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Radiation dose distributions are developed for balloon and wire sources of radioactivity within
coronary arteries. The Monte Carlo codes MCNP 4B and EGS4 were used to calculate dose
distributions for photons and electrons at discrete energies around such sources, with and without
the presence of a high-density atherosclerotic plaque. An interactive computer program was devel-
oped which then calculates dose distributions for many radionuclides by applying the emission
spectra to the discrete energy grids calculated by the Monte Carlo codes, weighting appropriately
for electron energy and abundance. Results for Re-186 and Re-188 balloon sources are shown in
comparison to an Ir-192 wire source. The program provides dose distributions as well as estimates
of activity levels needed to deliver prescribed doses to the vessel wall at selected distances from the
lumen in a selected time interval. In addition, dose calculations are presented in this paper for other
organs in the body, from photon radiation as well as from possible loss of liquid activity into the
bloodstream in the case of a balloon rupture. These results, especially the interactive computer
program permitting easy comparison of various radionuclides and their physical characteristics, will
greatly facilitate the comparison process and aid in the selection of the best candidate(s) for clinical

use. © 2000 American Association of Physicists in Medicine. [S0094-2405(00)02005-8]
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I. INTRODUCTION

The effectiveness of using high-dose-rate intravascular radio-
isotope sources for the inhibition of arterial restenosis has
been demonstrated in a variety of animal models and clinical
trials.! This new technology has been applied primarily to
the coronary arteries for the inhibition of intimal hyperplasia.
It is an abnormal hyperplastic response of the intima which

causes restenosis following balloon angioplasty and/or stent .

placement. The current concept of the mechanism of action
is based on the inhibition of myofibroblast stimulation in the
adventitia by radiation.” In the postangioplasty patient,
neointimal hyperplasia can be considered pathologic, as the
narrowing or restenosis of a coronary artery can be life
threatening.z‘3 Waksman and Wiedermann have demon-
strated that vessel wall irradiation with beta particles pre-
vents the onset of restenosis after stent implantation or an-
gioplasty in a porcine model.*~” Calculation of the radiation
dose delivered to the coronary artery wall, as well as to other
organs and tissues in the body, is important to fully evaluate
the possible risks and benefits of this promising new proce-
dure. Computational methods for these calculations are well
developed and simply need to be implemented appropriately.
Both analytical and Monte Carlo methods are available;
Monte Carlo methods have the advantage of explicit treat-
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ment of the radiation transport of electrons and photons at
interfaces of materials of different density and composition
(e.g., at the interface of an atherosclerotic plaque and soft
tissue). The different approaches to the delivery of this ra-
diation dose include the use of radioactive wires or balloons
filled with radioactive solutions. There are also numerous
candidate radionuclides, including beta emitters and gamma
emitters, low and high energy, which are currently under
investigation. In this paper, radiation dose distributions
around blood vessels of three diameters for balloon and wire
sources are developed, using the Monte Carlo codes MCNP 4B
and EGS4. A computer program, specifically developed to
facilitate comparisons between different candidate radionu-
clides, source activities, and geometries is also described. In
addition, doses to other organs of the patient, from the radio-
active source, or from possible free radionuclide in the body.
are given.

Il. METHODS

To calculate the electron and photon doses to the walls of
the arteries in radiation transport simulations, both the MCNP
4B% and the EGs4’ codes were employed. The vessel was
modeled as a cylinder comprised of soft tissue and filled with
water, with elemental composition and density values of
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TasLE 1. Elemental compositions and densities of the materials modeled (%
. by weight).

Soft
Element Water tissue Plaque Wire
H . 11.2 10.45 5.6 e
Cc . 22.66 36.75 0.1
N e 249 1.75 o
0 88.8 63.52 27.25
Na e 0.112 oee
Mg e 0.013
Si e 0.030 cee
P e 0.134 9.35
S e 0.204 e
Cl e 0.133
K . e 0.208 oo
Ca e 0.024 19.1 e
Cr , “en cee . 19.0
Fe 0.005 71.9
Ni .ee cen 90
h “ee 0.003 oo
Rb e 0.001
Zr e 0.001
I cee “es
Density (g/cc): 1.00 1.04 2.02 7.80

these materials as shown in Table 1.!° To cover the size range

of normal human coronary arteries, diameters of 1.5, 3, and
4.5 mm were selected for the calculations. The length of the
cylinder was set at 30 mm, which was selected to be long
relative to the path length of most beta particles. Thus, for
the purpose of calculating the electron dose delivered to the
wall, the geometry would appear to be that of an infinite
cylinder for electron sources. For photons, we know that
there will be some nonuniformity along the length, especially
at the ends. Radiation doses were calculated at various dis-
tances into the artery wall by scoring the energy deposition
in concentric cylinders of 10 um thickness around the artery.

One source geometry employed was a centrally posi-
tioned wire, with activity uniformly distributed throughout,
whose elemental composition and density are also shown in
Table L.!! The other geometry was a balloon filled with ra-
dioactive solution. In the latter geometry, a central guide
wire of 0.31 mm diameter was assumed, in a guide tube of
0.56 mm diameter, whose material characteristics were as-
sumed to be similar to that of water. In this model the bal-
loon filled the remainder of the vessel; for example, in the
4.5 mm diameter vessel, either to a radius of 2.25 mm (in the
portion of the vessel without plaque) or 1.25 mm (in the
portion with plaque). These dimensions were meant to be
representative of some balloons in common use; specific ge-
ometries of individual balloons or devices may vary and may
affect the dose calculations. The artery was assumed to have
a deposition of plaque halfway around the artery wall.
Plaque depositions are generally not distributed symmetri-
cally throughout the vessel wall, being irregularly deposited
over some or all of the wall. Although it is not possible to
consider all plaque geometries in computer simulations; the
geometry employed here has anticipated use in calculating
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TasLE [I. Geometries employed in the artery models.

Vessel diameter

1.5 mm 3.0 mm 4.5 mm
Wire radius (mm) 0.15 0.15 0.15
Guide tube radius (mm) 0.28 0.28 0.57
Vessel radius to edge 0.50 1.00 1.25
of plaque (mm)
Lumen radins (mm) 0.75 1.50 225

radiation doses (1) near such depositions and (2) in portions
of the vessel wall that have little or no plaque buildup. An-
other complication is that plaques vary in density and aver-
age atomic number. When plaque is first laid down, it is
relatively soft and may not be much different than soft tissue,
for the purposes of radiation transport and attenuation. More
mature plaque, however, incorporates much more calcium
and can have a high density and average atomic number,
including the presence of high-density fibrous tissue and
hydrox'yapatite.'z'13 The elemental composition and density
assumed for the plaque studied here (Table I) was for a more
mature plaque, and was chosen to have a relatively high Z
and high density. The dimensions of the different structures
in the three vessel geometries studied are shown in Table II.
Example plots of the geometries are shown in Figs. | and 2.

Results were obtained from the Monte Carlo codes for
electrons and photons at nine discrete energies. Sufficient
particle histories were run to obtain relative errors of less
than 5% in all cases, except for doses at long distances from
low or moderate energy electron sources, where only brems-
strahlung radiation contributed to the dose, and errors could
be substantial although contributions are minimal. Radiation
doses were scored in concentric shells from 0.1 to 2.7 mm
from the luminal surface of each vessel. The radiation dose
delivered to the wall of the artery and surrounding tissues
depends on the thickness of the artery wall. the presence of
plaque, the source of radiation, and perhaps other consider-
ations. The surrounding medium, whether artery wall or
myocardial tissue, is well represented by the composition
assumed for soft tissue (Table I). Results from the two codes
were generally combined using a simple arithmetic average.

Vessel Diameter 3 mm

Guide tube
with wire

Vessel Wall

Balloon source’

Sector] | SectorII

FiG. 1. Representation of a 3 mm diameter vessel with a balloon source.
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Vessel Diameter 3 mm

Sector IV

Sector I1I

Guide tube

Vessel Wall

Plaque
Wire source

Sector II

Sector 1

FiG. 2. Representation of a 3 mm diameter vessel with a wire source.

Since relative errors were very low, it was not considered
necessary to weight individual values, for example, by the
inverse of the variance of the result. In many cases, near the
ends of the range of the electrons, one or both codes gave
results with large errors and fluctuations; in such cases, val-
ues were manually set to zero or a nominal value represent-
ing the bremsstrahlung contribution.

An interactive computer program was developed which
allows rapid comparison of the radiation dose as a function
of distance into the walls of blood vessels of various diam-
eters for various radionuclides. This interactive computer
program includes radiation decay data from two databases—
that of ICRP Publication 38'* and from the MIRD Decay
Data handbook.'> For any emitter in the database, the code
applies the emission spectra to the discrete energy grids cal-
culated by the Monte Carlo codes, weighting appropriately
for electron energy and abundance, using a piecewise cubic
Hermite interpolation,'® or, for monoenergetic electrons and
photons, performs a log interpolation between discrete val-
ues to obtain intermediate values, which are weighted appro-
priately according to the decay frequency. The user may se-
lect the dose desired to be delivered to the vessel wall, the
time of irradiation, and a distance from the vessel wall al-
lowing comparisons between nuclides, geometries, and
source types. When a calculation is completed, the program

shows the dose distribution and also tells the user (1) how.

much activity of the radionuclide is required to deliver the
chosen dose in the chosen time interval at the chosen depth,
(2) the radiation dose that would occur at the lumen surface,
and (3) the ratio of dose at the chosen depth to that at the
lumen surface. These data may then be saved as a case (up to
five cases may be saved per run), and the user can then return
to the input menu to enter another nuclide, geometry, or
source type. After all cases have been run that are of interest,
the dose—distance results may be displayed for all cases on a
single plot, on another screen or printed.

A comparison was made of results from the computer
program, comparing a wire source employing Ir-192 to bal-
loon sources employing either Re-186 or Re-188. Doses to
other organs in the body from photon radiation from these
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FiG. 3. Input screen to the interactive computer program.

nuclides were also calculated, using the heart wall as a

- source in the MIRDOSE 3.1 computer program’’ and assuming

a 15 min retention time in the heart. In the case of a balloon
rupture, the radioactive material in the balloon will enter the
bloodstream, and may distribute to other organs, delivering
an unwanted radiation dose to these organs. A comparison
was made of the possible radiation dose distributions for four
candidate radionuclides, P-32, Y-90, Re-186, and Re-188.
The pharmaceutical or carrier to which the nuclide is at-
tached will determine its behavior in vivo; here the forms
assumed were P-32 phosphate, Y-90 in ionic form and the
rhenium isotopes as perrhenate. The kinetic model chosen
for P-32 and Y-90 came from ICRP Publication 30,'® the
model for perrhenate was the MIRD Dose Estimate Report
No. 8 model'® for sodium pertechnetate in nonresting sub-
jects, which was simply adapted for use with the rhenium
isotopes, as suggested by the data of Kotzerke er al.?°

lll. RESULTS

The results, averaged from both codes, for monoenergetic
electrons and photons for the three vessel diameters are
shown in Tables M-XIV.?! This compendium details the
dose expressed as gray per disintigration for each of the nine
distinct energies at each 10 um depth from the vessel lumen
surface concentrically outward to a maximum of 2.7 mm.
Each sector (I-IV) is described separately corresponding to
the location of the plaque as noted in Fig. 3. Because these
tables are very large, they have been made available on the
journal’s EPAPS server, and are not reproduced here.?!

Dose results for a Re-188 balloon source (3 mm diameter)
given by the program are shown in Fig. 4 and program out-
put giving a comparison for an Ir-192 wire and for Re-186
and Re-188 balloon sources is illustrated in Fig. 5. The dis-
tance from the lumen surface is given along the abscissa. The
curve for Re-186 starts at the highest point on the ordinate,
with Re-188 starting at the intermediate dose and Ir-192 at
the lowest dose. The activity per unit volume or length of the
source required to deliver the dose is shown in the boxes on
the left of the screen. Discrete doses, in gray, at different
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_FiG. 4. First output screen from the interactive computer program: dose
distributions and statistics regarding activity, dose ratios, etc.

depths in the vessel wall, for the user-selected dwell time and
the value of activity needed to give the user-selected dose,
are shown in the upper right box of the screen. Figure 6
shows the results of the comparison in further detail. A
smaller intima to target dose ratio will allow the delivery of
more radiation to the target tissue with a lower dose to the
intimal surface of the vessel.

Radiation doses to other organs of the body from photon
radiation are given in Table XV. Iridium-192 has the highest
dose to adjacent tissues with the lungs, liver, adrenals,
breasts, stomach, pancreas and thymus receiving from 1.21
X 1073 10 3.76x 107} Gy per GBq. With Re-186 or Re-188
the highest organ doses are about 10- to 100-fold less per
GBq, demonstrating one benefit of using beta irradiation for
this application. Since the computer program predicts about
tenfold less activity is needed for a Re-186 or Re-188 bal-
loon source than for an Ir-192 wire source, this suggests that

w.iVBDOC 1.0 - Dose Companson

50 | Re-165maiOmmasmeter W 020060401 45201 I97E0N
T Ot - 2 4B <03MBa ™ G 4 696401 30801 2S0E1.
| 0403706401 3406401 2196400

02 Re-188mai0mmaamoe (1 0501 300E401 300E+01 300€+01
seel. baloon geomedy, 1.02€+03 MBq [l 50 242E+01 267E+01 282E+01
G1E+03 MBa/m) 0700136401 237601 2636401

FiG. 5. Second output screen from the interactive computer program: com-
parison of doses from saved cases. .
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Dose (Gy)

04 03 05 07 09 11 13 15 1.7 19 21 23 25 27

Distance (mm)

[~—Re-186 balloon = Re-188 balloon - Ir-192 wire |

FIG. 6. Dose comparison for a Re-186 and Re-188 balloon and an Ir-192
wire in a 3 mm diameter vessel. In all cases, the activities were calculated so
that the vessel would receive a dose of 30 Gy in 5 mins at 0.5 mm from the
vessel surface (comparisons performed on the nonplaque side of the vessel).
The calculated activities were Re-186, 2.48 GBq; Re-188. 1.02 GBq: and
Ir-192, 64.1 GBq.

the organ doses realized in practice will then be perhaps 100-
to 1000-fold lower for rhenium balloon sources than for Ir-
192 wire sources.

Organ doses for the four radiopharmaceuticals assuming
release of unit quantities into the bloodstream are shown in
Table XVI. For P-32 and Y-90, the organ receiving the high-
est dose is red marrow with a dose of 8.12 and 3.26 Gy per
GBq, respectively. With Re-186 and Re-188, the organs re-
ceiving the highest dose are the large intestine, thyroid. and
urinary bladder.

IV. DISCUSSION

The results for electrons and photons from the two codes
correlated well. There are some systematic differences at
higher energies, particularly at very short ranges: details re-
garding these differences will be discussed in a separate pa-
per. But these differences were relatively small. given the
considerable uncertainties expected in clinical practice. Dose
distributions for electrons drop more rapidly than for pho-
tons, until the range of the particle was reached. at which
point only a bremsstrahlung contribution is seen. Doses on
the plaque side of the vessel are considerably lower than on
the nonplaque side, particularly for electrons. In some cases.
low- to moderate-energy electrons do not penetrate the
plaque to any significant degree. Electron doses from wire
sources are somewhat lower than for balloon sources, as
some attenuation occurred in the vessel surrounding the wire
before the electrons reach the wall.

As noted in Sec. II, the artery was modeled as a cylinder
of length 30 mm, and the doses in the concentric cylinders of
tissue leading away from the vessel were averaged over this
length. For electrons, this will give a reasonable approxima-
tion to the dose at most points along the source, but there
will be some dose dropoff near the ends. As the artery will,
of course, be longer than 30 mm, and the sources themselves
may be longer and of variable length, the dose dropoff at the
ends is difficult to predict. Thus, the doses calculated here
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TABLE XV. Organ doses due to photon radiation from sources in the heart wall.

Gy/GBgq in the heart wall for 0.25 h Gy/GBq in the heart wall per min
Ir-192 Re-186 Re-188 Ir-192 Re-186 Re-188
Adrenals 1.51E-03  432E-05 1.06E-04 1.01E—04 288E—06 7.07E-06
Brain 296E—05  299E-07 . 2.04E—06 197E-06 199E—08 1.36E—07
Breasts 1.52E-03  4.02E-05 1.07E-04 101E-04 2.68E—06 7.I3E-06
Gallbladder wall 6.67E—04  1.73E-05 4.66E—05 445E—-05 1.15E-06 3.11E—-06
LLI wall 455E-05 6.24E—07 3.13E~06 3.03E—06 4.16E—08  2.09E—07
Small intestine 142E-04 2.55E-06 949E—06 9.47E—-06 1.70E—07 6.33E-07
Stomach 1.33E-03  4.09E-05 9.83E—05 8.87E—05 2.73E—06 6.55E—-06
ULI wall 1.74E-04  346E-06 1.16E-05 1.16E-05 2.31E-07 7.73E-07
Kidneys 435E-04 LI1IE-05 3.13E—05 2.90E—05 7.40E—07 2.09E-06
Liver 121E—03  3.59E-05 8.76E—05 8.07E—05 2.39E—-06 5.84E—06
Lungs 226E-03  7.18E-05 1.64E-04 1.51E-04 4.79E-06 1.09E—05
Muscle 5.02E-04  143E-05 3.59E—05 3.35E-05 9.53E-07 239E-06
Ovaries 6.02E-05  731E-07 391E-06 4.01E-06 4.87E—08 261E-07
Pancreas 1.79E-03  5.53E-05 131E—04 1.19E—-04 3.69E—06 8.73E—06
Red marrow 6.41E—04  1.59E—05 439E-05 4.27E—05 1.06E-06 2.93E-06
Bone surfaces 5.14E—-04  28lE-05 4.58E—05 343E-05 1.87E—06 3.05E-06
Skin 229E-04 5.37E-06 1.60E—05 1.53E—-05 3.58E—07 1.07E-06
Spleen 836E—04 2.52E-05 6.21E-05 5.57E-05 1.68E—06 4.14E—06
Testes 935E-06 7.05E-08 6.94E—07 6.23E—07 4.70E-09 4.63E—08
Thymus 3.76E-03  1.I8E-04 275E—04 251E-04 7.87E-06 1.83E-05
Thyroid 258E-04 S.58E-06  1.80E—05 1.72E—05 3.72E-07 1.20E-06
Urinary bladder wall ~ 1.76E—05  2.60E—07  1.30E-06 1.17E—06 1.73E-08 8.67E—08
Uterus 5.63E-05 6.50E-07 3.66E—06 3.75E—06 4.33E-08 2.44E-07

TABLE XVI. Organ doses from injection of radionuclides into the bloodstream due to balloon rupture (Gy per
GBy injected).? '

P-32 Y-90 Re-186 Re-188
Adrenals 7.60E-01 9.07E—02 3.17E-02 4.45E—02
Brain 7.60E-01 9.07E—-02 3.10E-02 4.35E—-02
Breasts 7.60E-01 9.07E—-02 3.09E-02 4.34E—-02
Gallbladder wall 7.60E-01 9.07E—-02 3.38E-02 4.66E—02
LLI wall 7.60E—-01 9.07E—-02 1.95E+00 1.97E+00
Small intestine 7.60E—-01 9.07E—-02 3.66E—02 4.97E-02
Stomach 7.60E-01 9.07E—02 2.64E—01 4.33E-01
ULI wall 7.60E-01 9.07E—02 1.95E+00 1.98E+00
Heart wall 7.60E-01 9.07E—02 3.14E-02 4.42E—-02
Kidneys 7.60E—-01 . 9.07E-02 3.20E-02 4.48E—02
Liver 7.60E-01 3.89E+00 3.18E—-02 4.46E—02
Lungs 7.60E—-01 9.07E—-02 3.13E-02 4.38E—02
Muscle 7.60E—01 9.07E—-02 3.18E—02 4.45E-02
Ovaries 7.60E—-01 9.07E—02 3.67E-02 4.99E—-02
Pancreas 7.60E-01 9.07E—-02 3.24E-02 4.55E—-02
Red marrow 8.12E+00 3.26E+00 3.19E-02 4.48E—02
Bone surfaces 1.04E+01 3.91E+00 3.32E-02 4.52E—-02
Skin 7.60E—-01 9.07E—02 3.10E-02 4.35E-02
Spleen 7.60E-01 9.07E—02 3.19E-02 4.48E—-02
Testes 7.60E—-01 9.07E—02 3.18E—-02 4.47E-02
Thymus 7.60E—01 9.07E—02 3.12E-02 4.38E-02
Thyroid 7.60E-01 9.07E—02 6.06E—01 1.10E+00
Urinary bladder wall 1.91E+00 8.02E—01 1.04E+00 1.51E+00
Uterus 7.60E-01 9.07E—02 3.52E-02 4.87E-02
Total body 1.52E+00 5.21E-01 4.37E-02 5.74E-02

iChemical forms assumed: P-32 as sodium phosphate, Y-90 in ionic form. and Re-186 and Re-188 as perrhe-
nate.
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have some uncertainties due to this averaging, but. in our
éxperience with photon emitters such as Ir-192. this overall
effect should be of the order of 5% (although some doses
very near the ends, over short distances. may be different
than the average by larger amounts).

It is important to note that explicit consideration of bal-
loon wall thickness was not included in the code (thus the
diameters stated for the balloons are inner, not outer. diam-
eters). Balloon walls vary between manufacturers, but are
generally of the order of 0.05 mm. As the composition of the
balloon wall is not much different from that of soft tissue,
consideration of different balloon wall thicknesses may be
made by evaluating the doses reported by the program at the
distance reported adjusted for the assumed balloon wall
thickness (e.g., if the program reports the dose at 0.5 mm and
the balloon wall thickness is 0.05 mm, this would occur at a
distance of 0.45 mm from the balloon wall surface).

The computer program, designed in Microsoft Visual Ba-
sic (© Microsoft Corporation, 1997), gives radiation dose
distributions for most emitters within 1-5 s on a Pentium-II
personal computer (this program may be downloaded cur-
rently from the ftp site ftp.orau.gov; specific instructions
may be obtained from the first author). The program is quite
easy to understand and use. Figure 3 shows the input screen,
where a user can select the radionuclide and geometry, and
specify the dose desired, the time in which the dose is to be
delivered. and the distance into the vessel wall that the dose
will be delivered. Figure 4 shows the first output screen,
which gives the dose distribution radially into the vessel
wall, and some statistics about the amount of activity needed
to give the dose specified by the user, the dose at the luminal
surface and the dose at the depth specified on the first screen
as well as the ratio of these doses. The user then has the

-option of saving this as a case, and returning to the first
screen to select more radionuclides and/or geometries. Fig-
ure 5 shows the comparison screen, in which doses from
between two to five nuclides and/or geometries can be com-
pared, using a commonly selected dose/time/distance combi-
nation. The comparison is initially made on the side of the

vessel that does not contain the atherosclerotic plaque, but an -

option is included to provide the comparison on the side that
does contain plaque. Most information from the output
screens can be printed or saved to a file. Figure 6 shows a
comparison between Re-186 and Re-188 balloon sources and
an Ir-192 wire source in a 3 mm diameter vessel. In all cases,
the activities were calculated so that the vessel would receive
a dose of 30 Gy in 5 min at 0.5 mm from the vessel surface
(comparisons performed on the nonplaque side of the ves-
sel). The calculated activities were Re-186, 2.48 GBq; Re-
188, 1.02 GBq; and Ir-192, 64.1 GBq.

Our experience with the calculations led us to choose the
nine discrete energies to cover the range of energies likely to
be encountered. The spacing between energy values was
chosen based on this experience to limit the spread of the
results and make the interpolation process sound. A logarith-
mic interpolation was chosen to further limit the possibility
of inaccuracies in the interpolation process, and we believe
that the results reported are sound. Furthermore, we per-
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formed separate calculations with the Monte Carlo codes for
a number of radionuclides using their explicit decay spec-
trum, and compared them with the interpolated results. Dif-
ferences were minor in all cases, of the order of 5%. well
within the range of other potential errors and uncertainties
likely to be encountered in application of these values.

There are certain inescapable limitations of the modeling
process .in approximating physical realities. In clinical situa-
tions, physicians may encounter many different artery geom-
etries, plaque deposition configurations, plaque composi-
tions, etc. All of these considerations cannot be well
considered in a code such as this one which provides rapid
comparisons of dose distributions in arteries with and with-
out plaque for a large number of radionuclides in a few ar-
tery sizes and source configurations [the program at present
treats only wire or liquid-filled (not gas-filled) balloons, and
cannot consider every possible source configuration]. The
geometry of the balloon source here may not represent well
the exact geometry encountered, but the dose distributions on
either side of the artery are reasonable, given the complete
absence of plaque or the presence of a relatively high-density
plaque. Care must be taken in interpreting these results in
comparison to real clinical situations, as with any model-
based simulation.

Table XV shows the radiation doses to other organs,
which are not very high compared to the doses received by
the structures immediately around the vessel, but should be
included in an overall evaluation of the risks of the proce-
dure. Due to the high-photon component. and the higher
amounts of activity needed, Ir-192 will give. a considerably
higher dose to other organs of the body (not to mention the
attending medical staff, whose analysis was deemed outside
the scope of this paper) than a pure beta emitter or a nuclide
with a lower abundance of photons relative to electrons, such
as Re-188.

According to the program, one would require 1.04 GBq of
P-32 or 0.92 GBq of Y-90 in a balloon source to give the
dose noted above (30 Gy in 5 min at 0.5 mm in a 3 mm
diameter artery). It is clear from these data and the dose
estimates in Table XVI that, in the case of a balloon rupture,
use of P-32 or Y-90 in the forms assumed here (liquid
sources of P-32 as phosphate or ionic Y-90) will represent a
significant risk to the patient, as the predicted absorbed doses
to red marrow from the quantities of activity assumed are
near or above median lethal doses. For the rhenium isotopes,
there are significant doses predicted to the intestines. but not
at levels that would be considered life threatening. Other
strategies may improve the radiation dose picture. such as
the use of perchlorate to block thyroid uptake, or attaching
the rhenium isotopes to other chemical compounds. such as
MAGS3, and obtain different biological behavior.

The probability of a balloon rupture is small, as inflation
pressures used for intravascular radiation therapy are lower
than those used in the practice of angioplasty. Nonetheless,
given the large number of procedures expected to be per-
formed each year, it seems likely that eventually an incident
will occur. and a judicious choice must be made of the ra-
dionuclides to be employed (indeed other incidents. such as
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embolization of sources due to broken catheters or wires. are
possible and have occurred. and we do not treat every poten-
tial risk of these procedures here). Naturally, many other
factors are involved as well, including clinical efficacy, risks
of radiation dose to other organs of the patient and the medi-
cal staff (especially in the case of photon emitters), logistic
criteria, half-life of the radionuclide, disposal methods, cre-
dentialling and licensure, and other factors. Accurate knowl-
edge of the radiation dose distributions is an important key to
this choice. The results presented here, especially the inter-
active computer program permitting easy comparison of
various radionuclides and their physical characteristics,
should greatly facilitate the comparison process and aid in
the selection of the best candidate(s) for clinical use, for the
: cases ‘considered.
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