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Background: Recently, different investigators
have studied the possibility of radiation therapy in
restenosis prevention and have shown promising
results. In this study a unique radioactive source for
intra vascular brachytherapy (IVBT) was investigated.
The two-dimensional dose distribution in water for a
32P |VBT stent has been calculated. The pure beta
emitter source 32P has been coated on Palmaz-
Schatz stent. The dosimetric parameters required by
the AAPM TG-60 formalism are discussed and
calculated. Materials and Methods: The dose distribu-
tion of the activated stent was determined by Version
4C of the (MCNP) Monte Carlo radiation transport
code in water and it was verified by TG-60 experimen-
tal results. Dosimetric parameters such as anisotropy
function, F(r, 68), and the radial dose function, gi(r),
around the Palmaz-Schatz stent at distances from
0.18 to 0.9 cm have been calculated. The Palmaz-
Schatz stent with 3.5 mm external diameter and 14
mm length is coated with a thin layer of 32P. Results:
The Monte Carlo calculated dose rate at the
reference point is found to be 17.85 Gy. The results
were compared with previously published paper for
an actual same source. The difference between these
two data sets is in acceptable range. There were
almost little differences (less than 0.05%) in values
among them. Conclusion: The dosimetry parameters
such as, geometry function, G(r,8), anisotropy
function, F(r,8) and radial dose function, g(r), were
determined according to TG-60 protocols and listed in
tabular format. High dose variants were visible near
the 32P stent surface, but these values decreased
with depth in vessel layers rapidly. There are an
acceptable agreement between the calculated data
in this study and other published data for the same
source. However, the observed differences between
the calculated and measured values could be
explained by the measurement uncertainty and the
geometry modeling during the simulations. Iran. J.
Radiat. Res., 2012; 9(4): 257-263

Keywords: Coronary stent, radioactive  stent,
intravascular brachytherapy, P, MCNPA4C.

INTRODUCTION

Percutaneous transluminal coronary
angioplasty (PTCA) is currently one of the
most common treatments for obstructive
coronary artery disease .M The long term
effectiveness of angioplasty is limited by
vessel renarrowing called restenosis, which
occurs within six months following the pro-
cedure. Restenosis often requires additional
treatment, including angioplasty or bypass
surgery, in 20% to 30% of patients @,
Coronary stenting with expandable metallic
scaffolding devices is the first mechanical
treatment that has been shown to reduce
restenosis in randomized clinical trials. Al-
though recoil and remodeling effects are
greatly reduced, neointimal thickening due
to proliferation is actually enhanced ©9
Pharmacological efforts to reduce neointi-
mal proliferation have thus far been
fruitless in patients®?. About 10 years ago,
a number of investigators began to study
the potential use of ionizing radiation for
reducing neointimal  proliferation  ®,
Intravascular radiation therapy with radio-
active stent has now shown be promising in
several animal models, hence conflicting
results have also been reported ©10. The
efficiency of radiation treatment for resteno-
sis has yet to be determined in human. The
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challenge of intravascular delivery of radia-
tion is to safely deliver a highly localized
dose to the arterial wall including the in-
tima, media and possibly the adventitia 1V,
One important problem worth to be noted
about the drug eluting stent is that it is pos-
sible for radioactive material to enter into
the vessel wall, or be carried away in the
bloodstream after stent implantation (12,

Due to the high dose gradient at short
distances from a radioactive stent, tradi-
tional dosimetry is difficult or even impossi-
ble and there is some few published data on
the dose distribution within the arterial
wall 3, Monte Carlo dose calculations,
when carefully validated, provide the high-
est level of accuracy for dose calculation in
treatment planning.

In this paper, a brachytherapy source,
pure beta emitting coronary stent (Palmaz-
schatz stent coated by 32P) was discussed
and was dedicated to the Monte Carlo
method to calculate the dosimetric parame-
ters by MCNP4C code, for the 32P brachy-
therapy source. The main aim of this study
was to evaluate the dosimetric parameters
of the 32P stent according to TG-60 (3
recommendation. The Monte Carlo calcu-
lated results in this study have been
compared with the reported data by Carter
et al. (12,19 for the same type of the source.

MATERIALS AND METHODS

Source description

The physical parameters of the stent,
defined in TG-60 were used to model the
stent ®. The brachytherapy source The
source was made of stainless steel [Cr
(17%), Ni (13%), Mo (2.5%), Fe (64.5%), Si
(1%), Mn (2%)] and coated with a thin layer
(1 um) of radioactive 32P ."“The source has
a pre-expanded nominal length of 14 mm
with an external diameter of 3.5 mm after
expansion which is located in the martin-
sitic crystalline phase at body temperature.
According to TG-60 recommendation source
activity is 1.0 uCi.
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Monte Carlo evaluation

The Monte Carlo N-Particle code
(MCNP version 4C) was used for the dose-
rate simulations 7. Figure 1 shows a
schematic diagram of the stent. For the dose
calculation, the iInterstitial stent was
surrounded by the cylindrical water phan-
tom of 1.6 cm high and 1.0 cm in diameter.
To avoid surface interrupting in MCNP new
cylindrical stent geometry, with the net
surface, very similar stents was simulated
(figure 1). The detectors were defined in
form of shells with 0.1 mm thickness and
0.2 mm height from r = 0.18 to 0.9 cm in 0.2
mm increment away from the source along
the longitudinal axis. Particle fluxes and
energy deposited tallies, F4 and *F8 respec-
tively were applied to calculate kerma and
the net energy (MeV) deposited in the
detectors around the source in this study.
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Figure 1. The geometry simulation of stent and defined
detectors by MCNP4C (vertical cross section).

The calculations were performed up to
2x107 histories with this number of
histories, the statistical uncertainty at r <1is
less than 0.4%. The dose rate was then
calculated by multiplying the dose per
starting particle, the source activity (dps)
and 32P beta emission intensity. The
delivered dose was calculated by integrating
dose rate during 28 days for a 1.0 uCi stent,
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based on the experimental measurements
13)

AAPM TG-60 parameters

The main purpose in this article was to
detrmine the parameteres, described in TG-
60 protocol. The detectors were defined at
polar angles of 0°-90° in 10° increments and
at radial distances of r = 0.18, 0.2, 0.22,
0.24, 0.26, 0.28, 0.3, 0.32, 0.34, 0.36, 0.38,
0.4, 0.45, 0.5, 0.6, 0.7, 0.8 and 0.9 cm. F4
tally was employed to calculate G(r,0), with
the mass densities of all materials within
the entire computational geometry set equal
to zero so there were no interaction and
particles streamed through the stent and
phantom geometry (819  According to TG-
43U1 protocole for calculating G(r,0) the
source supposed to be line source .?%

The anisotropy function, F(r,0), accounts
for the angular dependence of beta absorp-
tion and scatter. In order to calculation of
the anisotropy function, the *F8 tally was
used to obtain dose per particle in detectors
by using beta emitters formula for lattice

cylindrical source according to (equation 1)
(21, 22)

D(r,8) G,(r,6,)
B(r,6,) G, (r.6) M

F(r,0)=

The radial dose function, g(r), accounts
for radial dependence of beta absorption and
scatter in the medium along the transverse
axis. According to the methodology
described in TG-60, g(r) was calculated by
using line-source geometry for the stent by
the following equation (equation 2)

_ D(r,6,) G.(1,,6,)

=— (2
D(ry, 6) G.(r,6)

g,(r)

Where D(r,0)= dose in water at the point
of r and © angle, G(r,0)= geometry factor
resulting from spatial distribution of the
radioactivity within the source. The refer-
ence point for intravascular brachytherapy
calibration for beta sources should be r¢=2
mm and 6o=m/2 22,

RESULTS AND DISCUSSION

Table 1 lists absolute dose rates per unit
activity along the stent transverse axis
calculated in this work using the MCNP4C
code. For the purpose of comparison, the
measured values obtained by Carter et al
149 using radiochromic film are also
presented. From table 1 it is seen that, the
dose decreases with increased radial
distance from the stent surface.

The dose distributions for 1 pCi stent
over 28 days have been calculated and the
results compared with the measured values
published in TG-60 at three selected points
(table 2). The sharp decrease in dose beyond
the active length of the source in the
longitudinal (source axis) direction was also
prevalent due to the short beta range of the
32P Dbetas. The differences between the
measured and calculated values vary by less
than 4% at r < 2.5 mm, caused by the usual
errors which occur in experimental meas-
urement due to inadequate energy response.
Due to the limited penetration depth of the
beta particles, as the distance increases the
difference between these two data set
increases and reaches about 30% at r= 3.5
mm. These differences were due to the
prevalent errors which occurred in experi-
mental measurements and the short range
of beta particles.

Figure 2 demonstrates the dose fall-off
curve relative to the radial distances from
the source. The dose related to the center of
source decreased quickly from 18 Gy to
0.012 Gy as the distance increased from 0.2
cm to 0.4 cm, respectively. The G(r,0)
parameters were calculated by applying F4
tally fluctuations for a cylindrical source
analytically and the results are tabulated in
table 3. The anisotropy function, F(r,0),
accounts for the variation of dose distribu-
tion around the source as a function of
distance and angle from the center of the
source. The values are presented in table 4.
The steep dose gradient in the radial
direction caused high values of F(r,0)
encountered at shallow angles and further
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distances from the source center.

The calculated line source radial dose
function, gz (), for the stent are presented in
table 5. gu(r), was calculated in 0.02 cm
increments from r = 0.03 to 0.25 ¢cm and in
0.05 increments from r = 0.25 to 0.65 cm
and. Figure 3 depicts the radial dose func-
tions curve with respect to the distances
from the center of stent. Calculated gz(z) in
water was fit to a third order polynomial
function yielded the following relationship

Table 1. Dose calculation of 32P stent in water by the
activity of 1.0 uCi.

Distance from Center MCNPAC Calculated
(cm) dose (Gy)
0.18 22.83
0.20 17.85
0.22 14.20
0.24 11.35
0.26 8.79
0.28 6.64
0.30 4.72
0.32 3.60
0.34 2.71
0.36 1.90
0.38 1.01
0.40 0.49
0.45 0.10
0.50 0.009
0.60 0.008
0.70 0.007
0.80 0.005
0.90 0.0003

Table 2. Dose comparison at three selected points between
MCNPA4C (calculated by present work) and experimental

results.
Dose (Gy)
Distance from
center (cm)  Measurement®® MCNP4C®
0.20 18.0 17.85
0.25 9.7 10.07
0.35 3.3 2.31
a Reference 12.
b Present work.
260 Iran. J. Radiat. Res., Vol. 9 No. 4, March 2012

(distance r is expressed in cm):

g(@)=exp (ap + airl+ asr? + asrd),

with parameters ap = 0.5452, a1 = — 0.3564,
az = 0.0536, a3 = — 0.0084.

Figure 4 shows the iso-dose curves
determined from MCNP simulation for the
32P stent in transverse plan. As shown in
figure 4, the iso-dose curves of the 32P stent,
shows an isotropic dose distribution around
the source.

In this work, we have calculated the 2D
dose distribution for a 32P IVBT source stent
in water using the MCNP4C Monte Carlo
code. The dose parameters required by the
AAPM TG-60 formalism are discussed and
calculated based on the 2D dose
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Figure 2. Dose fall-off of 1.0 uCi 32P stent in water for 28 days
(Gy).
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Figure 3. Radial dose function curve, g(r), for 32P stent.
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distribution. As results of the study indicate
dose distribution for the beta source stent
studied, is uniform along the axial direction
of the stent. However, only the practical
clinical trials exactly will answer the
questions of whether or not radioactive
stents reduce restenosis in human arteries
and what activities and doses are optimal
for achieving this reduction. The calculated
results were in good agreement with previ-
ously published data. The results show that,
32P stent with 1.0 uCi activity, can deliver
about 18 Gy dose value to 0.2 cm thick
vessel wall as well as measured values. As
beta particles have low range and deposit
their energy in small distances through the
vessel wall, this method has very low side
effect on the surrounded tissues.

The subject that the isodose curves
surrounding the stent at vessel wall are
significantly homogeneous is considerable.

Also, matching the experimental
measurements and calculated results would

help us to have more reliable treatment, but
still much more investigations and human
clinical experiments are needed to improve
the safety of this brachytherapy sources.
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Figure 4. Isodose curves of 1.0 uCi 32P stent in 28 days for
treatment planning (Gy).

Table 3. Geometry function of 32P stent in water, Calculated by MCNP4C (1/cm2).

Distance G(r,0)

from center 10° 20° 30° 40° 50° 60° 70° 80° 90°
(cm)

0.18 — — — — — 1.712 1.309 1.173 1.156
0.2 — — — — 1.523 1.237 1.056 0.968 0.945
0.22 — — — — 1.299 1.014 0.889 0.825 0.811
0.24 — — — 1.576 1.096 0.879 0.771 0.723 0.705
0.26 — — — 1.288 0.943 0.771 0.685 0.636 0.625
0.28 — — — 1.121 0.833 0.688 0.610 0.569 0.559
0.3 — — — 0.986 0.738 0.617 0.549 0.516 0.504
0.32 — — 1.456 0.872 0.667 0.559 0.496 0.469 0.459
0.34 — — 1.238 0.785 0.605 0.509 0.455 0.427 0.418
0.36 — — 1.107 0.716 0.550 0.467 0.416 0.391 0.384
0.38 — — 0.988 0.651 0.505 0.427 0.383 0.361 0.355
0.4 — — 0.889 0.598 0.467 0.394 0.354 0.334 0.328
0.45 — 1.493 0.708 0.487 0.383 0.327 0.295 0.278 0.273
0.5 — 1.151 0.574 0.403 0.321 0.275 0.249 0.235 0.233
0.6 — 0.665 0.383 0.282 0.231 0.201 0.184 0.176 0.174
0.7 — 0.367 0.259 0.204 0.171 0.153 0.141 0.136 0.134
0.8 — 0.222 0.180 0.151 0.132 0.119 0.111 0.108 0.106
0.9 0.170 0.152 0.132 0.116 0.104 0.096 0.090 0.087 0.086
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Table 4. Anisotropy function of 32P stent in water, Calculated by MCNP4C.

Distance F(r,8)
(cm) 10° 20° 30° 40° 50° 60° 70° 80° 90°
0.18 - - - - - 0.854 0.940 0.979 1
0.20 - - - - 0.815 0.909 0.965 0.988 1
0.22 - - - - 0.866 0.956 0.996 1.006 1
0.24 - - - 0.796 0.939 0.998 1.016 1.002 1
0.26 - - - 0.912 1.039 1.069 1.056 1.024 1
0.28 - - - 1.078 1.180 1.169 1.111 1.028 1
0.30 - - - 1.344 1.408 1.326 1.182 1.043 1
0.32 - - 1.491 1.856 1.862 1.618 1.311 1.081 1
0.34 - - 2.351 2.774 2.591 2.058 1.487 1.107 1
0.36 - - 4.345 4.829 4.126 2.896 1.796 1.167 1
0.38 - - 8.937 9.497 7.283 4.359 2.184 1.223 1
0.40 - - 25.600 25.388 17.452 8.292 3.127 1.368 1
0.45 - 684.653 904.269 711.175 302.677 | 60.918 6.939 1.033 1
0.50 - 2540.446 | 2953.391 | 1635.821 | 278.237 9.779 1.464 0.985 1
0.60 - 2572.896 | 2023.674 | 252.510 0.955 1.109 1.167 0.900 1
0.70 - 1076.511 | 421.636 1.033 0.849 0.711 0.626 0.548 1
0.80 - 372.459 26.393 0.467 0.717 0.856 1.308 0.943 1
0.90 6.202 5.014 1.045 0.753 0.495 0.468 0.733 0.738 1
Table 5. Radial dose function values of the 32P stent in water, REFERENCES
Calculated by MCNPA4C.
1. Rogers C, Groothuis A, Toegel G, Stejskal E, Kamath KR,

Distance

(cm) g(r)

0.03 2.439
0.05 2.592
0.07 2.643
0.09 2.651
0.11 2.509
0.13 2.281
0.15 1.928
0.17 1.460
0.19 1.004
0.21 0.582
0.23 0.294
0.25 0.107
0.30 0.003
0.35 0.001
0.45 0.001
0.55 0.002
0.65 0.002
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