would mean that deposition of minimum therapeutic dose (10 Gy) within first 0.25 mm "shell"
around the balloon surface would require at least 12 min exposition. Since during PTCA the balloon
cannot block thev artery for longer than 2 min, at least 6 consecutive filling and emptying of the
balloon would be necessary. Our laboratory practice shows that Schneider AG balloons resist very
well such manipulations, probably because pressures necessary to fill the balloon with radioactive
solution are much lower than those necessary for angioplasty. Occasionally, we had some problems
with tightness of stopcocks and valves connecting the catheter with Luer-lock syringe supplying the
radioactive solution.
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FIG. 5. Measured and fitted dose rates at various distances from the balloon surface.

4. CONCLUSIONS

Ionic methods are recommendable for deposition of phosphorus into metal surface layer. Their
advantage is that they produce very hard, friction- and chemically resistant surfaces which can be
considered as sealed sources. Its limitation is the risk of radioactive contamination of our
multipurpose apparatus during implantation of 32P. Neutron activation of 31P-implanted stents or thrust
wires is recommendable only for those from purest Ti. Activation of long-lived gamma emitting
nuclides in medical alloys such as Nitinol (Ni-Ti) or stainless steel may cause dosimetric problems,
especially in stent-based techniques of IVBT.

Attempts to produce 32P conversion coatings on stainless steel were not successful. Phosphate
coatings on Ti seem very interesting but require further studies.
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Use of liquid sources may be a relatively simple method for medium-to-high dose-rate
technique, especially in cases when 32P phosphate pro inj. solutions are readily available. The
measured dose distribution around the balloon filled with 32P/contrast mixture shows very steep drop
with distance, indicating that the range of 32P (3~ particles is just as needed for this type of treatment.

The TL detectors, elaborated for this research, have very good spatial resolution and can be
recommended for other similar studies.
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APPENDIX

TABLE III. PARAMETERS OF THE ION IMPLANTER USED

- The main ion beam line:
Ion species — almost all the elements (with the exception of e.g. heavy platinum metals)
Hot-cathode, arc discharge in a magnetic field ion source:

- discharge volume — 15 cm3

- pressure — ~ 10-2 mm Hg
- arc voltage — up to 30 V
- arc current intensity — up to 50 A
- magnetic field intensity — up to 0.08 T
- temperature — up to 1600°C
- material feeding — gases, liquids, solid state material
- emission area — 1.8 mm2

- ion current intensity — up to ~5 mA
- power supply — anode voltage, cathode filament, electromagnet, arc chamber heater, oven

heater I, oven heater II
- total power — up to 4 kW
- cooling — water
- service life — up to ~ 40 h

Accelerating voltage — from 15 kV to 45 kV
Beam focusing — electrostatic lens
Mass separation of ions (Q/M):

- electromagnetic analyser — 60° sector of homogeneous magnetic field
- magnetic field intensity — up to 1.25 T
- height of deflection chamber — 60 mm
- mean radius of ion trajectories — 50 cm
- energy of mass separated ions — from 15 keV to 45 keV for singly charged ions (for multiple

ionized atoms multiplied by the charge state number)
- mass resolution M/AM 350
- focal plane linear dispersion — 5 mm/mass %

Vacuum in the ion beam line 10-5 mm Hg
- The additional ion beam line:
Ion species — noble or reactive gases
Hollow — cold — cathode ion source:

- discharge volume — 0.5 cm3

- pressure — > 10-2 mm Hg
- arc voltage — up to 1 kV
- arc current intensity — up to 500 mA
- temperature — up to 1700 °C
- material feeding — gases
- gas flow rate — from 20 cm3/h to 40 cm3/h
- ion current intensity — up to ~ 1 mA
- power supply — anode voltage
- total power 250 W
- cooling — water
- service life — up to 40 h
Accelerating voltage — from 5 kV to 45 kV

Beam focusing — electrostatic lens
Size of the ion beam — 0 15 mm
Vacuum in the ion beam line 10-5 mm Hg
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