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Since the publication of AAPM Task Group 60 report in 1999, a considerable amount of dosimetry
data for the three coronary brachytherapy systems in use in the United States has been reported. A
subgroup, Task Group 149, of the AAPM working group on Special Brachytherapy Modalities
(Bruce Thomadsen, Chair) was charged to develop recommendations for dose calculation formal-
isms and the related consensus dosimetry parameters. The recommendations of this group are
presented here. For the Cordis '*’Ir and Novoste *°Sr/*Y systems, the original TG-43 formalism in
spherical coordinates should be used along with the consensus values of the dose rate constant,
geometry function, radial dose function, and anisotropy function for the single seeds. Contributions
from the single seeds should be added linearly for the calculation of dose distributions from a
source train. For the Guidant **P wire system, the modified TG-43 formalism in cylindrical coor-
dinates along with the recommended data for the 20 and 27 mm wires should be used. Data tables
for the 6, 10, 14, 18, and 22 seed trains of the Cordis system, 30, 40, and 60 mm seed trains of the
Novoste system, and the 20 and 27 mm wires of the Guidant system are presented along with our
rationale and methodology for selecting the consensus data. Briefly, all available datasets were
compared with each other and the consensus dataset was either an average of available data or the
one obtained from the most densely populated study; in most cases this was a Monte Carlo
calculation. © 2007 American Association of Physicists in Medicine. [DOI: 10.1118/1.2767184]
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I. INTRODUCTION

Restenosis at the site of percutaneous interventions remains a
major limitation in the management of coronary and periph-
eral vessel diseases. The incidence of restenosis after angio-
plasty of a de novo coronary artery obstruction varies from
10% to 40% and is related to a number of risk factors. The
pathophysiology involves several mechanisms (elastic recoil,
negative remodeling, and neointimal hyperplasia) in re-
sponse to the injury caused by the angioplasty. Over the last
two decades numerous drugs and devices have been tried in
an attempt to reduce restenosis. Although numerous treat-
ment modalities have been tested in randomized controlled
trials, only intravascular brachytherapy (IVBT) and recently
the implantation of drug-eluting stents have been shown to
significantly decrease the likelihood of restenosis. Stents pro-
vide mechanical scaffolding, which prevents recoil and re-
modeling. However, the implantation of stents also initiates
the neointimal hyperplasia leading to the phenomenon of in-
stent restenosis. To alleviate this process, drug-eluting stents
release an antiproliferative drug that helps in the prevention
of neointimal hyperplasia, and IVBT employs ionizing radia-
tion for the same purpose. However, in the United States,
drug-eluting stents (DES) are approved only for treating de
novo lesions, while IVBT is approved only for treating in-
stent restenosis. Hence the clinical applications of these two
modes of treatment may be complementzury."2 Although
drug-eluting stents have proven to be successful in reducing
restenosis and the need for revascularization compared to
bare-metal stents in several recent trials,375 restenosis still
occurs in drug-eluting stent patients, especially those with
more complex lesions and other medical conditions such as
diabetes. A recent study from Washington Hospital Center”
has demonstrated the safety and efficacy of intravascular
brachytherapy for the treatment of patients with in-stent res-
tenosis after implantation of drug-eluting stents.

The use of ionizing radiation in the management of pro-
liferative disorders such as malignancies has been well
known for over a century. In addition, ionizing radiation has
also been used extensively in nonmalignant proliferative dis-
orders such as keloid formation, heterotopic ossification, and
pterygium. Thus, the use of IVBT in the management of
restenosis in blood vessel diseases has a sound scientific ba-
sis, and its efficacy in humans has been established in ran-
domized clinical trials.

Randomized, controlled clinical trials have shown that
brachytherapy using beta”® or gamma emitters™'" is highly
effective in decreasing the incidence of recurrent in-stent res-
tenosis as measured angiographically and by intravascular
ultrasound. Brachytherapy also decreases the incidence of
major adverse cardiac events (primarily the need for further
revascularization), compared with placebo. Based on these
studies, three brachytherapy systems (two beta and one
gamma) have been approved by the Food and Drug Admin-
istration (FDA) for the treatment of in-stent restenosis. These
systems have been used in more than 30 000 patients. For
patients with in-stent restenosis, IVBT after recanalization
has become a proven modality for treatment.
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The three FDA approved IVBT systems, which were uti-
lized for most of the clinical trials in the United States, are
the Checkmate system from Cordis Corporation, the Beta-
Cath system from Novoste Corporation, and the Galileo sys-
tem from Guidant Corporation. In this article certain com-
mercially available products are referred to by name. These
references are for information purposes only and do not im-
ply that these products are the best or only available for the
purpose, and do not imply endorsement by the National In-
stitute of Standards and Technology. All of these are after-
loading systems by means of which sealed radioactive
brachytherapy sources are manually or automatically ad-
vanced into a delivery catheter previously positioned inside
the patient. The sources in these three systems are based on
the radionuclides 192Ir, NG/ 90Y, and 32P, respectively.

For completeness, it is mentioned that a variety of other
radionuclides have seen limited clinical testing or have been
considered interesting, but do not appear to be likely candi-
dates for immediate commercial development. At present, no
trials are being conducted using these isotopes. These radio-
nuclides include 48V, 62Cu, BGe/ 68Ga, 90Y, 99mTc, 103Pd,
106Ry/ 100Rp, 109Cq, 1H4mpny 14, 125], 133xe 144ce) 144py,
45gm. 18Gd, 'BSm, 'Ho, '®yb, '8'w, '%Re, !3Re,
188y / 188Re, and 198Au; in this article, we do not pay any
further attention to these other radionuclides.

It is also to be mentioned that in the early days of IVBT
there was great interest in permanently implanted radioactive
stents. Other IVBT delivery systems used in clinical trials
included catheters with radioactive membranes, radioactive
liquid-filled balloons, and radioactive gas-filled balloons.
However, clinical results for these systems have yielded, at
best, ambiguous and inconsistent results. Miniature x-ray
tubes have also been considered, but technological difficul-
ties have so far prevented these devices from becoming used
routinely. Thus, we chose not to describe these systems for
this report.

IVBT benefits from a team approach that brings together
the expertise of the interventional cardiologist, radiation on-
cologist and medical physicist. Each of these professionals
plays an important role in the optimization of the safety and
efficacy of this procedure. In 1999, the AAPM Task Group
60 report described many of the tasks performed by the
medical physicist and recommended dosimetry procedures in
order to standardize them. The AAPM TG-60 report11 is now
about 8 years old and several new developments have oc-
curred in this field. In this article, we present an update to the
TG-60 report. The update has been written to address spe-
cific topics where the AAPM needs to make new recommen-
dations. Our focus is to recommend a standard dose calcula-
tion formalism and provide the consensus dosimetry
parameters for each of the commonly used IVBT systems.

Even though the application of intravascular brachy-
therapy is decreasing, patients are still being treated'*"” by
IVBT and reference data for the sources used in the three
major IVBT systems are still needed for future evaluations of
the large body of clinical trial experience that has already
been accumulated. These data are essential for a uniform
treatment of retrospective dosimetry for possible future epi-
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demiological studies of the treated population. In addition,
they will be useful if such sources are used in any possible
future applications.

The dosimetry protocols used so far in the IVBT clinical
trials have been very simple. The manufacturer of the device
specified the dose rate profile as a function of distance along
the perpendicular bisector of the source/train, and this dose
rate profile was used to calculate the dwell time for deliver-
ing the prescription dose at the prescription point. If it is
desired to calculate the dose at other points, then it is neces-
sary to use a formalism, which allows the user to calculate
the dose rate at an arbitrary point in space. In this report, we
address the calculation formalisms for dose distributions.
The recommendations presented here by this Task Group
abide by the AAPM recommendation that consensus recom-
mendations be obtained from the results of (at least) two
independent investigations.

Il. BACKGROUND
IlLA. Approved IVBT systems

A brief description of the three FDA-approved IVBT sys-
tems based on 19211‘, 0gr/ 90Y, and *?P and their associated
clinical applications is given below. The sources used in
these systems are described in more detail in Sec. II B.

IA.1. "%Ir

21 is the only gamma emitter that has been clinically
used in IVBT thus far. This radionuclide is used in the
Checkmate system from Cordis Corporation. The sources,
consisting of a number of °’Ir seeds inside a nylon ribbon,
are manufactured by Best Medical International. Treatment
times for IVBT are typically 15 to 40 min. The delivery de-
vice consists of a cylindrical lead storage “pig.” The sources
are manually advanced by the radiation oncologist into a
specially designed noncentering intraarterial catheter.

Dose prescription has been designed via one of two pro-
tocols. In the SCRIPPS (Scripps Coronary Radiation to In-
hibit Proliferation Post Stenting)14 and GAMMA-T’ trials
dose prescription was based on multiple cut intravascular
ultrasound (IVUS) measurements of vessel diameter to de-
termine minimal and maximal distances to the external elas-
tic lamina. Dose was prescribed as 8 Gy at the maximum
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FiG. 1. Schematic showing (a) a single *’Ir seed, and (b) 6-seed '*Ir train
in nylon ribbon. The solid black area indicates the radioactive Pt/Ir core at
the center of each seed. The gray area around the black shows the stainless
steel encapsulation around the core.
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FIG. 2. Schematic showing (a) 5 F single seed of *°Sr/*°Y and an 8-seed
train with gold markers on the ends, and (b) 3.5 F single seed of *°Sr/*°Y
and an 8-seed train with Pt/Ir markers at the ends in a stainless steel wire
jacket.

luminal distance, limited by the constraint of 30 Gy maxi-
mum dose to the nearest luminal distance. Alternatively, in
the WRIST (Washington Radiation for In-Stent Restenosis
Trial)"® and GAMMA-II trials dose was prescribed at some
fixed point from the source ribbon. The prescription dose for
the WRIST trial was 15 Gy at 2 mm for vessel sizes
24t040mm and 15Gy at 2.4 mm for vessel sizes
4.0 to 5.0 mm. The prescription dose for the GAMMA-II
trial was 14 Gy at 2 mm for vessel sizes 2.7 to 4.0 mm.

I.A.2. %°Sr/ %Y

The source in the first approved beta particle IVBT de-
vice, the Beta-Cath system, is *°Sr/°’Y. The Beta-Cath sys-
tem, developed and tested by Novoste Corporation, has been
used in the START (Stents and Radiation Therapy)16 trials,
BERT (Beta Energy Restenosis Trial),'” and BRIE (Beta Ra-
diation In Europe)18 trials. The Novoste source consists of a
string (“train”) of %8r/°%Y seeds. The seeds are stored in a
hand-held delivery device and are advanced by a closed-loop
hydraulic system, which uses sterile saline to advance (and
then retract) the seeds into and out of a noncentered catheter.
Two source sizes have been used: The older 5 F (1.65 mm
diameter) and a newer 3.5 F (1.16 mm) system. Dose is pre-
scribed at a fixed distance, 2 mm, from the center of the
source. For vessels 2.7—3.3 mm in diameter, the prescription
dose is 18.4 Gy, and for vessel diameters 3.3—4.0 mm, the
prescription dose is 23.0 Gy. These dose values are based on
revised data from NIST on the actual doses prescribed in the
trial.

I.A.3. 2P

The second important beta emitter used in IVBT is 32p,
The Galileo system from Guidant Corporation consists of a
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computer-controlled afterloader, similar to a conventional
HDR unit, equipped with a 2P wire source. Several types of
perfusion centering catheters have been made available for
this system. The Galileo system has been tested in the IN-
HIBIT (Intimal Hyperplasia Inhibition with Beta In-stent
Trial)'” and PREVENT (Proliferation REduction with Vascu-
lar ENergy Trial)® trials. In these trials, dose was prescribed
at a fixed depth, 1 mm, into the vessel wall, and the prescrip-
tion dose was 20 Gy. The vessel diameter was determined
from the angioplasty balloon diameter and from fluoroscopy.
Vessel diameters of 2.4—3.7 mm can be treated using bal-
loons of 2.5, 3.0, and 3.5 mm diameter. The Galileo system
is the only one approved for source pullback, i.e., stepping
the source to treat longer lesions.

Il.B. Description of sources
II.B.1. "2Ir seed train sources

The '*’Ir seed train assembly in a nylon ribbon has been
used in tumor brachytherapy for decades.”’ The '’Ir radio-
nuclide is an emitter of a complex scheme of gamma rays,
X rays, beta particles, conversion electrons and Auger
electrons.”' ™ It emits approximately 2.1 gammas per decay
ranging in energy primarily between 296 and 612 keV, with
an average energy of 370 keV. The half life is 74 days. In
the Cordis Checkmate system, model 81-01 2Ir seeds
(3 mm length) from Best Medical (Springfield, VA) are as-
sembled in a hollow nylon ribbon, with a 1 mm gap between
neighboring seeds (see Fig. 1).>* Each seed is 0.5 mm in
outer diameter. The inner Pt/Ir core (0.1 mm in diameter) is
encapsulated by stainless steel of 0.2 mm thickness radially.
Seed activities are typically 33 mCi per seed. The seed ends
are not encapsulated, allowing the emission of beta particles
and internal conversion electrons through the 1 mm air gaps.
The "?Ir ribbon systems approved by the FDA include three
different lengths, namely, 23 mm (6 seeds), 39 mm (10
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seeds), and 55 mm (14 seeds). For longer lesions, seed trains
of up to 23 seeds have also been used in the Long WRIST
clinical trial,” but they are not approved by the FDA for
market release.

I1.B.2. 9°Sr/°°Y seed train sources

Sr is a pure beta emitter with a 28.8 year halflife,”® and
546 keV maximum beta energy. The daughter isotope Y is
also a pure beta emitter with a 64 h halflife, maximum beta
energy of 2.28 MeV and an average beta energy of
0.935 MeV. It is primarily the *°Y beta particles that are
used for therapy, although Y is in secular equilibrium with
the parent 9051‘, and both radiations are emitted. The original
5 F Novoste Beta-Cath system was first used in clinical trials
in 1997 and consists of trains of individual 2.5 mm long
%5r/?°Y seed sources with no separation between the seeds.
The seed activities are typically 3.5 mCi per seed. Depend-
ing upon the lesion length being treated, trains of 30 mm (12
seeds), 40 mm (16 seeds), or 60 mm (24 seeds) were used.
Figure 2(a) shows the single seed construction, as well as a
train of seeds. The individual seeds consist of a 2.5 mm long
by 0.56 mm diameter ceramic cylindrical core encapsulated
in a stainless steel cylindrical capsule with 0.04 mm walls
and 0.05 mm ends.”’ The seed trains were brought into the
patient hydraulically in a 5 F (1.67 mm) diameter eccentric
three-lumen treatment catheter, with gold marker seeds at
either end of the seed train.

In 2000, a second source design was introduced, with a
narrower diameter, delivered in a 3.5 F diameter catheter. In
this design, the nominal 2.5 mm long core material is now a
sintered aluminum powder in which the *°Sr/*Y is bound,
with a 0.32 mm diameter. The core is encapsulated in a stain-
less steel capsule with 0.03 mm thick sides and ends. The
individual seeds in the train are held together by a jacket
made from a stainless steel coil having 0.445 mm diameter
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and including Pt/Ir alloy markers at each end.”® The train is
brought into the patient in a three-lumen eccentric catheter
with a 1.16 mm diameter. Both the individual seed and the
seed train in a catheter are shown in Fig. 2(b).

11.B.3. 2P wire sources

32P is a pure beta emitter with a 14.3 day halflife, a maxi-
mum beta energy of 1.71 MeV, and an average beta energy
of 0.695 MeV. The 20 and 27 mm *’P wire sources manu-
factured by Guidant Corporation are shown in Figs. 3(a) and
3(b), respectively. Both sources are composed of a flexible,
polymer core containing the *’P radionuclide, which is en-
capsulated in superelastic NiTi tubing. The 20 mm source
design29 is the successor of the 27 mm design30 and is essen-
tially the same, except for the nominal length of the radioac-
tive core and the addition of a second x-ray marker at the
proximal side of the core. The 20 mm source can be used in
automated stepping mode for the irradiation of longer le-
sions. For this source, the manufacturing tolerance in the
active source length as represented by the distance between
the proximal and distal 50% isodose lines was +0.9 to
—0.5 mm. More details can be found in the aforementioned
references.

I.C. Determination of dose distributions in IVBT

The introduction of intravascular brachytherapy has cre-
ated new challenges in the field of brachytherapy dosimetry,
because of the necessity to know accurately the dose distri-
bution with submillimeter resolution at very small distances
from the source. A brief overview of the various methods
used for determining the dose distribution about intravascu-
lar sources is given below.

II.C.1. Monte Carlo calculations

An important advantage of Monte Carlo simulations is
that the dose distribution can be calculated with high spatial
resolution. A variety of well-validated general-purpose
Monte Carlo codes are currently available for brachytherapy
dosimetry and sufficient computing power for dose calcula-
tions on brachytherapy sources is widely available. It is
therefore not surprising that many authors have used this
technique for the calculation of dose distributions about
IVBT sources. However, it is not trivial to obtain correct
results using Monte Carlo calculations, as can be seen, for
example, from the discussions given in Sec. V. General-
purpose codes that have been used for the studies included in
the present comparison are CYLTRAN, part of the ITS 3.0
package;”' EGS4;"% EGSnrc;>> MCNP4B;>* MCNP4C;>” MCNPX;
PENELOPE;37 and GEANT4™® In a few studies, special codes
have been developed by the authors for IVBT dosimetry.”’40

Il.C.2. Experimental measurements

Near-field dosimetry of brachytherapy sources is compli-
cated by the very high dose gradients associated with small
sources at short distances in water or water-equivalent mate-
rials. To avoid dosimeter volume averaging effects, very high
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resolution (less than 0.5 mm) is required. For '?Ir sources at
1 cm or greater distances, ] mm X 1 mm X 1 mm thermolu-
minescence dosimeters (TLDs) sufficiently minimize volume
averaging effects and are the most commonly used systems
for dosimetry at these distances.”’ However, at the distances
of interest in intravascular brachytherapy, recourse must be
made to detectors that offer higher spatial resolution. Detec-
tors that offer submillimeter resolution include radiochromic
ﬁ]m,41 small-volume scintillators,42 and ultrathin TLDs.* In
addition, very-small-volume extrapolation ionization cham-
bers serve as primary dosimetry standards for beta particle
brachytherapy sources in the United States,* Gelrmany,44 and
the Netherlands.*’

Radiochromic film offers the necessary spatial resolution
(better than 0.1 mm in all dimensions), near water equiva-
lence for photons above 100 keV and for beta particles, and
the required sensitivity for these relatively high dose and
dose rate field measurements. Most of the experimental re-
sults compared in Sec. IV for intravascular brachytherapy
sources were obtained with this method. There are several
good reviews on the use of radiochromic film available in the
literature.*™® Precautions required in the use of radiochro-
mic film include proper consideration of the measurement
depth in nonaqueous media (see Sec. III D), time and tem-
perature dependence of the measured optical density, and
energy dependence of the response to photons with energies
below 100 keV.**

I1.D. Review of dose calculation formalisms
II.D.1. Spherical coordinates

The dose calculation formalism of the AAPM TG-43 is
expressed in polar coordinates although it actually uses a
spherical coordinate system since there is no assumed depen-
dence on the azimuthal angle. This formalism has become
the standard for the dosimetry of interstitial brachytherapy
gamma sources for cancer treatment.”!

The general, two-dimensional (2D) dose-rate equation
from the 2004 update of the TG-43 protocol52 is given by

GL(V, 0)

D(r,0) = SgA
K G(ro,6p)

gL(nF(r,0), (1

where r denotes the distance from the center of the active
source to the point of interest P(r, 6), r, denotes the refer-
ence distance, which is specified to be 1 cm in this protocol
for gamma-particle emitting sources, and € denotes the polar
angle specifying the point-of-interest relative to the source
longitudinal axis (see Fig. 4). The reference angle, 6, lies in
the source transverse plane, and is specified to be 90° or
/2 rad. Sk is the air kerma strength of the source. It has
units of wGy h™' m? or U.

The dose rate constant, A, equals the ratio of absorbed
dose rate at the reference position, P(ry,6,) in a water
equivalent phantom, and Skx. A has units of ¢cGyh™' U7/,
which reduces to cm™:
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The dose-rate constant depends on both the radionuclide and
the source model and is influenced by both the source inter-
nal design and the experimental methodology used by the
primary standard to realize Si.

G,(r, 0) is the geometry function (cm™?) that describes the
dose distribution in the absence of scattering and attenuation
within the source itself and any surrounding materials. The
geometry function in its most general form is given by

J[ﬂ(r’)dv’/|r’—r|2]
%
fﬁ(r’)dV’
%

where 9(r’) represents the density of radioactive material
within volume element dV’ at the point r’ within the source,
and V denotes integration over the source radioactive core.

In IVBT it is appropriate to use the line-source model,
which gives rise to the following geometry function:

GL(l", 0) =
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L_, if d+0°,
G (r,0)=\Lrsin 0 (4)

(P -LY4)", if 6=0°,

where 3 is the angle, in radians, subtended by the tips of the
hypothetical line source with respect to the calculation point,
P(r,0), and L is the active source length (see Fig. 4).

The radial dose function, g;(r), accounts for dose fall-off
on the transverse plane due to photon scattering and attenu-
ation, i.e., excluding the fall-off accounted for by the geom-
etry function. g;(r) is defined by Eq. (5) and is equal to unity
at ro=1 cm:

D (r, 90) GL("07 490)
r)= 5
gL( ) .(ro, 60) GL(r, 00) (5)

F(r,0) is the 2D anisotropy function that accounts for
angular dependence of photon absorption and scatter in the
encapsulation and the medium is defined as

D(r,0) G,(r,6)

F(r,0) = Ber, py G 6)

(6)

Other than inclusion of the subscript “L,” this definition is
identical to the original TG-43 definition.

For beta-particle emitting seed sources, the same formal-
ism has been proposed, with the difference that the product
of air kerma strength and dose rate constant in Eq. (1) is

replaced by the reference absorbed dose rate D,, (2 mm) at
the reference radial distance, r,, of 2 mm from the center of
the source in water.'!

I.D.2. Cylindrical coordinates

It has been shown by Schaart er al.” that the TG-43 for-
malism, which was originally developed for point-like
sources, does not work well for long intravascular line
sources, and in principle fails completely for beta particle
line sources with a length L larger than twice the range R of
the beta particles (L>2R). The cause of this failure lies in
the fact that the radial dose function g, (r) is a function of the
(polar) distance r to the center of the source. If the source
emits beta radiation with a range R, and if we neglect brems-
strahlung for simplicity, g;(r) becomes zero for r> R. There-
fore, if the source length exceeds 2R, there are points (nota-
bly at values of 6 near 0° and 180°) that are located at
distances r>R from the source center but where the ab-
sorbed dose rate remains finite. At such points, the aniso-
tropy function F(r,#) would become infinite.

In reality, F(r, 6) remains finite because of the presence of
bremsstrahlung, but it nevertheless increases to very large
values. The resulting large and rapid variations make a table
of F(r,#) difficult to interpolate accurately. This finding has
later been confirmed by others.”*™° Since it is in fact one of
the main purposes of the TG-43 formalism to minimize dose
calculation errors due to interpolation, Schaart et al. pro-
posed an adaptation of the formalism that appears to work
well for intravascular line sources and also preserves the es-
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sential advantages of the TG-43 approach. The new formal-
ism is conceptually similar to the TG-43 formalism. How-
ever, the parameters of the new formalism are redefined to
avoid the singularity problem described above. Furthermore,
the new formalism is defined in cylindrical coordinates,
(p,z, ), which better match the source-target geometry. This
has the advantage that an evenly spaced matrix of data points
within the region of interest is easily obtained using equidis-
tant intervals along the axes. The origin of the cylindrical
coordinate system is located at the source center, while the z
axis coincides with the long symmetry axis of the source, as
indicated in Fig. 4. Under the assumption that the source is
cylindrically symmetric, it suffices to use only the coordi-
nates (p,z), where p is used to denote the cylindrical radial
distance in order to avoid confusion with the polar or spheri-
cal distance r used in the TG-43 formalism.

In the cylindrical coordinate formalism, the dose rate dis-
tribution about a beta particle line source in water is ex-
pressed as follows:

D(p,z) = D(py,20)[G(p,2)/G(pg.z0)1g(p) F(p.2). (7)

Here, D(po,zo) denotes the source strength that is defined as
the reference absorbed dose rate (absorbed dose rate in water
at the reference point), i.e., at py=2 mm and z,=0. Similar to
the TG-43 formalism in spherical coordinates, a geometry
function is used to suppress the influence of the inverse
square law on the other parameters. The general definition of
the geometry function has been given in Sec. II D. Since the
absorbed dose rate along a long, uniform beta particle line
source is very uniform and almost independent of source
length except near the ends of the source, it is appropriate to
use the geometry function for an infinite line source, as origi-
nally proposed by Schaart et al. In this approximation, the
geometry function reduces to>

G(p,2) = Glp) = % ®)

This geometry function is recommended for all beta line
sources to which the formalism is applied.

The transverse dose function g(p), which is normalized to
unity at the reference point, is defined as follows:

_ Glpy:z0) D(p:z0)

g(p)= G(p,zp) D(pO,Zo) .

)

The transverse dose function plays a similar role as the
radial dose function, in that it characterizes the dose rate
distribution along the transverse bisector of the source. How-
ever, the transverse dose function is a function of the cylin-
drical radial distance p instead of the spherical distance r.
Therefore, if the above geometry function is used, g(p) ap-
proximately characterizes the entire dose distribution about a
uniform beta line source, except in the dose fall-off regions
near the ends of the source.

The nonuniformity function F(p,z), which is normalized
to unity on the transverse axis, is defined as
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_ Glp,z9) D(p,2)

F(p,z) = G(p,2) D'(p,Zo)'

(10)

Substitution of the above geometry function [Eq. (8)]
shows that the first factor on the right-hand side of this equa-
tion is equal to unity, so the nonuniformity function com-
pletely describes the axial variation of the dose rate in terms
of the ratio of the dose rate at a point and the dose rate on the
central transverse axis at the same radial distance. Thus, this
function accounts for the dose fall-off near the source ends,
but also for any dose rate nonuniformity that may result from
variations in, e.g., the activity distribution or the encapsula-
tion thickness along the length of the source.

It is to be noted that, in the meantime, other authors have
also proposed line source formalisms based on cylindrical
coordinates. Patel et al.,54 for example, proposed a formalism
comprised of a transverse dose function equal to the radial
depth-dose distribution normalized at the reference point,
and a modulation function, equal to F(p,z) as defined above.
Instead of the geometry function G(p,z), however, these au-
thors proposed a so-called distribution factor consisting of a
modified Fermi—Dirac function, which can be seen as a fit to
the typical variation of the dose distribution of a beta particle
line source in the longitudinal direction. The potential advan-
tage of this approach is that the modulation function remains
close to unity if the distribution factor can be fit well to the
dose distribution of the source under consideration. This was
successfully demonstrated for a *°Y beta particle line source.
The dose distribution about other source designs may be very
different, however. In some cases, it may therefore appear
difficult to fit the distribution factor to the dose distribution,
resulting in a rapidly varying modulation function that is
difficult to interpolate. A second disadvantage of this method
is that the distribution factor does not account for the influ-
ence of the inverse square law in the transverse direction. For
this reason, the transverse dose function falls off just as
steeply as the radial depth-dose distribution itself.

In a second paper, the same group compared the TG-43
formalism with the line source formalism proposed by
Schaart et al. for a '*?Ir line source composed of a 30 mm
long Ir wire encapsulated in a thin-walled Ni/Ti tube.” The
TG-43 geometry function for a finite line source with a
length L=30 mm was used in both cases."! Interestingly, the
beta particles emitted by 1921y appeared to contribute signifi-
cantly to the dose rate at radial distances up to about 1.5 mm.
As a result, the anisotropy function showed rapid variations
at these radial distances. In contrast, the nonuniformity func-
tion remained close to unity throughout the entire region of
clinical interest. Because of this and the fact that the use of
cylindrical coordinates requires a smaller matrix of F(p,z)
values to accurately describe the dose distribution, we con-
clude that the cylindrical formalism is more suitable for in-
travascular line sources. Note that although there is no space
between the seeds in either of the Novoste source train sys-
tems, the single seed TG-43/60 formalism described in Sec.
IID 1 is preferred for these sources since this approach al-
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lows greater flexibility in radiation field calculations by al-
lowing the consideration of curved sources (see Sec. III C).

Wang and Li* used a formalism that is similar to the one
proposed by Schaart et al. except that a central region of
axial dose uniformity is presupposed. As a result, the formal-
ism exhibits discontinuities in both G(p,z) and F(p,z) at the
z values between which the dose distribution is presupposed
to be uniform. This formalism was successfully demon-
strated using a Monte Carlo calculated dose distribution of a
uniform 27 mm long Guidant **P beta particle line source. A
limitation of this formalism, however, is that it is inherently
unsuitable for sources that lack the presupposed region of
longitudinal uniformity. For the same reason, it is impossible
to use this formalism for the representation of, e.g., film
measurements on real sources, which in general are not per-
fectly uniform.

The geometry function given in Eq. (8) has a very simple
form. This function has been selected based on the argu-
ments given below. It has recently been suggested that a
more precise representation of the geometry function (some-
times called particle streaming function) could be obtained
via a Monte Carlo evaluation of Eq. (3), especially if the
radioactivity distribution inside the source has a complex
geometry.57’58 In reaction to these and other papers, however,
several arguments have been given to select only a few,
simple, analytical geometry functions for use in brachy-
therapy treatment planning.sgf61

First, it should be recognized that possible differences be-
tween Eq. (3) and the selected, approximate geometry func-
tion do not introduce errors in the dose calculation as long as
the geometry function applied in dose calculations are the
same as the one used by the authors who prepared the TG-
43/60 data set.

Second, the role of the geometry function is to suppress
the influence of the inverse-square law on the other dose
calculation parameters. As a result, these other parameters
become less rapidly varying functions. This is essential for
accurate interpolation between tabulated data points and may
even permit extrapolation to points outside the tabulated data
range. However, this approach works only if the geometry
function can be recalculated exactly at any point in space.
Hence, the geometry function should be an analytical func-
tion: Providing this rapidly varying function in the form of,
for example, a table of Monte Carlo results would reintro-
duce interpolation errors that the geometry function is in fact
supposed to eliminate.

Third, it is important that a limited set of geometry func-
tions be used in clinical practice. This minimizes the chance
of errors resulting from the use of the wrong geometry func-
tion, and makes it more likely that all of the geometry func-
tions used are indeed available in all commercial treatment
planning systems.

lll. METHOD OF OBTAINING CONSENSUS DATA
lllLA. Single seed source data

When authors provided measured or calculated data for
individual seed sources, the comparisons of results were rela-
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tively straightforward. In general, the comparisons were per-
formed in three steps. First the dose rate constants for single
seed sources were compared. For 'Ir sources the dose rate
constant was expressed in terms of dose rate per unit air
kerma strength at the reference distance of 1 cm from the
source center in water. For *°Sr/?°Y seeds the quantity com-
pared was dose rate per unit contained activity at the refer-
ence distance of 2 mm from the seed center in water. For
expressing contained activity of *°Sr/*’Y seeds, the conven-
tion of using only the parent activity was followed. The sec-
ond step was the comparison of relative depth-dose profiles
or, equivalently, radial dose functions for single seed sources.
The latter comparison was much more sensitive to small
variations due to the removal of the strong distance depen-
dence through application of the geometry function. Finally,
anisotropy function data were compared graphically for fixed
radial distances as a function of angle.

In comparing dose rate constants and selecting the con-
sensus value, there were several considerations. One can ar-
gue that the value from a single reference should be selected
as being representative of the collection of values available
in the literature. Alternatively, one can argue that an aver-
aged value of experimental and calculated values should be
used. In this work, both approaches have been followed (see
Sec. IV), depending on the source type.

In comparing radial dose functions and anisotropy func-
tions of single seeds, only one set of functions has been
chosen for each system rather than averaging data from
many authors. The chosen functions were usually from
Monte Carlo calculations that spanned the required range of
radial distances and angles and had sufficiently fine spacing
to make the interpolation between points accurate. Analytical
functions were fit to the chosen radial dose function data
when they were not available in the literature. The degree to
which the data agreed with available experimental measure-
ments was considered in the selection of the Monte Carlo
study for recommended values.

An important aspect of the comparison was also a consid-
eration of how well the radial dose and anisotropy functions
for single sources predicted the dose profiles measured and
calculated for ribbon and train sources. This is discussed
further in Sec. IV.

IIl.B. Line source data

For the special case of **P wire sources, generally results
are only available for the entire wire length. As discussed in
Sec. II D 2, the TG-43 formalism is not appropriate for these
sources and a cylindrical formalism is used instead. In this
formalism the quantities for comparison are the reference
absorbed dose rate per unit contained activity per unit active
source length, the transverse dose function, and the nonuni-
formity function. Similar arguments with respect to the
choice of consensus values for these parameters can be made
in exact analogy to the TG-43 parameters discussed in the
previous section. Details for the choices made are given in
Sec. IV.
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lll.C. Train source data

For the case of '"’Ir ribbons and “°Sr/*°Y seed trains,
measured data are generally available only for trains of
sources rather than individual sources. Calculations, on the
other hand, are usually available for both trains and single
sources. As mentioned above, one of the crucial methods of
comparison of various available values of the TG-43 param-
eters is to use the principle of superposition of dose distribu-
tions for a single source to predict the dose profile for a train
source. The predicted profiles are then compared to mea-
sured and calculated profiles. Generally these comparisons
were confined to relative depth-dose profiles and to axial
distributions at radial distances of 1 or 2 mm, as well as
distributions perpendicular to the source axis at a depth of
2 mm. In the axial distribution comparisons, the decision
was made to normalize the dose profiles to an average value
over the central % of the physical source length, rather than at
a point at the source center. This was done to reduce the
influence of local variations in the profiles (e.g., due to
source nonuniformity or measurement uncertainties) on the
comparison. This convention was used throughout the com-
parisons presented in this work. The same convention has
been used in the away-and-along tables presented in Sec. IV.
Note that for the purposes of performing the averaging over
the central % of the physical source length, a maximum dis-
tance between points of 0.1 mm shall be used. Since most
measurements of nonuniformity are performed with radio-
chromic film, this is well within the capabilities of this do-
simeter.

For the special case of the 2.5 mm long **P wire segments
calculated by Mourtada et al.”* the superposition principle
was also used to construct wire source dose distributions for
comparison with measurements and calculations. These seg-
ments are short enough to be usable under the TG-43 formal-
ism and thus represent a method for modeling curved
sources, which is impossible to do under the cylindrical for-
malism. As the Mourtada data are the only available data,
they are recommended as the consensus values for 2.5 mm
long **P wire segment superposition calculations.

lll.D. Media scaling

Dose measurements on therapeutic beta particle sources
are often performed in solid phantoms made from low-Z
materials such as A-150 plastic, WT1, polystyrene, or
poly(methyl methacrylate) (PMMA). The depth-dose distri-
bution in such a solid phantom is generally different from
that in water, therefore requiring a correction. Monte Carlo
calculations, in which the phantom medium is replaced by
water, can be used for such corrections. Another possibility is
to correct through scaling.

In the late 1960s, Cross proposed that the depth-dose dis-
tributions of plane and point beta particle sources in different
low-Z media are very similar and can be related to one an-
other via a scaling factor on distance.”® Since then, this so-
called scaling method has been used for a variety of appli-
cations, and the results in low-Z media appear to be accurate
to within 2% to 3% for the types of sources just mentioned.**
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Recently, the applicability of the scaling method has been
extended to line sources with zero or finite diameter by
Schaart.”

For a point source, the dose distribution in one low-Z
medium can be calculated from that in another low-Z me-

. 63,64
dium as follows: ™

2
Dy(r)= vfg—ibl(n?r), (11)
1 1

where r is the distance to the source in units of length, 7 is
the scaling factor, or relative attenuation, of medium 2 rela-
tive to medium 1, and §; and &, are the densities of medium
1 and 2, respectively.

For a cylindrical source having a length larger than twice
the beta particle range, the depth-dose distributions in differ-
ent media are related by65

pD,(p) = n[pﬁ 77é(p— ps)}Dl[pﬁ 77é(/0— ps)},
& 3

(12)

where p is the radial distance to the longitudinal source axis
and p; is the outer radius of the source. For p,=0, this equa-
tion reduces to

& &
Dy(p)=7="Dy| v p|. (13)
& &
We have applied media scaling in some cases where the
original publication contained dosimetric data for media
other than water. In such cases this is clearly indicated.

IV. DATA COMPARISON AND RECOMMENDATIONS

IV.A. Source strength of catheter-based IVBT
sources

For a given source type, the two most important quantities
in the determination of the dose delivered to the target are
the brachytherapy source strength and the amount of time the
source is left in the target (i.e., the irradiation time) assuming
all other parameters are known (i.e., source position in ref-
erence to the target, etc.). The source strength of each deliv-
ered source is provided by the vendor to the user. It is the
responsibility of the medical physicist to verify the accuracy
of the source strength before its first clinical use.

Two different definitions of brachytherapy source strength
are in use. For photon sources the AAPM TG-32,%
TG-43,51‘52 and TG-60,'1 recommend that source strength be
specified in terms of the air kerma strength, Sx. For beta
sources from catheter based systems, the AAPM TG-60 re-
port recommends that source strength be specified in terms
of absorbed dose rate to water at 2 mm radial distance,
DW(Z mm). In this report, we make the following recommen-

dations for the specification of source strength of IVBT
sources.
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IV.A.1. Gamma emitting *?Ir sources

Iridium-192 sources used for intravascular brachytherapy
are calibrated in an identical manner to those used in con-
ventional brachytherapy.51 Individual seeds are calibrated at
NIST with primary standards in terms of air kerma strength.
For '2Ir sources the primary standard is a re-entrant cham-
ber, which was originally calibrated against a NIST primary
standard free air ionization chamber.”” Such calibrated
sources are distributed to manufacturers and secondary labo-
ratories for calibration of secondary standards, which are
typically well-type ionization chambers.

We recommend that no changes in the calibration of
source strength of gamma emitting '**Ir sources be made. Air
kerma strength standards and the procedures for the transfer
of primary standards to the ADCLs and the user are well
understood and extensively described in the literature.

Briefly, air kerma strength, Sk, is the air kerma rate,

K 5(d) in vacuo and due to photons of energy greater than &,
at distance d, multiplied by the square of this distance, d*:

Sk =Ks(d)d>. (14)

The quantity d is the distance from the source center to the

point of K (d) specification (usually but not necessarily as-
sociated with the point of measurement) which should be
located on the transverse bisector of the source (the plane
normal to the longitudinal axis of the source, which bisects
the radioactivity distribution). The distance d can be any dis-
tance that is large relative to the maximum linear dimension
of the radioactivity distribution so that Sk is independent of

d. K,; (d) is usually inferred from air kerma rate measure-
ments performed in a free-air geometry at distances typically
of the order of 1 m.* The qualification in vacuo means that
the measurements should be corrected for photon attenuation
and scattering in air and any other medium interposed be-
tween the source and detector, as well as photon scattering
from any nearby objects including walls, floors, and ceilings.
Of course, air kerma rate may also be calculated to subvert
some of the limitations imposed on practical measurements.
The energy cutoff, &, is intended to exclude low-energy or
contaminant photons (e.g., characteristic x rays originating in
the outer layers of steel or titanium source cladding) that

increase K 5(d) without contributing significantly to dose at
distances greater than 0.1 cm in tissue.

IV.A.2. Beta emitting 2P and %°Sr/*°Y sources

Currently, beta-emitting catheter based systems are cali-
brated at primary and secondary laboratories in terms of ref-
erence absorbed dose rate (absorbed dose rate to water at a
reference distance of 2 mm in water) measured in water
equivalent plastic using an extrapolation ionization chamber
equipped with a 1 mm diameter collecting electrode.’*!
This approach for the primary standard for beta emitting
IVBT sources has the advantage of yielding the quantity of
interest in an absolute sense. Similarly to 21y sources, cali-
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TABLE L. Dose rate constant, A (at 10 mm), and dose rate per unit air kerma
strength at 2 mm along the transverse axis of an "I seed, both in units of
cGyh™'Ul

A (cGyh™'U™) Dose Rate (cGy h™! U™")

Author at 10 mm at 2 mm
Patel et al. (Ref. 72) 1.108 23.82
Williamson (Ref. 39) 1.11

Nath et al. (TG-43) (Ref. 51) 1.12

Wang and Sloboda (Ref. 68) 1.115

Anctil et al. (Ref. 69) 1.1

Wang and Li (Ref. 27) 1.109 23.76
Chen and Nath (Ref. 70) 1.124

Papagiannis et al. (Ref. 40) 1.104 24.04
Ye et al. (Ref. 71) 1.129 24.9

brated sources are distributed to manufacturers and second-
ary laboratories for calibration of secondary standards, which
are typically well-type ionization chambers.

It should be noted that D, (2 mm) is often supplemented
with values of contained activity, as this is the quantity used
by some vendors and users in the determination of source
strength in the clinic. Knowing the contained activity and the

details of the source design, one can infer D, (2 mm) by
using the results of Monte Carlo simulations. The manufac-
turers of both the *°Sr/°’Y and 3P systems do provide con-

tained activity as well as D, (2 mm) in their source specifi-
cations. For the former, only the parent activity is specified.
Manufacturer measurements of contained activity are per-
formed using well ionization chambers with activity calibra-
tions traceable to primary standards. It should be noted that
manufacturer statements of contained activity and reference
absorbed dose rate are not independent but are based on a
single determination with a system calibrated either in terms
of one quantity or the other, with the complementary quan-
tity inferred using a reference (usually Monte Carlo based)
relationship between contained activity and reference ab-
sorbed dose rate. We recommend that the primary standard
based upon an in-medium measurement of dose using an

TaBLE II. Coefficients, a;, for the reference radial dose function for 192Ir,
208r/%Y single seed sources [Eq. (15)] and for the transverse dose function
for 32P wire sources [Eq. (16)]. The fit for '*?Ir is valid for 0.5 mm<r
<90 mm, that for *°Sr/*°Y for 0.5 mm < r=<9.9 mm. The fit for *?P is valid
for 0.5 mm=< p<6.5 mm.

Coefficient 1921y 0gr/ 0y 32p

ag 9.89054 % 107! 1.42392 % 10° 6.51289%x 107!

a 8.81319x 107 -1.20120 X 10° 5.92999 X 102

a, 3.51778 X 1073 1.82809 x 10° -2.55906 < 107!
a, -1.46637X 107  —1.46740x 10° 4.03760x 1072

a, 9.24370% 107 6.75438 X 107! —-4.32949 X 1073
as -1.95682x 107!

ag 3.67827 X 1072

ar —4.46911 %1073

ag 3.38232x 1074

ay -1.44859 X 1073

aj 2.68025 % 1077
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TaBLE III. List of values of the radial dose function, g,(r), for 1921y and
%Sr/9%Y single seed sources using effective lengths of 3 and 2.5 mm, re-
spectively. Values of g(p) for **P wire sources (20 and 27 mm long) are also
listed in the rightmost column. These values were generated with Egs. (15)
and (16) and the coefficients given in Table II for the respective radionu-
clides. Note that both 7 and p are expressed in millimeters. The fit for '*?Ir
is valid for 0.5 mm=<r<90 mm, that for *°Sr/*°Y for 0.5 mm<r
<9.9 mm. The fit for **P is valid for 0.5 mm=< p<6.5 mm.

rorp 1921r 9051,/ 9()Y 32P
(mm) gu(r) g.(r) g(p)
0.5 0.990 1.134 % 10° 1.862 < 10°
1.0 0.990 1.096 X 10° 1.634 X 10°
1.5 0.990 1.067 X 10° 1.322%x 10°
2.0 0.991 1.001 X 10° 1.000 X 10°
2.5 0.991 9.088x 107! 7.131x 107!
3.0 0.992 8.034 X 107! 4797 % 107!
3.5 0.993 6.919x 107! 3.028 X 107!
4.0 0.993 5.780x 107! 1.772%x 107!
45 0.994 4.660% 107! 9.441x 1072
5.0 0.994 3.621x 107! 4.465% 1072
5.5 0.995 2.718x 107! 1.817x 1072
6.0 0.995 1.978 X 107! 6.125x 1073
6.5 0.996 1.389x 107! 1.636x 1073
7.0 0.996 9.223% 1072
7.5 0.997 5.587 X 1072
8.0 0.998 3.025% 1072
8.5 0.999 1.617 X 1072
9.0 0.999 9.814 %X 1073
10.0 1.000
20.0 1.010
30.0 1.015
40.0 1.010
50.0 0.996
60.0 0.972
70.0 0.942
80.0 0.913
90.0 0.891

extrapolation chamber should continue to be used as the pri-
mary quantity for specification of beta particle sources for
IVBT.

It is anticipated that well-type ionization chambers will
continue to be the principal instrument used to transfer cali-
brations of sources between laboratories. For this purpose it
is extremely important that the inserts used to position the
sources within the chamber volume be standardized since the
chamber calibration coefficient will be different for each
source design and chamber insert type.

It should also be noted that, strictly speaking, the well
chamber will measure a quantity that is related to source
contained activity. Use of the well-chamber reading to infer
reference absorbed dose rate cannot be done without knowl-
edge that the activity is distributed uniformly in the source
(which may, e.g., be verified via film measurements). This is
particularly important for beta-particle line sources since the
reference absorbed dose rate is influenced only by the central
section of the source with a length of the same order of
magnitude as the beta particle ramge.41 Nonuniform sources
thus have a different relationship between contained activity
and reference absorbed dose rate than uniform sources. The
latter case is usually assumed in modeling calculations made
to yield this relationship.

Also necessary is the frequent use of reference sources to
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check the long-term stability of the response of the well
chamber. The latter sources need not be calibrated since only
the relative readings are necessary for this purpose. Sources
with a long halflife such as 37Cs or ?Sr/*°Y are recom-
mended for this purpose. Preferably they would be usable in
the same insert as that used for the brachytherapy source
calibrations so that insert integrity could be monitored as
well.

In principle, any radiation sensitive detector in a cali-
brated reproducible geometry could be used to transfer cali-
brations between laboratories. For beta sources, the best de-
tectors would be similar to the extrapolation chamber
described above for the direct measurement of reference ab-
sorbed dose rate; the only difference being that calibration of
the detector in a radiation field of known absorbed dose rate
would be necessary. As with well-ionization chambers, the
detector in its measurement geometry (phantom, holder, etc.)
would be calibrated using a brachytherapy source with
known reference absorbed dose rate. The system would re-
quire calibration for each type of source to be measured.

IV.B. Recommended dose calculation formalism

We recommend that the general, 2D dose-rate equation
from the 2004 TG-43 protocol given in Eq. (1) be retained
for photon and beta particle emitting seed sources. In this
formalism we recommend using the line-source model given
in Eq. (4). (The point source approximation is not considered
appropriate for the close distances involved in intravascular
brachytherapy source dosimetry.) Also, we recommend the
use of linear superposition for the summation of doses from
individual sources in a train. For the calculation of the dose
distribution about the 20 and 27 mm Guidant **P line
sources, we recommend the cylindrical formalism discussed
in Sec. II D.

IV.C. Recommended dosimetry parameters

IV.C.1. "I seed train sources

IV.C.1.a. Source length.

The recommended value for the active source length L is
3.0 mm. This value has been used for the calculation of all
data presented below.

IV.C.1.b. Dose rate constant.

Published values®***19872 of the dose rate constant [ab-
sorbed dose rate in water at 10 mm (1 cm) per unit air kerma
strength (U)] were compared and are shown in Table 1. For
the sake of simplicity and consistency we recommend the
TG-43 recommended value, 1.12 cGy U™'h™! of Nath et
al® for the Best model 81-01 '’Ir seed as the reference
value for this parameter. All published values are within 2%
of this reference value.

Also shown in Table I are the four reported values for the
dose rate at 2 mm in water per unit air kerma strength. These
values are also in fair agreement with one another (the dif-
ference between the largest and smallest value <5%).

IV.C.1.c. Radial dose function.

Four sets of published values for the radial dose function,
g (r), for a single '?Ir seed source, are shown in Fig. 5.
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FIG. 5. Comparison of published radial dose functions for a single '**Ir

seed. The recommended data set is shown in red.

They all agree with one another to within about 2% at dis-
tances larger than 1 mm and within 4% between 0.5 and
1 mm. However, for shorter distances, the values by Patel et
al.”* rise steeply as the distance decreases. This is due to the
inclusion of the contribution of the beta particles emitted by
2y, Although we consider this study more correct at shorter
distances, we again recommend the TG-43 values for the
sake of simplicity and because these beta particles are ab-
sorbed in the nylon ribbon and do not contribute a significant
dose to the tissues.”” The recommended reference values are
obtained from the TG-43 polynomial fit calculated down to
0.5 mm from the seed center (the closest distance from any
tissue, even in an eccentric catheter and ribbon). This func-
tion is also shown in Fig. 5 and is given by

g =2 ar, (15)
i=0

where n is the order of the polynomial used for the fit. The
parameters of the fit are given in Table II. Note that r is
expressed in millimeters. The range of application of this
function is from 0.5 to 90 mm.
1IV.C.1.d. 2D anisotropy function.

A sample of the published values? 72476 for the 2D
anisotropy function, F(r, 6) for a single '*’Ir seed source is
shown in Fig. 6. The recommended reference values for r
<10 mm are those given by Patel et al.”* The values for r
=10 mm are from the TG-43 recommendation.”’ This
choice was made based on the fact that this Monte Carlo
study was the most densely populated and also considered
the beta particles and electrons emitted by the seed source.
As shown in Fig. 6 the chosen set agrees well with those of
other authors, except at short distances and small angles
where the beta particle contribution influences the function.
These values are shown in Table IV. For reference purposes,
the values of the product of *> and the geometry function,
Gy(r,6), for a source with a 3 mm active length are dis-
played in Table V(a). The main reason for using the TG-43
data for distances r=1 cm is that the dose contributions at
these distances are relatively unimportant for IVBT. In order
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to keep only one data set for '’Ir (Best) seeds used in con-
ventional brachytherapy for distances of 1 cm and greater,
the existing TG-43 values are recommended. However, these
values may change when new recommendations from the
high energy source working group become available in the
future.
IV.C.1.e. Comparison of dose distributions.

The dose distributions for a single seed, and a 39 mm (10
seed) train, calculated using the reference parameters, are
tabulated in Tables VI and VII, respectively. Dose rates at
2 mm, averaged over the central % of the train length are
shown in Table VIII for commonly used train lengths. For
comparison ~ with  published = measurements and
calculations,””’*">""7® relative depth-dose profiles and axial
dose profiles for 23 mm (6 seed trains) are shown in Figs. 7
and 8, respectively. Because the transverse dose profiles at
the train center (located at an interseed gap) and at the seed
center are very different, these are shown separately in Figs.
7(a) and 7(b)

IV.C.2. 9°Sr/?°Y seed train sources

IV.C.2.a. Source length.

The recommended value for the active source length L is
2.5 mm. This value has been used for the calculation of all
data presented below.

IV.C.2.b. Reference absorbed dose rate per unit activity.
Published values® >’ of the absorbed dose rate in water at
2 mm per unit contained activity were compared and are
shown in Table IX. The average of the published values
shown, 1.10 Gy min~! mCi~!, was chosen as the reference
value for both 5 F and 3.5 F seeds. As shown in Table IX, all
published values are within 2% of this reference value. The
differences between the values published for the 5 F and
3.5 F sources were not considered to be significant. In some
cases, as specified in the table, authors used the combined
activities of the parent *°Sr and daughter *°Y for the activity
specification. In these cases, it was necessary to multiply the
published value by a factor of 2 to account for this.

Table X shows published values? 25718982 ¢ the ab-
sorbed dose rate (Gy min~') in water at 2 mm per unit con-
tained activity (mCi) for train sources of various lengths.
Where train values were not given explicitly in the refer-
ences, they were calculated from the value for a single seed
(see Table IX) and the radial dose function and anisotropy
function published in the same reference. The scatter in the
published values for train sources is considerably greater
than for a single seed, mainly due to the inclusion of some
measured (“exp”) data in the comparisons. The recom-
mended reference values for the dose rate per unit contained
activity are 0.154, 0.113, and 0.0746 Gy min~! mCi~! for
seed trains of lengths, 30, 40, and 60 mm, respectively. As in
Table IX, it was sometimes necessary to multiply published
values by a factor of 2 to account for the activity specifica-
tion used.

1IV.C.2.c. Radial dose function.

Published values®***' for the radial dose function for a
single *°Sr/°°Y seed source are shown in Fig. 9. The recom-
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FIG. 6. Comparison of published 2D anisotropy functions, F(r, §), for a single '*’Ir seed. The data reported by Patel et al. (Ref. 72), Wang and Li (Ref. 27),
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mended reference values are a fit of the Wang and Li
(2002)*® data for the 5 F source. This function is also shown
plotted in Fig. 9 and is given by Eq. (15). The parameters of
the fit are given in Table II. Note that r is expressed in
millimeters. The range of application of this function is from
0.5 to 9.9 mm. The recommended values of the radial dose
function are also tabulated in Table III.
IV.C.2.d. 2D anisotropy function.
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A sample of the published values””***! for the 2D anisotropy
function, F(r, 6), for a single 05:/9%Y seed source is shown
in Fig. 10. The recommended reference values are those
given by Wang and Li (2002)*® for the 5 F source. These data
are shown in Table XI. For reference purposes, the values of
the geometry function multiplied by the distance squared for
a 2.5 mm seed are listed in Table V(b).
1V.C.2.e. Comparison of dose distributions.
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TABLE IV. Recommended values of the anisotropy function, F(r,6), for a
single '?Ir seed.

TaBLE V. Geometry function G, (r, §) multiplied by 2 for a seed source with
(a) 3.0 mm (for *?Ir) and (b) 2.5 mm (for *°Sr/°°Y) active lengths.

[
(degrees)

(mm) O 10 20 30 40 50 60 70 80 90

(a) 0
(degrees)

(mm) O 10 20 30 40 50 60 70 80 90

05 — — — — 1063 1.079 1.045 1.034 1.038 1.000
06 — — — 1.032 1.078 1.040 1.037 1.018 1.027 1.000
07 — — — 1.077 1.073 1.043 1.025 1.024 1.020 1.000
08 — — — 1.070 1.036 1.032 1.008 1.019 1.013 1.000
09 — — 1.085 1.072 1.053 1.022 1.019 1.017 1.011 1.000
1.0 — — 1.117 1.057 1.037 1.023 1.018 1.012 1.005 1.000
.1 — — 1.098 1.061 1.025 1.021 1.013 1.007 1.002 1.000
12 — — 1.076 1.047 1.028 1.014 1.007 1.005 1.002 1.000
13 — — 1.099 1.058 1.023 1.010 1.007 1.004 1.003 1.000
14 — — 1.151 1.059 1.030 1.012 1.004 1.004 1.005 1.000
1.5 — — 1259 1.115 1.034 1.008 1.001 1.002 1.004 1.000
1.6 — — 1.703 1.144 1.033 1.007 0.999 1.000 1.002 1.000
1.7 — 5.661 1914 1.216 1.039 1.005 1.001 0.999 1.001 1.000
1.8 — 7.870 2.146 1.243 1.044 1.006 1.003 1.002 1.003 1.000
1.9 — 8235 2.348 1.277 1.048 1.009 1.004 1.003 1.003 1.000
20 — 7.834 2293 1.261 1.049 1.008 1.001 1.003 1.003 1.000
25 — 3.738 1.621 1.123 1.015 0.997 0.998 1.004 1.003 1.000
3.0 — 1923 1.126 1.002 0.994 0.995 0.999 1.002 1.004 1.000
35 — 1.266 0.981 0.978 0.989 0.996 0.998 1.001 1.003 1.000
4.0 — 1.041 0.957 0.975 0.987 0.993 1.000 1.000 1.003 1.000
45 — 0971 0.955 0.974 0.988 0.993 0.997 1.001 1.005 1.000
50 — 0.930 0.950 0.973 0.982 0.990 0.996 0.999 1.000 1.000
6.0 — 0.909 0.954 0.976 0.987 0.996 1.001 1.000 1.003 1.000
70 — 0.904 0.957 0.977 0.990 0.992 0.997 0.999 1.001 1.000
8.0 — 0.904 0.955 0.976 0.988 0.992 0.997 0.998 1.001 1.000
9.0 — 0.898 0.953 0.976 0.985 0.992 0.996 0.999 1.001 1.000

10 0.806 0.843 0.947 0.966 1.000 1.020 1.030 1.030 1.020 1.000
20 0.788 0.906 0.947 0.941 0.945 0.949 0.953 0.989 0.991 1.000
30  0.769 0.813 0.893 0.936 1.030 0.984 0.977 1.030 1.030 1.000
40  0.868 0.949 1.010 0.996 1.020 1.030 1.040 1.010 1.010 1.000
50  0.831 0.931 0.994 1.030 1.070 1.050 1.030 1.010 1.020 1.000
60  0.819 0.899 0.920 0.928 0.973 0.959 0.954 0.996 0.997 1.000
70 0.844 0.944 0.985 0.969 0.962 0.967 1.010 1.020 0.979 1.000
80  0.824 0.932 0.926 0.958 0.970 0.982 0.970 0.983 0.994 1.000
90  0.889 0.962 0.990 0.968 0.996 0.992 1.010 1.020 0.987 1.000

The away-and-along table of recommended dose rates nor-
malized to unity at the reference point for a single *°Sr/*°Y
seed source is displayed in Table XII. The dose distribution
for a 40 mm (16 seed) train calculated using the reference
parameters is tabulated in Table XIII. For comparison with
published measurements and 021lculations,27’28’41’80’84 relative
depth-dose profiles for 30 mm (12 seed trains) and axial dose
profiles for 40 mm (16 seed trains) are shown plotted in Figs.
11 and 12, respectively.

IV.C.3. **P wire sources

IV.C.3.a. Reference absorbed dose rate per unit activity.
Published values™"%*%% of the reference absorbed dose
rate per unit contained activity for the 20 and 27 mm
Guidant *’P sources are shown in Table XIV (measurement
results) and Table XV (simulation results). Also shown in
these tables are the corresponding values of the reference
absorbed dose rate per unit contained activity per unit active
source length. This value is expected to be the same for both
types of sources as may be explained as follows.

The reference absorbed dose rate may be assumed to be
entirely due to beta particles, as the bremsstrahlung contri-
bution at the reference point (pyzy) is negligibly small.
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0.5 2.891 1.409 0.928 0.698 0.570 0.494 0.448 0.424 0.416
1.0 5273 2.392 1.510 1.113 0.900 0.777 0.705 0.667 0.655
1.5 4.523 2.296 1.571 1.222 1.025 0.907 0.836 0.798 0.785
2.0 2.062 1.685 1.390 1.187 1.050 0.959 0.901 0.868 0.858
2.5 1.511 1.389 1.255 1.139 1.047 0.980 0.935 0.909 0.901
3.0 1.310 1.251 1.176 1.102 1.039 0.990 0.955 0.934 0.927
4.0 1.155 1.131 1.097 1.060 1.026 0.996 0.975 0.961 0.957
5.0 1.094 1.081 1.062 1.039 1.018 0.998 0.984 0.975 0.972
7.0 1.046 1.040 1.031 1.020 1.009 1.000 0.992 0.987 0.985

10 1.023 1.022 1.019 1.015 1.010 1.005 1.000 0.996 0.993 0.993
20  1.006 1.005 1.005 1.004 1.003 1.001 1.000 0.999 0.998 0.998
30  1.003 1.002 1.002 1.002 1.001 1.001 1.000 1.000 0.999 0.999
40  1.001 1.001 1.001 1.001 1.001 1.000 1.000 1.000 1.000 1.000
50 1.001 1.001 1.001 1.001 1.000 1.000 1.000 1.000 1.000 1.000

(b) 0
(degrees)

(mm) O 10 20 30 40 50 60 70 80 90

0.5 3.430 1.653 1.079 0.807 0.656 0.566 0.513 0.485 0.476
1.0 5.723 2.518 1.595 1.187 0.969 0.843 0.769 0.729 0.717
1.5 3.273 2.620 1.892 1.463 1.207 1.046 0.944 0.880 0.845 0.834
2.0 1.641 1.576 1.431 1.277 1.147 1.049 0.977 0.930 0.903 0.894
2.5 1.333 1.310 1.251 1.176 1.102 1.039 0.990 0.955 0.934 0.927
3.0 1.210 1.198 1.165 1.121 1.074 1.030 0.995 0.969 0.953 0.947
4.0 1.108 1.103 1.088 1.067 1.043 1.019 0.998 0.982 0.973 0.969
5.0 1.067 1.064 1.055 1.042 1.028 1.013 0.999 0.989 0.982 0.980
7.0 1.033 1.032 1.028 1.021 1.014 1.007 1.000 0.994 0.991 0.990
10 1.016 1.015 1.013 1.010 1.007 1.003 1.000 0.997 0.995 0.995
20  1.004 1.004 1.003 1.003 1.002 1.001 1.000 0.999 0.999 0.999
30 1.002 1.002 1.001 1.001 1.001 1.000 1.000 1.000 0.999 0.999
40  1.001 1.001 1.001 1.001 1.000 1.000 1.000 1.000 1.000 1.000
50 1.001 1.001 1.001 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Therefore, only the parts of the source located within dis-
tances less than the beta particle range from the reference
point can be assumed to contribute to the reference absorbed
dose rate. Since the range of 3P beta particles in water
equals ~8 mm, this means for both the 20 and 27 mm
sources that only the central section of the source, with a
length of ~16 mm, contributes to the reference absorbed
dose rate. Since the 20 and 27 mm source geometries are
essentially the same except for the active source length, see
Sec. II B 3, it then follows that the reference absorbed dose
rate per unit activity is the same for both sources if the ac-
tivity per unit source length is the same. More generally it
can be said that the reference absorbed dose rate per unit
activity per unit length is expected to be independent of
source length for any *?P line source with an active source
length larger than twice the range of the beta particles.

For this reason, it was decided to calculate the recom-
mended absorbed dose rate per unit activity for both the 20
and 27 mm sources from a single recommended value of the
absorbed dose rate per unit activity per unit length. This
value was derived as follows. First, we calculated the aver-
age of all published experimental values
(0.622 ¢cGy s™' mCicm) and the average of all published
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TaBLE VIII. Absorbed dose rate, D, in cGy h~!'at2 mm along the transverse
axis of the seed for a single *’Ir seed and averaged over % of the active
source length at p=2 mm for 6,10,14,18, and 22 seed trains containing seeds
of unit air kerma strength (1 U per seed). For comparison, the vendor-

specified values are also shown.

D (cGyh™)

Number of Seeds This Recommendation Vendor’s Specification
1 24.12

6 38.02 40.50

10 39.97 41.84

14 40.90 41.99

18 41.31

22 41.58

simulated values (0.604 cGy s™' mCicm) see Tables XIV
and XV. These values differ by about 3%, which is not sig-
nificant compared to the experimental uncertainties quoted in
the publications. Second, the average of these two average
values was calculated, see Table XVI. In this way, equal
weight was given to the experimental and simulation results.

100
— — Soares 2002

. - - - - Wang & Li 2000
A — - -Patel etal 2004

10 + Chiu-Tsao et al 2004, superposition
of 6 single seeds (MCNP4C)

a Chiu-Tsao et al 2004, GafChromic
film

o Reynaert etal 2001, EGS4

Relative dose

—— Recommended

0.1 T T T T T T T T T

100
o Reynaert et al 2001, EGS4
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o Reynaert et al 2001, Gafchromic film
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s Chiu-Tsao et al 2004, GafChromic
film
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FIG. 7. (a) Comparison of relative depth-dose curves for an '’Ir 6 seed train
at the train center (located at an interseed gap). The curves represent the
doses obtained by superposition using three separate sets of single seed
reference dosimetry parameters reported by Soares (Ref. 75), Wang and Li
(Ref. 27), and Patel et al. (Ref. 72). (b) Comparison of relative depth-dose
curves for an '*’Ir 6 seed train at the seed center.
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FiG. 8. Comparison of axial dose profiles at 2 mm depth for an **Ir 6-seed
train normalized to averages of the central % length of the seed train
(*7.7 mm from the center). The curves represent the doses obtained by
superposition using three separate sets of single-seed reference dosimetry
parameters reported by Soares (Ref. 75), Wang and Li (Ref. 27), and Patel
et al. (Ref. 72).

The resulting recommended value of the reference absorbed
dose rate per unit activity per unit length equals
0.613 cGy s~! mCi cm. As can be seen from Tables XIV and
XV, all published values of this parameter are between +6%
and —5% of the recommended value. As expected, no signifi-
cant differences were found between the values published for
the 27 and 20 mm sources.

As can be seen by comparing the EGSNRC results from
Wang and Li (2001)*” and Li er al. (2001)®® in Table XV, the
presence or absence of a catheter in a simulation or measure-
ment may have a small effect (~3% according to these simu-
lations) on the value of the reference absorbed dose rate per
unit activity. A Monte Carlo analysis of the influence of a

TaBLE IX. Comparison of published values of the reference absorbed does
rate per unit contained activity for a single **Sr/*°Y seed.

Dose Rate per % Difference

Unit Contained from
Type of Source Activity Reference
Author Determination ~ Type  (Gymin~'mCi~™')  Value (%)
Wang and
Li 2000
(Ref. 27) MC SF 1.09* -0.8
Wang and
Li 2002
(Ref. 28) MC 35F L1? 1.4
Wang and
Li 2002
(Ref. 28) MC SF 1.09* -1.0
Asenjo
et al. 2002
(Ref. 79) MC S5F 1.10* 0.3
Average 1.10
SD 0.012
%SD 1.1%

*The published values were multiplied by a factor of 2 to account for the
contained activity specification convention used.
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TaBLE X. Comparison of the reference absorbed dose rate per unit contained activity at p=2 mm for (a) 30 mm (12 seed) *°Sr/*’Y trains, (b) 40 mm (16 seed)

08r/9%Y seed trains, and (c) 60 mm (24 seed) *°Sr/*°Y seed trains.

(a)

Dose Rate per Unit

Type of Source Contained Activity % Difterence from
Author Determination Type (Gy min™!' mCi™") Reference Value (%)
Chibani and Li 2003 (Ref. 80) MC SF 0.146 -4.9
Roa et al. 2004 (Ref. 81) exp SF 0.144 —6.6
Roa et al. 2004 exp 35F 0.166 7.6
Novoste (from Roa et al. 2004) MC 5F 0.168 9.1
Novoste (from Roa et al. 2004) MC 35F 0.174 13
Ye et al. 2003 (Ref. 71) MC 5F 0.140 -8.8
Ye et al. 2000 (Ref. 82) MC SF 0.149° -3.1
Novoste (from Ye et al. 2003) MC 5F 0.139 -9.6
Wang and Li 2000 (Ref. 27) superposition MC SF 0.156 1.1
Wang and Li 2002 (Ref. 28) superposition MC 35F 0.158 2.6
Wang and Li 2002 superposition MC SF 0.153 -0.5
Average 0.154
SD 0.012
%SD 7.5%
(b)
Dose Rate per Unit
Type of Source Contained Activity % Difterence from
Author Determination Type (Gy min™' mCi™) Reference Value (%)
Roa et al. 2004 exp 35F 0.111 -1.7
Novoste (from Roa et al. 2004) MC 35F 0.109 -3.8
NIST (unpublished) exp’ 35F 0.110 -33
Wang and Li 2000 superposition MC SF 0.117 3.0
Wang and Li 2002 superposition MC 35F 0.119 4.6
Wang and Li 2002 superposition MC SF 0.115 1.3
Average 0.113
SD 0.0040
%SD 3.5%
(©
Dose Rate per Unit
Type of Source Contained Activity % Difference from
Author Determination Type (Gy min™' mCi™) Reference Value (%)
Roa et al. 2004 exp SF 0.0696 —6.6
Novoste (from Roa er al. 2004) MC 5F 0.0698 -6.4
Wang and Li 2000 superposition MC SF 0.0778 44
Wang and Li 2002 superposition MC 35F 0.0790 6.0
Wang and Li 2002 superposition MC 5F 0.0766 2.7
Average 0.0746
SD 0.0045
%SD 6.1%

“The published values were multiplied by a factor of 2 to account for the contained activity specification convention used.
"The estimated uncertainty in the NIST experimental determination of the reference absorbed dose rate per unit contained activity is dominated by the

absorbed dose measurement uncertainty, given as =7.4% (1o) (Ref. 41).

centering catheter by Torres et al.¥ showed very similar re-
sults. However, a number of different clinical catheters (as
well as a physics catheter for quality control measurements)
have been used with this source, making it difficult to deter-
mine the appropriate correction factor for each value in the
table. Furthermore, the resulting differences do not seem
large in comparison to the variations arising from other dif-
ferences between simulations and in comparison to the un-
certainty quoted for the various measurement results. There-

Medical Physics, Vol. 34, No. 11, November 2007

fore, no attempt has been made to correct for the presence or
absence of a catheter.

The recommended values of the reference absorbed dose
rate per unit contained activity have been derived from the
above recommended value of the reference absorbed dose
rate per unit activity per unit length by dividing by the active
source length, see Table XV. The recommended values are
0.227 cGys™'mCi~! for the 27 mm source and
0.307 cGy s™! mCi~! for the 20 mm source.
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FIG. 9. Comparison of published radial dose functions for a single **Sr/*°Y
seed. The red solid line shows the fit to the Wang and Li 5 F data that is
recommended for both the 3.5 F and 5 F *°Sr/*°Y seeds.

IV.C.3.b. Transverse dose function.

The arguments given in the preceding section to justify the
use of a single value of the absorbed dose rate at the refer-
ence point per unit activity per unit length for both the 27
and 20 mm Guidant sources can be applied to any point on
the source transverse axis where the dose can be assumed to
be deposited by beta particles only. For this reason, one may
expect the relative radial depth-dose distribution (i.e., nor-
malized to unity at the reference point) of both sources to be
the same. As the same geometry function is recommended
for both sources, viz., 1/p, one would then also expect the
transverse dose functions of both sources to be the same at
the clinically relevant distances.

Indeed, the results included in this comparison provide no
evidence of significant differences between the transverse
dose functions of the 27 and 20 mm sources for distances up
to 6.5 mm. This may be seen in Fig. 13, which shows all
transverse dose functions derived from the published dose
distributions included in the present comparison. Because of
this similarity, a single transverse dose function is recom-
mended for both types of sources.

et al.: Task Group No. 149 report, intravascular brachytherapy dosimetry
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As shown in Fig. 13, there is good agreement between
most simulation results. However, the two curves obtained
with MCNP4B, while in good agreement with each other, de-
viate significantly from the other simulation results. The
EGS4 results are also somewhat different from the other simu-
lations. Appreciable discrepancies exist between the results
obtained with GEANT 4 (version 4.1 with patch-01 and low-
energy package G4EMLOW 1.1) and all other simulations, as
was already noted by the authors.* It is to be noted that EGS4
and MCNP4B are older codes that have in the meantime been
replaced by more recent versions (EGSNRC, MCNP4C, MCNPX),
which are considered to better represent the state-of-the-art
in Monte Carlo radiation transport simulation. Furthermore,
the MCNP4B simulations were performed using the (default)
MCNP electron energy indexing algorithm, which has been
shown to lead to erroncous results.”’ ™ In the MCNP4C and
MCNPX simulations included in the comparison, the authors
have used the so-called ITS electron energy indexing algo-
rithm, which should give more accurate results.

There is fair agreement between the experimental and
simulation results. The results from Piermattei er al.® dis-
agree with all others at the shortest measurement distances
and seem to include a background reading (visible at larger
distances), which is not seen in any of the other results. Fur-
thermore, in the region between about 3 and 4 mm the film
measurements by Mourtada et al.* on the 27 mm source
disagree with the other results by slightly more than the
quoted uncertainty in the dose reading of ~16% (20). Tak-
ing into account the measurement uncertainties (which are
generally larger than the simulation uncertainties), there is
fair agreement between the experimental and simulation re-
sults obtained with the more recent codes (i.e., all except
those obtained with EGS4, GEANT4 or MCNP4B).

Given this agreement, it makes sense to base the recom-
mended transverse dose function on the Monte Carlo results,
since the spatial resolution is much better than in most of the
measurements. Figure 14 contains the data points of the
Monte Carlo results except for those obtained with either
EGS4, GEANT4, or MCNP4B, which have been excluded for the
reasons mentioned above.

TABLE XI. Reference values for the anisotropy function for a single *°Sr/*°Y seed.

6
r (degrees)

(mm) O 1 2 3 5 7 10 12 15 20 25 30 35 40 45 50 55 60 70 80 90

0.5 1.018 1.012 1.006 1.001 1.000
1 1.098 1.06 1.035 1.021 1.012 1.007 1.004 1.001 1.000 1.000 1.000
1.5 0.832 0.829 0.812 0.800 0.789 0.786 0.781 0.772 0.745 0.780 0.836 0.879 0.911 0.934 0.951 0.964 0.974 0.981 0.992 0.998 1.000
2 0.789 0.785 0.782 0.780 0.777 0.775 0.765 0.754 0.742 0.743 0.767 0.803 0.842 0.878 0.908 0.932 0.952 0.967 0.987 0.997 1.000
2.5 0.746 0.745 0.744 0.744 0.745 0.746 0.743 0.743 0.744 0.755 0.774 0.803 0.835 0.867 0.896 0.922 0.942 0.959 0.983 0.996 1.000
3 0.740 0.739 0.739 0.740 0.742 0.746 0.748 0.750 0.755 0.769 0.788 0.813 0.841 0.870 0.896 0.921 0.941 0.958 0.983 0.996 1.000
4 0.766 0.767 0.768 0.769 0.770 0.772 0.775 0.779 0.786 0.800 0.818 0.839 0.863 0.885 0.908 0.929 0.947 0.962 0.984 0.996 1.000
5 0.793 0.797 0.800 0.801 0.800 0.799 0.806 0.810 0.816 0.828 0.844 0.863 0.882 0.903 0.922 0.939 0.955 0.968 0.986 0.996 1.000
6 0.829 0.829 0.830 0.831 0.833 0.837 0.839 0.842 0.845 0.856 0.871 0.889 0.905 0.921 0.939 0.953 0.965 0.976 0.989 0.998 1.000
7 0.876 0.874 0.877 0.895 0.882 0.890 0.896 0.897 0.900 0.909 0.921 0.933 0.942 0.955 0.967 0.977 0.986 0.989 0.996 1.001 1.000
8 0.972 0951 0.958 1.004 1.006 0.997 0.990 0.996 1.001 1.003 1.000 1.015 1.019 1.015 1.011 1.021 1.016 1.016 1.011 1.002 1.000
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F1G. 10. Comparison of published 2D anisotropy func-
tions for a single *°Sr/*°Y seed source. The measured

and calculated data reported by Soares er al. (Ref. 41)
are shown by open and closed square symbols, respec-
tively. The results reported by Wang and Li in 2000
(Ref. 27) are displayed by crosses. The data by Wang
and Li in 2002 (Ref. 28) are indicated by diamonds and

circles for the 5 F and 3.5 F sources, respectively. Rec-
ommended data are shown in red.
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The recommended transverse dose function for both 20
and 27 mm Guidant >*P sources is a fit to all Monte Carlo
data points shown in Fig. 14 and is given by

4
g(p) =2 exp(ap). (16)
i=0
The parameters of the fit are given in Table II. Note that p is
expressed in millimeters. The fit is valid between p=0.5 and
p=6.5 mm. Values of the recommended transverse dose
function are given in Table III.
1V.C.3.c. Nonuniformity function.
Figure 15(a) compares the relative axial dose profiles derived
from the available published dose distributions for the

100
* Soares et al 1998
a4 Wang & Li 2000
-e=Wang & Li 2002 5 Fr, Recommended
10 4 + Wang & Li 2002 3.5 Fr
= Duggan et al 1999
o Roa et al 2004
g 1 4 Chibani & Li 2002
g o Ye et al 2000 (5 seeds)
2
®
e 01y
0.01 _
e a
0.001 +—a

FiG. 11. Published relative depth-dose data for 30 mm (12 °°Sr/°Y seed)
trains.
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20 mm Guidant 2P source.”**%#*%3 The data from Mour-
tada et al.*® have been selected to derive the recommended
nonuniformity function F(p,z), since these data were avail-
able at a high spatial resolution and are in good agreement
with the other published data. Values of the recommended
nonuniformity function are given in Table XVII. Note that
the red solid curve shown in Fig. 15(a) is equal to F(p
=2 mm,z). It is noted that the red curve in Fig. 15(a) has
been derived straight from the original, high-resolution
Monte Carlo results provided to us by the authors. The val-
ues of F(p,z) shown in Table XVII, on the other hand, have
been derived from the dose rate table given in the article.
This table was derived from fits through the high-resolution

1.2
TR R SNSRI S -,
° 0.8 R
(7] w
o N
o s
_% 0.6
©
E o Kirisits et al. 2002 (calculation)
041 - - - Kirisits et al. 2002 (measurements)
024 = Calculated from reference parameters :
Wt
0 5 10 15 20 25

z (mm)

FIG. 12. Published axial profiles at 2 mm depth in water for 40 mm (16
9Sr/?%Y seed) sources compared to that calculated using the recommended
parameters (shown by solid line in red).
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TaBLE XIV. Comparison of published experimental values of the reference absorbed dose rate per unit contained activity for the 20 and 27 mm Guidant **P

sources.

Reference Absorbed Reference Absorbed Dose Rate per
Type of Catheter ~ Active Source Dose Rate per Unit Unit Activity per Unit Source Length

Author Determination Included Length (mm)  Activity (cGys™' mCi™") (cGy s™' mCi~! cm)
Mourtada ef al. 2000 (Ref. 30)  MD-53-2 and HD-810 .y 27 0229 0.618

radiochromic films

Plastic scintillator No 27 0.229 0.618
Bohm er al. 2001 (Ref. 85) MD-55-2 film No 27 0.218° 0.589
Mourtada et al. 2003 (Ref, 29) ~ Lxtrapolation No 20 0321° 0.642

chamber

HD-810 film No 20 0.312° 0.625

MD-55-2 film No 20 0.308° 0.617
Piermattei et al. 2003 (Ref. 86) HS-14 film Yes 20 0.324 0.648
Average of experimental values 0.622
Standard deviation 0.019

aAverage of both film measurements, converted from A150 to water by author.

°Converted from polystyrene to water by author.

“Scaled from polystyrene to water by means of Eq. (12), using a scaling factor of 0.938 and assuming a density of 1.055 g cm™ for polystyrene.

Monte Carlo data in order to reduce the influence of statisti-
cal noise.® It is also noted that the values of the recom-
mended nonuniformity function have been mirrored, and
therefore are symmetric, about the source transverse axis as
they were calculated for the distal half of the source length
only. Mirroring seems justified because of the symmetry of
the source design (see Sec. II B 3), as is also discussed in the
original work® and is confirmed by Fig. 15(a).

The construction of the 27 mm Guidant **P source is es-
sentially the same as that of the 20 mm source, except for the
active source length and the fact that the 27 mm source has
only one (distal) marker whereas the 20 mm source has

markers at both the proximal and distal ends, see Sec. II B 3.
In principle, the presence of a marker may affect the shape of

TABLE XV. Comparison of published simulated values of the reference absorbed dose rate per unit contained activity for the 20 and 27 mm Guidant 32P

sources.

Reference Absorbed Reference Absorbed Dose Rate per

Type of Catheter Active Source Dose Rate per Unit Unit Activity per Unit Source Length
Author Determination  Included Length (mm) Activity (cGy s™' mCi™) (cGy s™' mCi~! cm)
Mourtada et al. 2000 (Ref. 30) MCNP4B Yes 27 0.229 0.618
Bohm et al. 2001 (Ref. 85) MCNP4B Yes 27 0.232 0.626
Wang & Li 2001 (Ref. 87) EGSnrc Yes 27 0.225 0.608
EGS4 Yes 27 0.222 0.599
Li et al. 2001 (Ref. 88) EGSnrc No 27 0.219* 0.590
Mourtada et al. 2003 (Ref. 29) CYLTRAN Yes 20 0.301° 0.603
MCNPX Yes 20 0.303° 0.606
MCNP4C Yes 20 0.306° 0.612
EGSnrc Yes 20 0.299 0.599
EGS4 Yes 20 0.296° 0.592
PENELOPE Yes 20 0.298" 0.596
Torres et al. 2004 (Ref. 89) GEANT4 No 27 0.231 0.624
PENELOPE No 27 0.215 0.581
GEANT4 No 20 0.311 0.622
PENELOPE No 20 0.291 0.582
Mourtada et al. 2004 (Ref. 62) MCNPX 2.4.0 Yes 20 0.300 0.600
Average of simulated values 0.604
Standard deviation 0.014

*The same EGSnrc result for a 27 mm source without catheter is also given in Wang & Li (2001) (Ref. 87). The value has only been included once in the

present comparison.

®Results of simulations in water as provided by author (values not given in reference).
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FiG. 13. Comparison of transverse dose functions for 20 and 27 mm 3’P
wire sources. The measured data are shown using symbols. The solid lines
indicate simulated values.

the dose fall-off near the end of the source. As can be seen in
Fig. 15(b), however, at p=2 mm the axial dose profiles ap-
pear to be very similar to the nonuniformity function F(p
=2 mm,z) recommended for the 20 mm source at both the
proximal and distal ends of the source. The same was found
at smaller radial distances, down to p=0.5 mm, where the
dose profile is believed to be most sensitive to the presence
of a marker. Excellent agreement was also found at p
=4 mm, as expected. Therefore, the recommended nonuni-
formity function of the 27 mm source is the same as that for
the 20 mm source, except that a central region with a length
of 7 mm has been added, see Table XVII. In this central
region, it is assumed that F(p,z)=1.

It is noted that, because of this additional central region,
the nonuniformity function of the 27 mm source is not ex-
actly normalized to unity over the central two-thirds of the
active source length. However, the resulting error is consid-

2.0
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Fig. 14. Comparison between transverse dose functions for the 20 and
27 mm 32P wire sources obtained using the most recent versions of various
Monte Carlo codes. All data points available from these studies are shown.
The red solid line represents the recommended transverse dose function,
which is a fit to all of these data points.

ered insignificant (~0.07%) in view of the simplicity and
consistency obtained by using the same longitudinal fall-off
data for both the 20 and 27 mm sources.
IV.C.3.d. Comparison of dose distributions.

Table XVIII contains normalized dose distributions for the
20 and 27 mm Guidant 3P sources, calculated using the rec-
ommended dose calculation parameters. The relative depth-
dose distribution calculated with the recommended dose cal-
culation parameters (which is the same for the 20 and 27 mm
sources) is compared with published measurements and
simulations in Fig. 16.

V. DISCUSSION AND CONCLUSIONS

For the 'Ir source we have made a recommendation of
using the radial dose function from AAPM TG-43,51 and a
2D anisotropy function from Patel et al.”* The reason is as
follows. The closest radial distance of approach from the
seed center to any tissue is 0.5 mm, due to the nylon ribbon

TABLE XVI. Recommended values of the reference absorbed dose rate per unit contained activity for the 20 and 27 mm Guidant *2P sources.

Reference Dose Rate per

Unit Activity per Unit Source Length

Reference Dose Rate per Unit Activity (cGy s~ mCi™!)

Value (cGy s™' mCi~! cm) 27 mm source 20 mm source
Average of experimental values 0.622
Average of simulated values 0.604

Recommended value 0.613*

0.227 0.307

“Calculated as the mean of the average of the experimental values and the average of the simulated values.
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FIG. 15. Comparison of axial dose profiles for the (a)
20 mm and (b) 27 mm **P sources to the recommended
nonuniformity function (shown in red) at p=2.0 mm.
Left: Proximal profile. Right: Distal profile.
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wall thickness and catheter wall thickness, even if the '**Ir

seed ribbon is eccentrically positioned in the catheter lumen.
The contribution from beta particles and conversion elec-
trons causes only a 4% greater value of the radial dose func-
tion than predicted by the TG-43 polynomial fit at 0.5 mm
along the transverse axis of the seed. On the other hand, as
shown in Fig. 6, the anisotropy function values reported by
Wang and Li*’ were much lower than those reported by Patel
et al.” for short distances and shallow polar angles. For 6
=10°, the differences are up to 85%, 75%, 50%, and 20% at
2, 2.5, 3, and 4 mm, respectively. This major underestimate
of doses near the gap between neighboring '*“Ir seeds is due
to the lack of consideration (by Wang and Li) of the contri-
butions from the beta particles and conversion electrons that
are emitted from the unencapsulated ends of the '*’Ir seeds.
Therefore, we recommend the use of the Patel et al. aniso-
tropy function (Table IV).

For *°Sr/*°Y sources we recommend the use of the TG-
43/60 formalism for single seed sources and the dose super-
position method to arrive at the dose distributions for trains
of sources. The recommended values of reference absorbed
dose rate per unit contained activity for single seeds, and
trains of 12, 16, and 24 seeds were obtained from averages of
available measurements and calculations as shown in Tables
IX and X. The convention of using the activity of only the

Medical Physics, Vol. 34, No. 11, November 2007
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parent radionuclide in quoting contained activity for these
sources is necessary to properly use these data. The recom-
mended values for the radial dose distribution for a single
seed were obtained from a fit of the data of Wang and Li,®
which was the Monte Carlo study with the highest density of
points and which best represented the average of available
data (see Fig. 9). The recommended values for the single
source anisotropy function were also taken from Wang and
Li,”® for the same reasons as for the radial dose function.
Differences between the 5 F and 3.5 Fr seed data were not
perceptible enough to warrant separate data for each seed
model.

For *?P line sources, we recommend the use of a modified
version of the TG-43/60 dose calculation formalism defined
in cylindrical coordinates. Instead of the radial dose function
and anisotropy function, this formalism makes use of the
transverse dose function and the nonuniformity function de-
fined in Sec. II D 2. Furthermore, it employs a geometry
function based on the infinite-line source approximation.

The recommended values of the reference absorbed dose
rate per unit source strength for the 20 and 27 mm °?P
sources are based on a comparison of published values of the
same quantity, divided by the active source length. As argued
in Sec. IV C 3, this allowed us to recommend consensus val-
ues for both sources that are consistent with one another.
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TaBLE XVII. Condensed recommended nonuniformity function for the 20 and 27 mm Guidant 32p sources. For the 27 mm source, F (p,z)=1 for 0<z

< 3.5 mm. Furthermore, F(p,—z)=F(p,z) for both sources.

p
z (mm) (mm)
27 mm 20 mm
Source Source 0.6 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
+3.5  *+0.0 9.982x 107" 1.000X10° 1.001x10° 1.002x10° 1.002X10° 9.993x 107! 9.992x 10! 9.992%x 10! 1.000X 10° 1.001 X 10°
+40 *0.5 9.982x107! 1.000X10° 1.001X10° 1.002%10° 1.002%10° 9.977 X 10" 9.992X 10" 9.996 X 10" 1.000Xx 10° 1.001 X 10°
+45 *+1.0 9.988x 107! 1.000x10° 1.001x10° 1.002X10° 1.002X10° 9.972%x 10" 1.001 X 10° 1.000X10° 1.001X10° 1.002x 10°
+50 =*1.5 9.988x 107! 1.000X10° 1.001x10° 1.002x10° 1.002X10° 9.999% 107! 1.003x10° 1.001x10° 1.001X10° 1.003 % 10°
+55  *2.0 9.999x 107! 1.000X10° 1.001x10° 1.002x10° 1.002X10° 1.002X10° 1.004x10° 1.002%10° 1.002X10° 1.004x 10°
+6.0 *2.5 1.000X10° 1.001x10° 1.001X10° 1.002%10° 1.002%10° 1.002%X10° 1.004X10° 1.003X10° 1.003Xx10° 1.004x 10°
+6.5  *=3.0 1.001x10° 1.001x10° 1.001x10° 1.002X10° 1.002%X10° 1.002%X10° 1.003X10° 1.004X10° 1.003Xx10° 1.003x 10°
+7.0 %35 1.002x10° 1.001x10° 1.001x10° 1.002X10° 1.002X10° 1.003X10° 1.003X10° 1.005X10° 1.003X10° 1.001X 10°
+75  *40 1.003x10° 1.001x10° 1.001%x10° 1.001x10° 1.001X10° 1.005X10° 1.003x10° 1.005%10° 1.002%10° 1.000X 10°
+8.0 *4.5 1.003x10° 1.001x10° 1.001x10° 1.001x10° 1.001X10° 1.005%10° 1.003%x10° 1.004%10° 1.001X10° 9.990X 10~
+8.5 *+5.0 1.002x10° 1.001x10° 1.000X10° 1.000x10° 1.000X10° 1.004x10° 1.001x10° 1.001%x10° 1.000Xx10° 9.987Xx 107!

+9.0 *5.5 1.001x10°

9.998 X 107" 9.990X 107! 9.985x 107" 9.985X 107" 1.001x10° 9.981x 107! 9.981x 10" 9.994 X 107! 9.985x 107!

+95  *+6.0 9.988X 107" 9.982X 107" 9.969Xx 107! 9.959X 10" 9.950%X 107" 9.955X 107" 9.931 X 10" 9.932%X 107" 9.963 X 107! 9.965 X 10~
+10.0 =65 9.955X 107" 9.954X 107" 9.931 X 107! 9.909x 10" 9.886x 10~' 9.872X 107! 9.846 X 10~! 9.846x 10~' 9.891x 10" 9.892x 10!
+10.5 *7.0 9.905Xx 107" 9.907 X 107" 9.865X 107" 9.812X 107" 9.769X 107" 9.733X 107" 9.691 X 107" 9.692X 10~! 9.733x 107" 9.730x 107!
+11.0  =7.5 9.840X 107" 9.827Xx 107! 9.741 X 107" 9.632X 107" 9.554X 107! 9.484x 10! 9.415X 10" 9.410X 107! 9.447x 107! 9.425X 10!
+115 *8.0 9.757X 107" 9.686%x 107! 9.506 X 107" 9.312X 107" 9.175%X 107! 9.059x 107! 8.960X 10" 8.948 X 107! 8.972x 10! 8.932x 10~
+12.0 =85 9.625x 107" 9.403X 107! 9.053%x 107! 8.755x 107" 8.547x 107" 8.396x 10! 8.280%x 10~! 8.260x 10~! 8.274x 10~' 8.223x 10!
+125 *9.0 9.307X 107! 8.764Xx 107" 8.214X 107" 7.852X 107" 7.609X 107" 7.466X 107" 7.355X 107" 7.325X 107" 7.346X 107! 7.296 X 107!
+13.0 %95 8.169X 107" 7.342X 107! 6.822X 107" 6.545X 10" 6.369X 107! 6.295x 107! 6.218 X 10" 6.187X 107! 6.217X 107" 6.186X 10~

*13.5

+10.0 4.925X107" 4.927X 107" 4.940 X 107" 4.948 X 107" 4.936 X 107" 4.973X 107" 4.950%x 107" 4.925X 107" 4.973x 10" 4.963 X 107!

+140 =105 1.661X 107" 2.504% 107" 3.050x 107" 3.351X 107" 3.514x 107! 3.642X 107! 3.675X 107" 3.675x 107! 3.730x 107! 3.729x 107!

*14.5

+11.0 5.774X 1072 1.101 X 107! 1.660X 107! 2.051 X 107! 2.293x 107! 2.452X 107! 2.526 X 107! 2.557x 107! 2.607x 107! 2.595X 107!

+150 =115 2.651X1072 5.083% 1072 8.573X 1072 1.163X 107" 1.382X 107" 1.521X 107" 1.604 X 107! 1.657X 107" 1.691x 107" 1.656x 107!

*155

+12.0 1.442X1072 2.639X 1072 4.462X 1072 6.248X 1072 7.790 X 1072 8.861 X 1072 9.515x 1072 9.977X 1072 1.016 X 10" 9.638 X 1072

+16.0 *+12.5 7.922X 1073 1.447X 1072 2.358 X 1072 3.232X 1072 4.157X 1072 4.954X 1072 5.353X 1072 5.481X 1072 5.561 X 1072 5.122X 1072

*16.5

+13.0 4.079X 1073 7.647X 1073 1.194X 1072 1.613X 1072 2.095X 1072 2.521 X 1072 2.781 X 1072 2.668 X 1072 2.654 X 1072 2.473 X 1072

+17.0 *13.5 1.931X 1073 3.617X 107 5.130X 1073 7.632X 107 9.694 X 1073 9.621X 1073 1.178 X 1072 1.233X 1072 1.067 X 107> 1.020X 1072

*17.5

+14.0 8.565X107* 1.594x 1073 1.598 X 1073 3.231 X 1073 3.674X 1073 4.644X 1073 4.912X 1073 5.469X 1073 4.358 X 107> 3.672%X 1072

Similarly, we recommend a single transverse dose func-
tion for both the 20 and the 27 mm 2P source. The recom-
mended transverse dose function is a fit to the data points of
a selected subset of the Monte Carlo data published for both
sources. This function agrees within experimental uncer-
tainty with the large majority of the published measurements.

The recommended nonuniformity function for the 20 mm
2P source is a mirror-symmetric data set published by a
single author, which has been selected because of its high
spatial resolution and good agreement with other published
data. The nonuniformity function for the 27 mm source is the
same, except for the addition of a central, 7 mm long, uni-
form region.

The reader may have noticed that different approaches
have been used for obtaining the consensus data. For ex-
ample, in some cases a recommended dose calculation pa-
rameter may consist of (a fit of) values published in a single
paper, whereas in other cases an average of multiple data sets
may have been calculated. This is because the use of a single
method would not have allowed us to obtain the best pos-
sible consensus data set in all cases.
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One of the difficulties encountered in this meta-analysis is
that not all authors provided clear and/or complete uncer-
tainty data with their results. When calculating an average of
multiple data sets, for example, one would like to introduce
weighting factors to account for the different relative uncer-
tainties in different data sets. Regretfully, the available un-
certainty data did not permit such a rigorous and straightfor-
ward approach: Whereas some measurements were published
with a complete uncertainty analysis, other papers provided
only limited information; whereas the statistical uncertainty
in Monte Carlo results was usually specified and/or could be
considered negligibly small, often no attention was paid to
possible systematic errors.

Hence, rather than following a single and straightforward
approach to calculate the consensus data sets, we carefully
evaluated the published data, taking into account any infor-
mation available on the associated uncertainty. Based on this
evaluation we determined which approach would provide the
best possible consensus data for each individual case. The
rationale for following a given approach is explained where
necessary. In some cases we were able to derive an indica-
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TABLE XVIII. Away-and-along table of dose rates for the 20 and 27 mm Guidant **P sources, normalized to an average value of 1 over the central % of the
active source length at p=2 mm (see also the comment in Sec. IV C 3 with respect to the normalization for the case of the 27 mm source). Absolute dose rates
in cGy s~! for sources containing 1 mCi of *?P can be obtained by multiplying with 0.307 and 0.227 for 20 and 27 mm sources, respectively.

2 p

(mm) (mm)
27 mm 20 mm
source source 0.6 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
+35  *0.0 6.081x10° 3.269x10° 1.763x10° 1.002Xx10° 5.716X 107" 3.196 X 107! 1.729x 10~ 8.855X 1072 4.197 X 1072 1.787 X 1072
+40 *0.5 6.081x10° 3.269%x10° 1.763%x10° 1.002x10° 5.716X 10" 3.191X 107" 1.729%x 107! 8.858 X 1072 4.197 X 1072 1.788 X 1072
+45 *1.0 6.084x10° 3.269%x10° 1.764%x10° 1.002x10° 5.716X 107" 3.189%x 107" 1.733x 10" 8.861 X 1072 4.200X 1072 1.790 X 1072
+50 *1.5 6.084x10° 3.269%x10° 1.764x10° 1.002x10° 5.716X 107" 3.198 X 107! 1.736 X 10"" 8.868 X 1072 4.200X 1072 1.791 X 1072
+55  *£20 6.091x10° 3.269x10° 1.764x10° 1.002Xx10° 5.716Xx 107" 3.203x 107! 1.737x 107! 8.878 X 1072 4.204 X 1072 1.793 X 1072
+6.0 *2.5 6.094X10° 3.269x10° 1.764Xx10° 1.002X10° 5.716X 107! 3.204%x 107! 1.737x 107! 8.888X 1072 4.207 X 1072 1.793 X 1072
+6.5 *3.0 6.097x10° 3.269x10° 1.765%10° 1.002x10° 5.716X 107" 3.204Xx 107! 1.736 X 10"" 8.901 X 1072 4.207 X 1072 1.791 X 1072
+70 *3.5 6.104x10° 3.270X10° 1.765X10° 1.002x10° 5.716X 107! 3.208 X 107! 1.736 X 10"" 8.908 X 102 4.207 X 1072 1.789 X 1072
+75 4.0 6.107X10° 3.270X10° 1.764X10° 1.001x10° 5.713X 107" 3.213X 107" 1.736 X 107! 8.905X 1072 4.204 X 1072 1.786 X 1072
+8.0 *4.5 6.107X10° 3.270X10° 1.764x10° 1.001Xx10° 5.709% 107! 3.215% 107! 1.735% 107! 8.895X 1072 4.200X 1072 1.784 X 1072
+85 *5.0 6.104x10° 3.269%x10° 1.763%x10° 1.000x10° 5.706X 107" 3.212X 107" 1.732X10"" 8.875X 1072 4.197X 1072 1.784 X 1072

+9.0 *5.5 6.097X10° 3.266X% 10°
+95  *6.0 6.084x10° 3.261x%10°
+10.0 *6.5 6.064X10° 3.252%10°
+10.5 *7.0 6.034x10° 3.237x10°
+11.0  *£7.5 5.994x10° 3.210x10°
+11.5  *8.0 5943%x10° 3.164%10°
+120 *8.5 5.863x10° 3.072x10°
+125 *9.0 5.669Xx10° 2.863X10°
+13.0 *9.5 4976X10° 2.399x10°
+13.5 *+10.0 3.000X% 10°

1.760X10° 9.985X 107! 5.696 X 107! 3.201Xx 107! 1.727x 107! 8.845X 1072 4.194%X 1072 1.783% 102
1.757x10° 9.959X 107" 5.676 X 107" 3.184% 107! 1.718 X 10" 8.801 X 1072 4.181X 1072 1.780% 102
1.750x10° 9.909 X 10" 5.640X 107" 3.157%x 107! 1.704x 107" 8.725X 1072 4.151X 1072 1.767 %1072
1.738X10° 9.812%x 107" 5.573x 107" 3.113X 107! 1.677 X 107" 8.588X 1072 4.084X 102 1.738 X 1072
1.716 X10° 9.632X 107" 5.450% 107" 3.033%x 107! 1.629x 10! 8.339X 1072 3.964 X 1072 1.684 % 102
1.675x10° 9.312X 107" 5.234%x 107" 2.897%x107! 1.551x 107" 7.929X 1072 3.765X 1072 1.595% 102
1.595X10° 8.755% 107" 4.876 X 107" 2.685X 107" 1.433Xx 107" 7.320X 1072 3.472X 1072 1.469 X 1072
1.447X10° 7.852Xx 107" 4.341x 107" 2.388X 107! 1.273X 107! 6.491X 1072 3.083X 1072 1.303 X 1072
1.202X10° 6.545X 107" 3.634%x 107! 2.013%x 107! 1.076 X 10! 5.483X 1072 2.609 X 1072 1.105X% 102
1.610X 10° 8.704 X 107! 4.948 X 107! 2.816X 107! 1.591 X 107! 8.566X 1072 4.364 X 1072 2.087 X 1072 8.865% 1073

+140 =105 1.012x10° 8.180X 107! 5.375%x 107" 3.351 X 107" 2.004X 10"! 1.165%X 107! 6.359X 1072 3.257X 1072 1.565X 1072 6.661 X 1073
+14.5 *+11.0 3.517X107" 3.598 X 1071 2.926x 10! 2.051 X 10" 1.308 X 107! 7.842X 1072 4.371X 1072 2.266 X 102 1.094 X 1072 4.635% 1073
+15.0 =115 1.615X107" 1.661x107" 1.511X 107" 1.163X 10" 7.882X 1072 4.864X 1072 2.776 X 1072 1.469X 102 7.097 X 103 2.958 X 1073
+155 *12.0 8.781X 1072 8.620X 1072 7.862X 1072 6.248 X 1072 4.444X 1072 2.834X 1072 1.646X 1072 8.841 X 1073 4.264%x 1073 1.721x 1073
+16.0 *12.5 4.826X 1072 4.729X 1072 4.155X 1072 3.232X 1072 2.371 X 1072 1.584X 1072 9.263X 1073 4.857X 1073 2.333X 1073 9.148x 107*
+16.5 *13.0 2.485X 1072 2.498X 1072 2.105X 1072 1.613X 1072 1.195X 1072 8.064 X 107> 4.812X 107> 2.364Xx 107> 1.113X 107> 4.417x 10~
+17.0 *13.5 1.176X 1072 1.182X 1072 9.039X 1073 7.632X 1073 5.530%X 1073 3.077X 1073 2.039X 1073 1.093 X 1073 4.477 X 107* 1.822x10™*
+17.5 =140 5.217X1073 5206X 1073 2.815X 1073 3.231 X103 2.096X 1073 1.485X 1073 8.499X 107* 4.847X 10™* 1.829X 10™* 6.559x 10~*

tion of the uncertainty in the consensus data from statistical
analysis of the available data. An example hereof is the stan-
dard deviations calculated from the published values of the
source strengths.

Ideally, treatment planning for brachytherapy should use a
full 3D description of the dose profiles around the source or
sources used for the treatment and the location of these
sources relative to the anatomic structures of interest in the
treatment. In the special case of intravascular brachytherapy,
the treatment geometry is very simple and such detailed 3D
descriptions of target structures and dose distributions are not
always necessary or available. True 3D imaging modalities
(e.g., combining angiography and IVUS) are not available in
most centers. Therefore, a multilevel approach, as has been
proposed for external beam therapy reporting94’95 and re-
cently adopted for intravascular brachytherapy treatment
planning by ESTRO is appropriate. The recommended val-
ues of the various factors and functions presented in this
report can be used in dose calculations at each of these lev-
els. The ESTRO recommendations are summarized below.
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Basic treatment planning (level 1) uses angiographic data
only and is based on the intervention length plus safety mar-
gins and the reference lumen diameter. Dose is prescribed to
a specific point related to the source axis or the vessel lumen
diameter. Dose reporting is limited to points at the vessel
lumen surface and at a reference depth into the vessel wall at
the representative central plane, including minimum and
maximum variations in the case of noncentered devices. The
calculation of these doses is possible using the reference ab-
sorbed dose rate and a description of the radial dose profile
in the central plane of the sources used. In order to encom-
pass the entire target length, the choice of an adequate active
source length is based on a longitudinal dose profile. For
simplification of the treatment planning process, the respec-
tive devices are characterized with a reference isodose length
(RIL), which is defined as the length enclosed by the 90%
points of the axial dose profile at the reference depth. Thus,
the dosimetric data for basic treatment planning are reduced
to values for the reference absorbed dose rate, the radial dose
profile at the central plane, and the RIL. These data are re-
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FIG. 16. Comparison between the relative depth-dose distributions calculated with the recommended dose calculation parameters (equal for 20 and 27 mm

sources, shown in red) and published measurements and simulations.

lated to an entire, rectilinear source arrangement, including
each seed in the case of a source train or including each
dwell position in the case of a stepped source. All of these
data can be derived from the AAPM recommended values
for the dose calculation parameters presented in this report.
Advanced treatment planning (level 2) additionally uses
IVUS-based information for dose calculations with respect to
anatomical and pathological structures in the vessel wall not
limited to the central plane. In addition to the dose calcula-
tions performed for level 1 planning, 2D dose calculations
are performed in the central plane and in at least two well-
defined peripheral planes. These calculations are based on
2D dose information for the entire source arrangement,
which is assumed to be rectilinear and includes the contribu-
tions from all seeds and/or dwell positions. The AAPM rec-
ommended values for the dose calculation parameters pre-
sented in this report can be used for these calculations.
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In developmental treatment planning (level 3) the calcu-
lation of dose volume histograms for vessel wall structures is
included in the treatment planning process or at least in ret-
rospective analysis of the actual treatment. In level 3 plan-
ning, the calculation is based on a full 3D dose distribution,
and the reference dosimetry data necessary for such calcula-
tions are presented in this report. If the 3D curvature of the
source is known (e.g., using imaging modalities combining
angiography and IVUS), the 3D dose distribution should be
based on the superposition of the dose distributions of the
individual seeds in the case of a train source, or of a series of
small wire segments in the case of a wire source, taking into
account the 3D position and orientation of each seed or seg-
ment.

From the many papers on absorbed dose measurements
for intravascular brachytherapy published in the last decade,
part of which are included in the present study, it can be
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concluded that much valuable experience has been gained in
the dosimetry at submillimeter distances from brachytherapy
sources. Many of these advances will no doubt benefit future
applications of brachytherapy at millimeter and submillime-
ter distances. The very high dose rate gradients and highly
divergent nature of the fields in the close vicinity to small
sources pose daunting challenges to accurate measurements,
as was repeatedly demonstrated during the recent efforts in
the standardization of the sources.”’ Typical dose rate gradi-
ents are on the order of 100% per millimeters, which means
that a positioning error of 0.1 mm introduces a 10% error in
dose measurement. Additional uncertainties are introduced
by the physical properties of the sources themselves.
%98r/°Y source trains delivered in the treatment catheter are
never truly colinear (as they are modeled) due to the neces-
sity of free movement within the catheter. The colinearity of
the seeds in the train varies each time the sources are deliv-
ered to the catheter. For '?Ir seeds the lack of encapsulation
on the seed ends allows the low-energy beta particles from
this isotope to escape into the air space in the ribbon catheter,
and these contribute to absorbed dose at shallow depths (less
than 1 mm) in the gaps between the seeds. In addition, the
nominal 1 mm spacing between the seeds in these ribbons
could sometimes vary, causing multiseed ribbons to be
longer than expected (see Fig. 8).

The special measurement problems posed by intravascular
brachytherapy have led to developments and improvements
in several measurement systems. For example, radiochromic
film dosimetry has been improved to meet these challenges,
and a new generation of small volume scintillator systems
has been developed for in vitro dosimetry of these
sources.”®* Very precise contained activity measurement
techniques for the beta particle sources were developed,gg
which, when combined with Monte Carlo results, allow the
prediction of reference absorbed dose rates. This provides an
alternative means to determine the reference absorbed dose
rate with high accuracy.

In addition to measurements, a variety of Monte Carlo
codes has been used to determine the dose distribution about
intravascular sources. Some interesting observations can be
made from the Monte Carlo studies discussed in this article.
It has been demonstrated that, for a given source design, very
good agreement can be obtained between the dose distribu-
tions predicted by different codes, although these may use
different multiple-scattering algorithms, cross-section librar-
ies, etc., Fig. 14 provides an example of the very close agree-
ment that can be obtained. Whereas this convergence may
support an optimistic view on the current state-of-the-art of
Monte Carlo radiation transport simulation, it is important to
note that such good agreement can be obtained only if the
source emission spectrum, the source geometry, and the ma-
terials are implemented very similarly in the different simu-
lations, as was indeed the case in the studies presented in
Fig. 14. Since inaccurate modeling of the source may lead to
systematic errors in the calculated dose distributions, it is
important that source manufacturers provide accurate and
complete information regarding the source design. Although
it has been shown that good agreement between different
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simulations and between simulations and experiments can be
achieved, this is certainly not trivial. Some examples of sig-
nificant discrepancies that may occur can be found in the
discussion of the Monte Carlo results in Sec. IV C 3. Espe-
cially electron transport simulations may suffer from, e.g.,
boundary-crossing artifacts, step-size artifacts, and/or other
problems. Furthermore, it is generally crucial to set proper
values for a variety of radiation transport parameters in order
to get good results. Therefore, it remains of great importance
that the user of a Monte Carlo code acquires a thorough
understanding of its algorithms and their limitations.

The experiences gained as described in the previous para-
graphs will also find utilization in other fields requiring do-
simetry of small radiation sources, such as traditional
brachytherapy with low-energy photon sources. The same
challenging field characteristics are also present here, and the
advances made in measurement and calculation technology
can be applied to absorbed dose determinations with these
sources as well. These advances hopefully will lead to im-
proved standards based on absorbed dose rather than air
kerma for these sources, as well as for new sources, which
do not lend themselves to air kerma strength measurement,
such as x-ray probe systems100 or plaque sources for the
treatment of age-related macular degeneration.m1
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