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Ionizing particles have been used for the treatment of atherosclerosis. Internal irradiation is
commonly carried out by means of several methods (catheter-based systems, radioactive
stents or balloons) to reduce the probability of restenosis. °°Y, due to some of its characteris-
tics, is an appropriate radioisotope for intravascular brachytherapy. However, since there are
some critical tissues in the vicinity of the heart like the breast and lymph nodes, it is necessary
to perform a dosimetry calculation around the artery under radiotherapy to justify the treat-
ment method. In this study, a 3-D dose distribution was obtained for the coronary vessel and
its surrounding tissues for a standard °°Y stent in a MCNPX program. The results were com-
pared with other investigations on restenosis prevention using °°Y-coated stents. The calcula-
tions represented a 28-day cumulative dose between 1230 cGy and 2400 cGy at 0.1 mm from
the stent surface, while this quantity was about 23.8 cGy at 8.5 mm from the stent surface. An
assessment of the dose equivalent and effective dose was also performed at 7 = 8.5 mm for the
mentioned surrounding tissues which may be located in the area, based on the latest changes
in ICRP recommendations. Additionally, the dose equivalent calculated within the treatment
period for these organs was compared with published dosimetry data for °0Sr/°0Y seed
sources in order to evaluate radiation protection concerns about these two radiotherapy
methods. It has been found that, depending on stent parameters, °°Y stent implantation
might increase the unfavorable side effects for the patient, but to a much lesser degree than the

other methods.
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INTRODUCTION

Every year hundreds of people die from athero-
sclerosis. The disease involves a narrowing of the ar-
teries due to the accumulation of fats and plaques
within the artery walls, eventually leading to a full
blockage of the vessel and a heart arrest. This occurs
particularly in small and narrow vessels. The reoccur-
rence of the stenosis after an angioplasty procedure is a
common event effecting an average of 30%-50% of
the patients [1].

Ionizing radiation has been widely used for the
control of proliferative tissues in tumors and has
proven to be successful [2]. Therefore, the use of ra-
dioactive sources to prevent or reduce restenosis
seems a rational approach, as it has been examined
over two decades. Several methods have been tried,
including intravascular brachytherapy (IVBT) and in-
serting radioactive stents.

IVBT includes catheter-based systems, usually
during or after an angioplasty, to send a gamma or
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beta- emitting source such as a wire, a train of seeds, or
liquid- or gas-filled balloons into the vessel in order to
irradiate the injury area. On the other hand, radioactive
stents are also used during the angioplasty procedure
to reduce restenosis. The two methods differ in some
aspects, such as the dose rate, treatment period and
uniformity of the dose around the device and onto the
neointima.

Radioactive stents have certain advantages over
catheter-based systems. Stent implantation is per-
formed by means of a well-known procedure of
angioplasty and is familiar to cardiologists and easy to
apply. The activity of the stent can be as low as possi-
ble because the stent is very close to the neointima.
Also, stents are permanent implants, not subject to a
need for routine procedures such as concerns about the
removal and storage of the source and safety matters
[3]. However, the procedure has some limitations, in-
cluding the loss of the adequate dose to the tissues near
the stent margins after they have been injured by
angioplasty. The result of this is the so-called
“candy-wrapper” effect which causes restenosis in the
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artery around 2-3 mm distal and proximal to the stent
[4]. Another problem is that due to a high dose deliv-
ered near the surface of the stent, we'll have a delayed
recovery in that area.

%0Sr/°°Y has some interesting specifications that
motivate its application in radiotherapy. It has a much
shorter half-life than a common radiotherapy
radionuclide such as '’Ir. Also, high-energy negative
beta particles of °°Y are more penetrating while having
a sharper slope of the depth dose. Because of these
features and, due to the high-purity decay of betas, *°Y
seems a more suitable radionuclide for an effective
treatment. Furthermore, when using radioactive
sources, one of the most important concerns in treat-
ment planning is safety. Although there is no dose limit
for patients undergoing radiotherapy practices, it is the
physician's and physicist's responsibility to deliver an
adequate dose to the target while avoiding the normal
tissues. Regarding the position of the heart in the vi-
cinity of some critical tissues like the breast or lymph
nodes, it seems so important to determine an accu-
rately prescribed dose around the cardiac tissues be-
fore making a decision about the treatment procedure.

Dosimetry calculations for intravascular
brachytherapy with °Sr/*°Y seed sources have been
performed through some experimental works and var-
ious simulation programs [1, 2, 5-8].

Arabi et al. conducted a dosimetry of renal arter-
ies with a *®V stent [9]. Fischell et al. made a review of
different methods and sources for application in radio-
therapy of coronary arteries [10]. Prestwich ef al. ob-
tained a dose distribution produced by a 3?*P-coated
stent [11]. McLemore ef al. calculated the dose distri-
bution around '°*Pd stents for IVBT [12].

A limited number of studies have been related to
the dosimetry of *°Y-implanted stents. Patel et al. cal-
culated dosimetric parameters for a *°Y-coil source by
a Monte Carlo method [13]. Carter ef al. investigated
the effects of cumulative dose and dose rate delivery
on neointimal formation using *?P and *°Y stents in a
porcine model of restenosis, both in an experiment and
in a computer-based modeling program [14]. They fo-
cused on the morphometry of the vessel after the
placement of the radioactive stent. Taylor et al.
worked on dose response characteristics of a °°Y stent
in a canine coronary model [15]. As mentioned, there
has been no implicit and precise dosimetry calculation
of a cardiovascular system for *°Y stents, while con-
sidering the probability of risks involed for surround-
ing organs.

In this research, dose rates and cumulative doses
were calculated using a Monte Carlo method for a *°Y
stent implanted into an artery for 28 days. This period
was chosen due to the half-life of °°Y after which we
will have a relatively full decay of the radioisotope. To
validate our calculations, the resulting simulation was
compared with other researches. Upon this, calcula-
tions were done for the dose equivalent within this pe-

riod, so as to provide an evaluation of the level of the
effective dose for normal tissues which may be situ-
ated nearby. The results of these calculations were as-
sessed in comparison to the dosimetry of a train of
208r/°%Y seed sources in cardiovacular brachytherapy
in order to clear some aspects of the radiation safety of
the procedures, based on the ICRP103 report [16].

MATERIALS AND METHODS

Y is a pure negative beta-emitting source. Its
half-life is about 64 hours. *°Y has an average and
maximum energy of 935 keV and 2.28 MeV, respec-
tively. Its parent, °°Sr, has a maximum energy of 546
keV and a long half-life of 28.8 years. Since *°Y has a
short half-life and high energy, it delivers a high initial
dose to the tissue and this makes it an appropriate can-
didate for treatment purposes.

Y energy spectrum is a complicated one and
has been obtained through calculations presented in
[17]. Figure 1 shows the calculated energy spectrum
for Y.

The stent had a meshed cylindrical shape with a
length of 15 mm and a diameter of 3 mm. The strut was
0.075 mm thick. The stent was composed of a stainless
steel SS316L which consisted of Fe, Cr, Ni, Mn, Si,
Mo, P, S, and C, with a density of 8 g/cm3. The activity
of the stent was considered as 1.48-10° Bq.

The cardiovascular phantom and surrounding
tissues were assumed as a simple cylinder of water
with a density of 1 g/cm?. A cylindrical co-ordinate
system was used to mesh the coronary vessel and car-
diac phantom and calculate the dose rate at each voxel.
The origin of the co-ordinate system was matched to
the center of the stent. With an azimuthal symmetry,
circular voxels were made as 0.1 mm in the radial di-
rection, up to 10 mm away from the surface, and as 0.2
mm along the cylindrical axis, up to 10 mm from the
center (see fig. 2).

In this simulation by MCNPX codes, all possible
interactions of electrons with matter were included
and the doses calculated for both electrons and pho-
tons.
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Figure 1. The *°Y energy spectrum according to [17]
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Figure 2. (a) A simple scheme of the extended cylindrical (grid) geometry of the stent and (b) the stent inside the
cardiovascular system and surrounding tissues (water) with voxels in a cylindrical co-ordinate system for dose calculations

For scoring the doses and dose rates, a mesh tally
(type 3) in MCNPX was used to track the electrons and
photons and calculate their energy deposition (and the
absorbed dose, upon this) for each voxel in the water.

RESULTS AND DISCUSSION

Depth doses were calculated for all voxels over
28 days in order to ensure a full decay of the radioiso-
tope. These cumulative doses were calculated along the
cylindrical axis for various radial distances from the
stent surface, as shown in fig. 3. The absorbed dose at
0.1 mm from the surface varies from 2400 cGy over the
strut wires to 1230 cGy at the interstices. The values for
7= 0.5 mm were between 1250 cGy and 650 cGy.

Figure 4 shows the cumulative dose over strut
wires at » = 0.1 mm throughout 28 days. The *°Y stent
delivers 84% of the whole absorbed dose for 28 days
in the first 7 days that it shows a high dose percentage.
All statistical variances for » = 0.1 mm out from the
surface were less than 2% and for radial distances up to
10 mm from the surface they were less than 7%.

These dose calculations show good agreement
with the results of [14] at all of the various distances
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Figure 3. A 2-D cumulative dose distribution around a
4 pCi standard *'Y stent vs. the distance from the
cylindrical axis of the stent for various radial distances
from the stent surface (1 Ci =3.7-10" Bq)
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Figure 4. A plot of the maximum cumulative dose over 28
days of radiation treatment for a standard °"Y stent with
an activity of 1.48-10° Bq

except for the maximum dose over struts at 0.1 mm
that Carter ef al. reported as 3500 cGy for 28 days.
This relatively large difference between the values
may be due to the setting of the energy spectrum for
90y, We carefully used a continuous energy spectrum
of %Y ranged from zero to 2.28 MeV, based on [17].

Furthermore, a Monte Carlo analysis is used in
this work, whereas the mentioned authors used a dif-
ferent, numerical approach [18] to simulate and per-
form the dosimetry procedure which would certainly
affect the particle transport method and ,thus, the re-
sulting dose distribution.

Figure 5 represents the dose rates over 28 days at
r=0.1 mm and = 8.5 mm out of the surface. This plot
indicates that the °°Y stent has a sharp dose gradient
and, due to high dose rate decays, faster than other
common radioisotopes such as 32P. As shown in fig. 5,
the dose rate value is insignificant at the end of 28
days.

In the next step, the focus is on radiation safety
of the radioactive stent implantation corresponding to
the ICRP103 report.

Considering the increase of the weighting tissue
factors for some tissues like the breasts in ICRP103
[16], there seems to be a need for more precise dosime-
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Figure 5. The 28-day dose rate for a 1.48-10° Bq standard
Y stent for two near and far distances out from the stent
surface. The absorbed dose rates show a sharp decrease
during 28 days after the implant

try calculations before clinical procedures of cardio-
vascular restenosis using radioactive sources are ap-
plied.

From the above results, as shown in fig. 5, for the
90Y stent at = 8.5 mm out from the stent surface, an ini-
tial dose rate of 1.7-10 c¢Gy/s is obtained, reaching
1.28103 cGy/s, 9.72-10°° cGy/s, 7.5-10° cGy/s,
2.5-10°cGy/s, 2.8:107 cGy/s, and 1.1-108 cGy/s after
1,2,3,7, 14, and 28 days, respectively. Consequently, a
cumulative dose and a total dose equivalent of 23.8 cGy
and 238 mSyv, respectively, may be delivered to such tis-
sues after 28 days (indeed, if those organs just contrib-
ute in one voxel row at7 = 8.5 mm along the z-axis, they
may likely overlap for more than one voxel row!). In
other words, regarding the weighting factor of 0.12 for
breasts [16], the contribution of the breast tissue dose
alone in the effective dose will be about 28.56 mSv.
This value is relatively high and unfavorable. The
weighting factor for lymph nodes and cardiac tissue is
about 0.01, so their contribution in the effective dose
will be equal to 2.38 mSv. However, these side effects
are associated with the activity and design of the stent
and the position of the artery. The greater activity, re-
sults the higher absorbed dose. The proximity of the
treated artery to mentioned organs also increases the
risk of undesirable absorbed doses.

Saghamanesh et al. worked on safety concerns
about cardiovascular brachytherapy with *°Sr/*’Y seed
sources in [8].

In that research, they calculated the dose rates for the
maximum distances of seeds. For a single seed, they ob-
tained an average dose rate of about 9.683-10* cGy/s (or
a dose equivalent of 9.683-103 mSv/s) for a voxel at r =
=10 mm (that is equivalent to » = 8.5 mm from the
DY-stent surface) [8]. Considering all voxels for a train of
8 seeds and an average time of 5-15 minutes to be taken for
the treatment, a cumulative (total) dose of about 56-167

cGy (or a total dose equivalent to 560-1670 mSv) will be
calculated. It means that in such a catheter-based system,
the contribution of the breast dose in the effective dose (if
they overlap in that area) will be about 60-181 mSv. Also,
in this method, the contribution of the cardiac tissue
and lymph nodes in the effective dose will be 5.6-16.7
mSv.

It is evident that the use of %°Sr/*°Y seeds, al-
though taking less time, may deliver a high total dose
to the surrounding normal tissues and, consequently,
cause more inverse effects on the patient. However, we
can also see a more uniform dose profile and endpoint
dose in a train of seed sources than in a radioactive
stent (see [8] and fig. 3).

Nevertheless, considering the cited calculations,
it can be concluded that the total dose rate and cumula-
tive dose in a *°Y-stent implant is much lesser than the
high dose rate (HDR) in a catheter-based procedure. In
other words, depending on the position of the coronary
artery and, also, the activity of the stent, we should
consider a higher possibility of risk when using *°Y
seed sources.

CONCLUSIONS

A good radioactive stent should have: (1) a short
half-life for use in permanent and low-dose-rate irradi-
ation, (2) a good high-energy to penetrate the plaque
areas but avoid other tissues, and (3) a high enough ac-
tivity to prevent restenosis over the entire stent and, in
particular, at stent margins.

A Monte Carlo approach was used to calculate a
3-D dose distribution for a standard *°Y stent used in
intracoronary radiation treatment. All statistical vari-
ances at all distances were less than 7%, verifying the
simulation process. The results were in good agree-
ment with a couple of previous works done on the do-
simetry of a *°Y stent, except for the maximum cumu-
lative dose. Since we used a realistic continuous
energy spectrum and a statistical method to transport
particles rather than a numerical method to compute
doses, it is expected that a more accurate simulation is
provided.

Because the coronary vessel is in the vicinity of
sensitive tissue such as the breast and lymph nodes,
some of whose tissue weighting factors have been in-
creased in the ICRP103's report (breast), and since we
may not have an exact knowledge of the total absorbed
dose in the surrounding tissues, we chose the quantity
of the “dose equivalent” to evaluate the dose for nor-
mal tissues. For a calculated distant point 7 = 8.5 mm
out from the stent surface, a total dose equivalent of
about 238 mSv was obtained after 28 days. Also, the
values of the dose equivalent were compared with
those of *Sr/*’Y seed sources for a HDR temporary
intravascular brachytherapy. For the same distance
away from the seeds, the reference [8] achieved a dose
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equivalent of about 1670 mSv. Therefore, depending
on the position of the coronary artery relative to the
breast or lymph nodes and the activity of the stent, we
can conclude that possible risks increase when using a
908r/°%Y seed source, more so than with the implanta-
tion of a °°Y radioactive stent. However, it is also obvi-
ous that stents with more activity could pose either the
same as risks as ?°Sr/*’Y seeds or even greater ones to
normal tissue. Thus, in addition to other medical ad-
vantages and disadvantages of using stents, a thorough
review of the possibility of side effects of *°Y radioac-
tive stents with different designs and activities is
needed before embarking on the treatment procedure.
It may be reasonable to consider using *’Sr/*’Y seed
sources with lower activity for choosing a proper and
safe method of reducing restenosis.
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Amupe3za KAPUMMAH, Comajex CATXAMAHEII

JOBUMETPUJCKA TTPOLIEHA MMINIAHTAIMNMJE UTPUNJYMCKHX
CTEHTOBA Y UHTPAKOPOHAPHOM PAJIUJALIMOHUM JIEYEDY

Jonm3yjyhe decruiie Kopucre ce 3a Jieuehe aTepoCcKiiepo3e. Y HyTpalllbhe 03paunBamhe OOUIHO
C€ U3BOJU paA3JIMIUTUM ME€TOAaMa (HOCTyHHHMa 3aCHOBAHUM Ha KaTETEPY, paJUOAKTUBHUM CTCHTOBUMA,
nm 6aIoOHMMa), KaKo OF ce yMamuiia BepoBaTHoha pecreHose. 3axBasbyjyhu CBOjJUM KapaKTepHCTHKaMa,
Y je moropan pajMOHyKIIH]| 32 MHTPaBacKyJapHy Opaxurepanujy. MebyTum, nomro ce y 61usuHu cpua
Haja3e HeKa KPUTHYHA TKHBA, Kao INTO Cy JOjKe W JIUM(MHA YBOPOBH, HEOMXOJHO j& YpaguTH
NO3UMETpHjcKe MpopadyHe Y OKOJIMHH apTepHuje Kako Ou ce olpaBjiaja METO/a JIeuemha. Y OBOM pajy,
nporpamcknM nmakeroM MCNPX, no6ujena je 3-D pacrnopena o3¢ y OKOJIWHA CpUYaHEe KeCe W OKOIHHUX
TKMBa 3a crangapanm *Y crent. PesynraTu cy ynopebenu ca qpyrum MeTolamMa cripevaBamba peCTEH03€e
kopuithemeM crenToBa npekpusennx Y. [Tpopauynu IpefcTaBibajy KyMyJaTUBHY 103y 3a IEPHOJ Off 28
nana y omncery of 1230 cGy no 2400 cGy Ha ygasbenoctr 0.1 mm o TOBpIIIMHE CTEHTA, IOK je Ha 8.5 mm ofy
CTEeHTa KyMyJlaTHBHA 032 n3Hocuia 23.8 cGy. 3a mOMeHyTO OKOJIHO TKUBO, IIPEeMa MOCIEAHBIM N3MeHaMa
y ICRP nmpenopykama, IponemheHr Cy JO3HN €KBUBAICHT U e(heKTUBHA 032 Ha pacTojamy of 8.5 mm.
Jlo3HM eKBHMBAJEHT 3a OBE OpraHe, M3padyyHaT 3a MHEpHON Jieuewa, ymopebeH je ca oGjaBibeHUM
pesyaratuma 3a “’Sr/’Y u3Bope Kako OM ce NpolEHUIE MOCHEMIE 3padyera KOJ OBE [BE METOJe
pajmoTepanuje. Y CTaHOBILEHO j€ /1a Y 3aBUCHOCTH Off KAPAKTEPHUCTHKA cTeHTa, *’Y CTEHT UMILTAHTH MOTY
noBehaT HexXesbeHe eheKTe 3a MANUjeHTa, alld Y MHOTO MalkeM OOUMY HETO JIpyre METofe.

Kwyune peuu: unitipagackyaapra bpaxuitiepaiiuja, pecitienosa, Mownitie Kapao cumyaayuja, 90Y




