
AAPM recommendations on dose prescription and reporting methods
for permanent interstitial brachytherapy for prostate cancer: Report
of Task Group 137

Ravinder Natha�

Department of Therapeutic Radiology, Yale University School of Medicine, New Haven, Connecticut 06510

William S. Bice
International Medical Physics, San Antonio, Texas 78259

Wayne M. Butler
Schiffler Cancer Center, Wheeling Hospital, Wheeling, West Virginia 26003

Zhe Chen
Department of Therapeutic Radiology, Yale University School of Medicine, New Haven, Connecticut 06510

Ali S. Meigooni
Department of Radiation Medicine, North Shore University Hospital-Long Island Jewish Health System,
Manhasset, New York 11030

Vrinda Narayana
Department of Radiation Oncology, Providence Cancer Center, Southfield, Michigan 48075

Mark J. Rivard
Department of Radiation Oncology, Tufts University School of Medicine, Boston, Massachusetts 02111

Yan Yu
Department of Radiation Oncology, Thomas Jefferson University Hospital, Philadelphia,
Pennsylvania 19107

�Received 20 July 2009; revised 22 September 2009; accepted for publication 22 September 2009;
published 20 October 2009�

During the past decade, permanent radioactive source implantation of the prostate has become the
standard of care for selected prostate cancer patients, and the techniques for implantation have
evolved in many different forms. Although most implants use 125I or 103Pd sources, clinical use of
131Cs sources has also recently been introduced. These sources produce different dose distributions
and irradiate the tumors at different dose rates. Ultrasound was used originally to guide the planning
and implantation of sources in the tumor. More recently, CT and/or MR are used routinely in many
clinics for dose evaluation and planning. Several investigators reported that the tumor volumes and
target volumes delineated from ultrasound, CT, and MR can vary substantially because of the
inherent differences in these imaging modalities. It has also been reported that these volumes
depend critically on the time of imaging after the implant. Many clinics, in particular those using
intraoperative implantation, perform imaging only on the day of the implant. Because the effects of
edema caused by surgical trauma can vary from one patient to another and resolve at different rates,
the timing of imaging for dosimetry evaluation can have a profound effect on the dose reported �to
have been delivered�, i.e., for the same implant �same dose delivered�, CT at different timing can
yield different doses reported. Also, many different loading patterns and margins around the tumor
volumes have been used, and these may lead to variations in the dose delivered. In this report, the
current literature on these issues is reviewed, and the impact of these issues on the radiobiological
response is estimated. The radiobiological models for the biological equivalent dose �BED� are
reviewed. Starting with the BED model for acute single doses, the models for fractionated doses,
continuous low-dose-rate irradiation, and both homogeneous and inhomogeneous dose distribu-
tions, as well as tumor cure probability models, are reviewed. Based on these developments in
literature, the AAPM recommends guidelines for dose prescription from a physics perspective for
routine patient treatment, clinical trials, and for treatment planning software developers. The au-
thors continue to follow the current recommendations on using D90 and V100 as the primary quan-
tities, with more specific guidelines on the use of the imaging modalities and the timing of the
imaging. The AAPM recommends that the postimplant evaluation should be performed at the
optimum time for specific radionuclides. In addition, they encourage the use of a radiobiological
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model with a specific set of parameters to facilitate relative comparisons of treatment plans reported
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by different institutions using different loading patterns or radionuclides. © 2009 American Asso-
ciation of Physicists in Medicine. �DOI: 10.1118/1.3246613�
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I. INTRODUCTION

Permanent interstitial brachytherapy using low-energy pho-
ton emitters, such as 125I and 103Pd, has become the method
of choice for treatment of early-stage organ-localized pros-
tate cancer. Since its introduction about 50 years ago, a num-
ber of methods have been used for describing the dosimetry
of these implants. In the early clinical implementation of this
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mon to report the prescription parameters that described the
dose distribution in relation to the implanted seeds rather
than to the underlying anatomy. These methods included
concepts such as the “natural dose-volume histogram
�DVH�,” “matched peripheral dose,” etc. One common ap-
proach was to use the highest dose rate with a continuous
isodose surface that encloses the implanted volume.1 Re-
cently, it has become a common practice to image soft tis-
sues of interest using ultrasound, CT and/or MRI to define
the various clinical volumes such as gross tumor volume
�GTV�, clinical target volume �CTV�, and planning target
volume �PTV�.2 However, these volumes can be consider-
ably different depending on the imaging modality, the time
of imaging, and the margins used. Different margins are cho-
sen in different directions, and their sizes are also different in
various clinics; sometimes there are differences among the
physicians in the same clinic. With the widespread use of
image-guided dosimetry, there is now a need for developing
a consensus methodology for dose prescription and reporting
for prostate implants. This report from the AAPM Task
Group 137 �TG-137� has been reviewed and approved by the
AAPM Therapy Physics Committee. The full report contain-
ing extensive background on prostate brachytherapy physics
and rationale for the included recommendations is available
on the AAPM website http://www.aapm.org/pubs/reports/.

II. IMPACT OF IMAGING MODALITY ON DOSE
REPORTING

The AAPM TG-64 and the American Brachytherapy So-
ciety �ABS� as well as European groups recommend the use
of CT to evaluate the implant. Dosimetric parameters Di and
Vi that are used to score an implant are dependent on accu-
rate identification of source position, dose calculation, and
target delineation. Most inconsistencies in dose reporting are
a result of disparity in target delineation. Various imaging
modalities can be used to evaluate an implant. Plane films
provide source positions but lack soft-tissue contrast. The
ultrasound images provide prostate definition but cannot of-
fer unambiguous seed positions. The use of CT to evaluate
the implant is currently the standard of care. CT images of
the pelvis provide excellent source definition within the lim-
its of axial slice spacing and partial-volume artifact, and ex-
hibit reasonable soft-tissue contrast. However, they are not as
reliable as MR images for prostate or normal-tissue delinea-
tion. MR imaging requires multiple scans for optimal view-
ing of the soft tissue and sources.

Imaging plays a crucial role in dose reporting for prostate
implant. The dose indices used for evaluating an implant are
dependent on target and normal structure delineation, which
is highly variable. With the intent of providing consistent and

http://dx.doi.org/10.1118/1.3246613


reproducible dosimetric information without increasing III. EFFECT OF IMAGING TIMING ON DOSE
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healthcare costs the following guidelines are suggested.

�1� Axial CT �2–3 mm� contiguous images should be used
for postimplant evaluation. Although drawing the pros-
tate is easier with 5 mm slices because of better contrast,
the seed locations are more precisely located using
smaller slice thicknesses, as demonstrated by the Euro-
pean group Brachytherapy Physics Quality Assurance
System �BRAPHYQS� in a study using the Kiel
phantom.3–5

�2� The prostate should be contoured being mindful of the
difficulties that are encountered at the prostate base and
apex.

�3� The outer rectum should be contoured 1 cm superior and
inferior to the prostate on CT. The volume of the rectum
receiving greater than 100% of the prescription dose
should be recorded. The rectum should not be distended
when scanned.

�4� The rectal wall on CT can be approximated by a 0.5 cm
contraction of the outer rectal surface.

�5� A Foley catheter should be used during day 0 imaging,
and the urethra should be contoured on all slices within
the prostate. For postimplant dose evaluation, a Foley
catheter is optional.

�6� The penile-bulb dose can be used as a surrogate for dose
to erectile tissues.

It is recommended that the guidelines below be followed
when MR imaging is available. Generally speaking, contours
of the normal structures and tumor volumes are better iden-
tified with MR, whereas seed locations are more precisely
located by CT. It is ideal that CT and MR images be obtained
on the same day and be fused using appropriate software.

�1� Axial, coronal, and sagittal, T2-weighted �3 mm� con-
tiguous images should be obtained immediately before
or immediately after the CT. The prostate should be con-
toured on MR using the information from axial, coronal,
and sagittal scans.

�2� Axial CT �2–3 mm� contiguous images should be used
to determine the source positions for postimplant evalu-
ation.

�3� The outer and inner rectum should be contoured on the
axial MR 1 cm above and below the prostate. The vol-
ume of the rectum receiving greater than 100% of the
prescription dose should be recorded. The rectum should
not be distended when scanned �i.e., do not use a rectal
coil�.

�4� The bladder should be contoured on the axial MR.
�5� The axial and sagittal MR should be used to contour the

urethra.
�6� Other normal tissues responsible for erectile function

should be contoured on MR.
�7� MR and CT datasets should be registered only in the

area immediately surrounding the prostate and not the
entire pelvic region.

�8� The dose distribution for the CT-determined seed posi-
tions should be displayed on an axial MR dataset.
Medical Physics, Vol. 36, No. 11, November 2009
REPORTING

A number of studies have shown that the postsurgical
edema and its resolution can alter the dose delivered by an
implant.6–9 The dynamics of edema resolution and the decay
of radioactivity can lead to large changes in the dose deliv-
ered if this effect is not taken into account. The magnitude of
this effect further depends on the timing of imaging after the
implant for the purpose of dose evaluation and dose report-
ing.

Despite many reported studies and the theoretical consid-
erations discussed earlier, there is currently no single postim-
plant dosimetry time that is followed consistently by every
institution. The postimplant dosimetry time adopted by dif-
ferent clinics varied significantly, from immediately after the
procedure to several hours or weeks after the procedure.
Even within the same institution, a locally established dosim-
etry time was not always followed consistently for a variety
of reasons.10,11 For 125I implants, the traditional postimplant
dosimetry time of about 1 month following the procedure
was established without explicit consideration of edema and
has been used by most clinics. It is very close to the calcu-
lated nominal optimal time that results in minimization of
dosimetry error due to a lack of edema consideration in dose
calculations.12,13 This postimplant time was also used by
some clinics for 103Pd implants before the effects of edema
were actively investigated.14 However, because of the differ-
ences in radioactive decay half-life, the nominal optimal
times for 103Pd and the newly introduced 131Cs sources are
significantly different from that for 125I implants.12,13,15

It is also important to note that the existing dose response
reported by Stock et al.16 for 125I implants was based on CT
dosimetry �D90� performed at 1 month postimplant.1 The
dose-response relationship for D90 reported by Potters et al.11

for 125I and 103Pd implants was also based on CT postimplant
dosimetry performed at average 21 days �11–45 days� after
the procedure. Given our current understanding of prostate
edema and its expected impact on dosimetry, there is a need
to establish a consistent dosimetry time in order to minimize
artificial fluctuations in the reported dosimetry indices. Such
a dosimetry time should also be consistent with the estab-
lished dose-response studies until a new dose response based
on dosimetry quality indicators calculated at other times or
with the full consideration of edema is established. In the
meantime, new data that provide information relevant to
prostate edema should also be reported to allow eventual
correlation of the treatment response with the true dosimetry
received by each implant.

In light of these considerations, the following data should
be included in reporting prostate brachytherapy dosimetry.

�1� Preimplant prostate volume. Preimplant prostate volume
is known for almost all implants. It does not require
additional effort unless a preferred imaging modality is
specified.

�2� Implant-day dosimetry. Implant-day dosimetry based on
TRUS imaging and the actual or derived source loca-
tions is readily available for clinics currently performing



real-time dynamic dosimetry. For those clinics that do sist in understanding differences in outcomes and morbidity
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not perform real-time dosimetry, dosimetry based on CT
or MRI images acquired at 2–4 h after the procedure is
recommended. This has the clinical advantage of aiding
future improvements by closing the learning curve early
while memory of the details is still fresh. In the case of
an obvious overdose to critical structures such as rec-
tum, urethra, or erectile bodies, the physician can pre-
pare a plan of prophylactic management of expected
symptoms. The implant-day volume at the completion of
the procedure is also relatively easy to obtain with
TRUS.

�3� Postimplant dosimetry at the nominal optimal dosimetry
time for respective radionuclides. Because of the exist-
ing dose-response data, the postimplant dosimetry for
125I implants should be performed at 1 month ��1 week�
after the procedure. For 103Pd and 131Cs, postimplant
dosimetry should be performed at their respective nomi-
nal optimal times, 16�4 and 10�2 days, respectively.

IV. COMMON TREATMENT PLANNING
APPROACHES FOR PROSTATE IMPLANTS

The initial seed-placement approach when transperineal,
ultrasound-guided prostate implants began in Seattle in 1985
was to distribute a relatively large number of low-strength
seeds evenly throughout the prostate.17 The uniform seed-
loading approach assumed the photon energy was suffi-
ciently low that cumulative dose at large distance would be
negligible. Even though the photons from radionuclides used
in permanent prostate implants are attenuated with distance
more rapidly than the inverse-square dependence indicates,
the cumulative effects are not negligible when clinically rel-
evant distances separate the sources. In any prostate volume
filled with sources spaced at lattice points forming a 1 cm
cubic grid, the central dose will be much higher than the
peripheral dose because of such cumulative effects. In the
early Seattle implants, central prostate and urethral doses fre-
quently exceeded 300% of the minimum prescribed periph-
eral dose. Within 2 years after the start of their program,
unacceptably high urinary morbidity led them to abandon
uniform loading in favor of a modified version. Nevertheless,
the principles of their uniform-loading approach form the
basis for most manually planned implants today.

At the opposite extreme from uniform loading is periph-
eral loading, which, as the name suggests, places sources
only at the edge of the target volume. Although this approach
is appropriate for small prostates or in patients with a large
defect from a transurethral resection of the prostate where
the epithelial surface of the defect must be spared, peripheral
loading in typical prostate implants places the patient at risk
of underdosing the prostate centrally in exchange for very
high-dose gradients close to the rectum. Wallner used this
approach in his pioneering work at Memorial Sloan Ketter-
ing that also helped define dose thresholds for high-grade
morbidity.18

Standardization of certain planning parameters would as-
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as well as differences in postoperative dosimetry. Users are
encouraged to use the following definitions and procedures
for planning and postimplant evaluations, which were pro-
posed by the PROBATE group of GEC ESTRO.19 A brief
summary of these PROBATE recommendations is presented
below, and the reader is referred to the original document by
Salembier et al. for details.19 We acknowledge that parts of
the following recommendations in this section were based on
this protocol.

IV.A. GTV

The gross tumor volume corresponds to the gross pal-
pable, visible, or clinically demonstrable location and extent
of the malignant growth. Given the TNM definition for pros-
tate cancer, GTV can only be defined for tumor stages larger
than T1c. Whenever possible, the GTV should be contoured
on the preimplantation ultrasound-acquired images. Where
necessary, correlation with endorectal coil magnetic reso-
nance and spectroscopy should be used.

IV.B. CTV

The clinical target volume is the volume that contains the
GTV and includes subclinical malignant disease at a certain
probability level. Delineation of the CTV is based on the
probability of subclinical malignant cells present outside the
GTV. It is well documented in surgical literature that prostate
cancer is in the majority of cases a “whole gland” disease.
Even in a very early stage, prostate cancer presents as a
multifocal disease—both lobes can contain microscopic dis-
ease. Given this specific behavior, at least the whole prostate
gland has to be considered as “target” and included in the
CTV. The extent of subclinical extraprostatic extension of
early prostate cancer needs further study, but is generally less
than 3 mm in most studies. The clinical target volume for
preimplant dosimetry should be the prostate gland with a
margin. For T1–T2 prostate cancer, the CTV corresponds to
the visible contour of the prostate with a three-dimensional
�3D� volume expansion of 3 mm. This three-dimensional ex-
pansion can be constrained to the anterior rectal wall �poste-
rior direction� and the bladder neck �cranial direction�.

IV.C. PTV

The PTV surrounds the CTV with a margin to compensate
for the uncertainties in treatment delivery. The PTV is a geo-
metric concept, introduced for treatment planning. A margin
must be added to the CTV either to compensate for the ex-
pected physiological movements and variations in size,
shape, and position of the CTV during therapy �internal mar-
gin� or for uncertainties �inaccuracies and lack of reproduc-
ibility� in the patient setup during irradiation, which may be
random or systematic. The CTV to PTV margin can be mini-
mized in brachytherapy because there are no significant op-
portunities for setup error. Using online in vivo 3D dosimetry
and fluoroscopy in addition to sonography to eliminate seed-
placement errors, there is no need for an expansion from the



CTV to define the PTV, i.e., PTV=CTV. However, this ap- ers 90% volume of the CTV� will be larger than the
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proach is debatable for permanent implants.

IV.D. Organs at risk „OARs…

Three different organs at risk can be defined in the preim-
plantation setting for prostate treatment:

�a� Prostatic urethra: A common practice to obtain visual-
ization of the urethra is to use a urinary catheter. This
should be a small-gauge catheter, French gauge 10, to
avoid distension of the urethra. The surface of the cath-
eter can be used to define the urethral surface from the
prostatic base to apex. However, in practice, the urethra
is not a circular structure, and an alternative that might
give a more accurate anatomical picture is to instill
aerated gel into the urethra prior to obtaining the ultra-
sound images.

�b� Rectum: Using transrectal ultrasound, the anterior rec-
tal wall can be visualized, but may introduce artifacts
due to displacement and distension. Many brachythera-
pists simply outline the outer wall, and this should be
regarded as the minimum requirement; others define
outer and inner walls. In terms of the critical cells in
the rectum for late damage, the latter is probably more
correct.

�c� Penile bulb and/or neurovascular bundles: Currently
this remains investigational.

IV.E. Prescription doses for prostate cancer

Prescription dose is the intended dose to the 100% iso-
dose. Commonly used prescription doses for monotherapy
are 145 and 125 Gy for 125I and 103Pd, respectively.20,21 The
values for 131Cs remain investigational; 100–125 Gy have
been used or suggested by some.22–24 It should be pointed
out that these values are nominal values. The effectiveness of
a nominal prescription dose for individual patients can vary,
depending on the radiobiological characteristics of the pa-
tient’s cancer cells and on other factors such as the presence
of procedure-induced edema. The dose prescribed to indi-
vidual patients is primarily a clinical decision and ideally
should be established through clinical trials and confirmed
by treatment-outcome analysis. Recently, a group of experi-
enced brachytherapists in the publication by Bice et al.25

recommended 115 Gy for 131Cs monotherapy implants and
noted the increase in the original recommended prescription
dose �from 100 to 115 Gy� following revision of the dose-
rate constant.

IV.F. Planning criteria for target volumes and organs
at risk

For the CTV, the following conditions correlate with a
good preimplantation dosimetry:

• The V100 �the percentage of the CTV that receives at
least the prescribed dose� must be at least 95% �V100

�95% of CTV�. Therefore, the D90 �the dose that cov-
Medical Physics, Vol. 36, No. 11, November 2009
prescription dose �D90�100% of prescription dose�.
• The V150 �the percentage of the CTV that receives at

least 150% of the prescription dose� should be equal to
or less than 50% �V150�50% of CTV�.

For the organs at risk, the following conditions correlate with
acceptable levels of toxicity:

�a� Rectum: Primary parameter: D2 cc� reference prescrip-
tion dose. Secondary parameter: D0.1 cc�Dmax��150%
of the reference prescription dose.

�b� Prostatic urethra: Primary parameter: D10�150% of
reference prescription dose. Secondary parameter: D30

�130% of the reference prescription dose.
�c� Penile bulb and neurovascular bundles: Investigational

at present, no parameters can be reliably defined.

IV.G. Postimplant dose reporting

The postimplant analysis should include the outline of the
target volumes as described below for evaluation of the two-
and three-dimensional dose distributions. In addition, it is
recommended to construct the DVH for this target volume
and to document the dose levels that cover 100% and 90% of
the target volume for postimplant evaluation, i.e., D100 and
D90, and the fractional volume receiving 200%, 150%,
100%, and 90% of the prescribed dose, i.e., V200, V150, V100,
and V90. All implants should undergo postimplant evaluation
including intraoperative implants. This should be based on
imaging at optimum times after implantation, at which time
effects of prostate edema are minimal. Optimal imaging
should include MRI, but if not available, CT alone is ad-
equate. Seed evaluation and localization is a critical step in
postimplant dosimetry. There is a small risk of seed loss or
seed migration. Depending on the implantation technique
and on the type of seeds used �loose seeds versus stranded
seeds�, migration rates between 1% and 15% have been de-
scribed anecdotally. If migration rates of 15% or more are
observed, the implant technique should be changed to the
one associated with lower migration rates. For postimplant
purposes, the exact number and position of seeds in the tar-
get area must be determined.

For postimplant, it is almost always impossible to define a
GTV on the radiological images due to interference from the
seeds. Two different CTV definitions have been proposed by
PROBATE:

�a� CTV-P=CTV for prostate, the postimplant contour of
the prostatic gland defined by the capsule on radiologi-
cal examination.

�b� CTV-PM=CTV for prostate plus margin, the postim-
plant contour of the prostatic gland defined by the cap-
sule with a three-dimensional uniform expansion of 3
mm.

For postimplant, the only OAR that can be defined reli-
ably both on CT and MRI is the rectum. For contouring
purposes, using CT only the outer rectal wall can be reliably
defined; using MR the outer and inner walls of the rectum



over the whole region of interest can be indicated. The lower With treatment planning in the OR; the patient and TRUS
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rectum is poorly defined on CT and best shown with MRI.
Image-fusion techniques should therefore be of value. How-
ever, there is no consistent definition of the rectal volume to
be outlined. Therefore, PROBATE recommended construct-
ing the DVH for the volume, in cm3, of the outer rectal wall.

Furthermore, Salembier et al.19 recommended localizing
the prostatic urethra and documenting the urethra dose in
terms of the urethral V100, V150, D50, and D10. Urethra visu-
alization at the recommended imaging time rather than im-
mediately postimplantation can involve additional catheter-
ization and might not be possible or worth performing. It is
hoped that a more convenient contrast-enhancing technique
will become available in the near future. Correlation with, or
formal fusion of, TRUS images with those obtained by CT or
MR imaging may be the optimal noninvasive technique for
localization of the urethra on the postimplant scan. Institu-
tional policy should be described if urinary parameters are
published.

Defining the penile bulb and neurovascular bundles is
only possible with accuracy on MRI and may be performed
if available. As set by PROBATE, dose parameters in the
postimplant setting are as follows:

Target volumes: D90, V100, and V150 are primary param-
eters and should always be reported for both CTV-P and
CTV-PM. The secondary parameters V200, V150, V90, D100,
and biological equivalent dose �BED� may also be reported,
although their value in relation to outcome is not proven and
should be a focus for further research.

Organs at risk: D2 cc for the rectum and D10 for the ure-
thra are the primary parameters. Secondary parameters,
D0.1 cc and V100 for rectum and D0.1 cc, D30, and D5 for ure-
thra may also be reported. For organs at risk, volume param-
eters should be expressed in absolute values �cm3�. No pa-
rameters can be given at present regarding penile bulb and
neurovascular bundles. Further investigation and evaluation
is needed.

This section has presented a comparison between the rec-
ommendations by the PROBATE group from GEC-ESTRO
�Salembier et al.19� with the present recommendations. As
shown in this section, the differences between the two rec-
ommendations are related to the selection of the CTV mar-
gin, the dose to rectal-wall volume versus dose to rectum
volume, and the timing of the postimplant imaging proce-
dure. Further research and analysis of patient data should be
encouraged to clarify the clinical importance of these varia-
tions.

V. INTRAOPERATIVE PROSTATE PLANNING AND
ITS IMPACT ON DOSE REPORTING

Recent advances in technology allow real-time treatment
planning and dose calculations during the implantation pro-
cedure. This offers the opportunity to improve the quality of
implants by appropriate modifications in the seed implants
and replanning during the procedure itself. This technology
of intraoperative treatment planning raises unique challenges
and opportunities for dose reporting in prostate implants.
Medical Physics, Vol. 36, No. 11, November 2009
probe are not moved during the time between the volume
study and seed-insertion procedure. This procedure can be
performed in three different forms:

• Intraoperative preplanning: Creation of a plan in the OR
just before the implant procedure, with immediate ex-
ecution of the plan.

• Interactive planning: Stepwise refinement of the treat-
ment plan using computerized dose calculations derived
from image-based needle-position feedback.

• Dynamic dose calculation: Constant updating of calcu-
lations of dose distribution using continuous deposited-
seed-position feedback.

V.A. Intraoperative preplanning

Some institutions with generous inventory of seeds do not
require the conventional preplanning visit �a few days or
weeks prior to the implant� to obtain prostate volume and
subsequent number and strength of seeds to order from a CT
scan or ultrasound. TRUS is performed in the OR, and the
images are imported in real time into the treatment planning
system �TPS�. The target volume, rectum, and urethra are
contoured on the TPS either manually or automatically, and a
treatment plan is generated. The prostate is implanted ac-
cording to the plan. Intraoperative preplanning has some ad-
vantages over the conventional two-step preplanned method.
It avoids the need for two separate TRUS procedures and for
reproducing patient positioning, and the setup is obviated.
However, intraoperative preplanning does not account for in-
traoperative changes in prostate geometry or deviations of
needle position from the preplan.26,27

V.B. Interactive planning

In this approach, the process of seed ordering, image ac-
quisition, target definition, and organ contouring is similar to
the intraoperative preplanning method. An optimized treat-
ment plan is then performed, the DVH is generated, and the
plan is examined. If necessary, seeds can be added or deleted
manually, and the new isodose distributions and DVH dis-
plays are regenerated. The needles are inserted as per plan. In
interactive planning, it is critical that the dose calculation is
updated based on the estimated seed positions derived from
the actual �imaged� needle positions. The needles are reposi-
tioned, or subsequent needle positions are altered in the plan,
if there are adverse dosimetric consequences. The dose cal-
culation is then updated based on the actual needle location.
The interval at which the dose distribution is recalculated is
operator dependent.

Interactive planning represents an improvement over in-
traoperative preplanning, potentially allowing for a shorten-
ing of the learning curve for inexperienced brachytherapists,
and the technical outcome of the procedure would be less
operator dependent. However, in interactive planning the cal-
culated dose distribution is based on the implanted needle
position, and hence interactive planning might not account
for seed movement after deposition. This is most probably



true and is the conclusion of a recent paper in which a com- mum day for imaging with respect to edema resolution�
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parison of the results from two different centers �one with
experience and one without� using the same equipment was
presented.28

V.C. Dynamic dose calculation

In comparison to interactive planning, dynamic dose cal-
culation requires the following additional components. The
essential feature is that the deposited-seed positions are cap-
tured in real time such as via an image-guided robotic
brachytherapy device, and the optimization is based on
deposited-seed location �rather than needle location�. The
dose distribution is updated dynamically based on the actual
positions as the seeds are deposited. The motion of the pros-
tate during placement, as well as changes in the prostate size
and shape due to intraoperative edema, are accounted for.
Obviously, dynamic dose calculation entails a paradigm shift
in dose prescription and specification in that an intended pre-
scription dose is adaptively “painted” to a changing 3D tar-
get volume. This process of dose painting can result in mul-
tiple alterations of a previously accepted isodose distribution
and total implanted activity until the end of the procedure
when a satisfactory dose distribution is achieved.

At this time, dynamic dose calculation is not available for
permanent prostate brachytherapy because it is difficult to
image individual seeds on TRUS. Dynamic dose calculation
is feasible for high-dose-rate �HDR� prostate brachytherapy
because it requires imaging the needles, not the individual
seeds, with TRUS. However, dynamic dose calculation has
been used for HDR prostate brachytherapy, and some of its
components could be adapted for permanent prostate dy-
namic dose calculation and may become available by the
time this report is published.29,30

The technique of robotic assistance in prostate brachy-
therapy has attracted much research interest recently.31 Sev-
eral robotic-system designs have been proposed, including
adaptation of an industrial robot, adaptation of a research
robot, and robots specially designed for seed
implantation.32,33 It has been shown that the potentially
larger implantation space made available by eliminating the
restriction to a fixed-grid spacing can be used to advantage in
dynamic-dose-calculation planning to counter deleterious ef-
fects of intraoperative edema if a periphery-to-center se-
quence of seed deposition by single needles is followed.34

These robotic-assisted approaches open up many new issues
regarding dose specification and delivery of the prescribed
dose in a dynamic setting. The AAPM Science Council has
recently approved the formation of the Robotic Brachy-
therapy working group to examine the role of robots for
prostate implants.

V.D. Recommendations on intraoperative planning
and evaluation

Intraoperative planning and dose evaluation offer the po-
tential for enhancing the quality of implants and a more ac-
curate determination of the dose distributions at the time of
the implant. However, postimplant dosimetry �on the opti-
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should be performed also in order to take into account the
effects of edema and seed migration.

VI. SECTOR ANALYSIS OF POSTIMPLANT
DOSIMETRY

VI.A. Sector analysis

Any spatial information with regard to the dose distribu-
tion within the structure is lost in the creation of the DVH.
From the DVH, one can see that there are high- and low-dose
regions within the structure but not where they are. For
brachytherapy, in which the dose can change dramatically
over a few millimeters distance, spatial dose information
may be very useful: Are the low-dose areas in the regions
where cancer is expected, or are high-dose areas located
where the higher dose levels might cause complications?
There is a trade-off then between retaining spatial informa-
tion of 3D dose distribution and having the DVH as an ana-
lytical tool.

In prostate brachytherapy this dilemma has been partly
resolved by dividing the prostate into sectors or quadrants.
Bice et al.35 used this technique to compare compiled data
from 58 patients performed by a single implant team operat-
ing at two different institutions: one that used loose seeds
and spacers in needles and the other at which a Mick appli-
cator was employed to implant the sources. The authors di-
vided the gland into 12 sectors by first dividing the gland
into three in the cranial-caudal direction—base, midgland,
and apex. Then, each was further subdivided on each trans-
verse slice into anterior, posterior, left, and right sectors.
Each of the 12 sectors had its own DVH. The implant team
discovered that their delivery with the Mick applicator did
not provide the same degree of coverage as they were able to
achieve with loose seeds in needles. They used sector analy-
sis to pinpoint the weakness in coverage to the basal sectors,
implying that seeds were being dragged away from the base
as the applicator was withdrawn following the deposition of
the most basal sources. This problem is user dependent and
also can occur with preloaded needles.

According to the published reports, sector analysis has
been used exclusively to study implant techniques. The prac-
titioners have examined how the dose to different sectors
compared over a series of implants, either to analyze their
implant methods or to compare between two delivery sys-
tems. It is likely that sector analysis will become more im-
portant with regard to evaluating the dose distribution within
individual implants. The introduction of saturation biopsies
�typically using 30–80 cores; for example, Merrick et al.
used a median of 50 cores and found transperineal template-
guided saturation biopsy to be a useful diagnostic technique
for patients with prior negative TRUS biopsies36� and meta-
bolic imaging have given brachytherapists the ability to lo-
calize disease within the prostate gland, providing an impe-
tus to concentrate the dose on specific regions and expect
different dosimetric outcomes in these areas.



VI.B. Recommendations on sector analysis for sociated with prostate implants and the relative biological
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prostate implants

In order to utilize fully the knowledge gained by recent
pathology studies using biopsy data and advanced imaging
techniques such as MR spectroscopy and single-photon-
emission computed tomography,37,38 it is important to start
performing sector analysis of implant dose distributions in a
research setting. It is recommended that treatment planning
software vendors start providing the tools for such analysis.
Further, the community should move from arbitrary �geo-
metrically� defined sectors to “true” anatomical sectors. This
could be performed via atlas matching of the contoured pros-
tate volume.

VII. BIOPHYSICAL MODELS USED FOR PROSTATE
IMPLANTS

While not in popular use and not available in commer-
cially available treatment planning systems, it is of interest to
the medical community to assess theoretical radiobiological
effects for prostate implants. In permanent prostate brachy-
therapy, the tumor cells are subjected to continuous irradia-
tion of low-energy photons with instantaneous dose rates
varying in both space and time. The spatial variation in dose
rate is caused by both the sharp dose falloff around the indi-
vidual low-energy sources and the spatial relationship of the
implanted sources. It is not uncommon to have dose rates
differ by more than a factor of 2 within the prostate gland.
The temporal variation in dose rate is caused primarily by
the radioactive decay of the radionuclides and by the dy-
namic resolution of procedure-induced prostate edema. The
prescribed initial dose rates vary from approximately 7
cGy/h for 125I sources to more than 21 cGy/h for 103Pd
sources and more than 30 cGy/h for 131Cs sources. The du-
ration needed to deliver, for example, 80% of total dose var-
ies from approximately 22 days for 131Cs implants to 140
days for 125I implants. With such diverse spatial and tempo-
ral variations, the dosimetric parameters such as D90, V100,
V150, and DVH discussed earlier in this report become insuf-
ficient to fully characterize the biological responses of differ-
ent prostate implants because the cell repopulation and
sublethal-damage repair can become significant during the
course of dose delivery. There is a need to consider actively
the interplay between the spatial-temporal patterns of dose
delivery and the underlying cell kinetics in order to properly
compare the permanent implants performed with different
dose rates, spatial heterogeneities, and radionuclides, or to
compare an implant to other treatment modalities such as
HDR brachytherapy and EBRT for prostate cancer.

Various models have been used in research settings to
characterize the interplay of spatial-temporal patterns of dose
delivery with the underlying cell kinetics. For permanent im-
plants, an analytic expression of BED �defined in the Appen-
dix by Eq. �A1�� derived by Dale based on the linear-
quadratic �LQ� cell-inactivation model has been used by
many investigators in the examination of various issues re-
lated to prostate implant.39–41 For example, Ling et al. and
others used it to assess the effects of dose heterogeneity as-
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effectiveness of different radionuclides.42–45,23,46 Other inves-
tigators used such a model to examine the relative effective-
ness of low-dose-rate �LDR� and HDR irradiations, the ra-
diobiological effects of mixing sources with different decay
half-lives, the impact of tumor shrinkage during the implant,
the effects of prostate edema, the probabilities of tumor con-
trol and long-term normal-tissue complication, the possibility
of dose escalation, and the biological effect of combining
prostate brachytherapy with external-beam radiotherapy.47–62

Recently, Stock et al.48 also performed a dose-response study
for 125I implants using BED as the implant quality index.
Dale and Jones40 presented an excellent review on the appli-
cation of this BED model in brachytherapy. In addition, other
models such as equivalent uniform dose �EUD� �defined in
the Appendix by Eq. �A8�� and tumor-control probability
�TCP� have also been used in permanent implant
evaluations.42,49–52 In most of these works, TCP was deter-
mined by the Poisson probability of inactivating all tumor
cells, with the average surviving cells calculated according to
Dale’s BED. As shown in a study by Tucker et al.,53 the
Poisson model is known to underestimate the tumor cure rate
when tumor-cell repopulation occurs during the treatment.
Recently, Zaider and Minerbo54 derived a more general TCP
formalism capable of dealing with cell repopulation and ap-
plicable to different temporal patterns of dose delivery. A
concern on the use of BED calculated at an “effective treat-
ment time” in isoeffect comparison has also been raised re-
cently in the literature.55 Despite these new developments,
the Dale formalism for BED is still used much more widely
because of its mathematical tractability for inhomogeneous
dose distributions. Nonetheless, medical physicists who are
interested in or are engaged in using radiobiological indices
should pay attention to these and future developments in
radiobiological modeling.

To facilitate the proper use of radiobiological indices and
to increase the comparability of indices reported by different
institutions, the AAPM believes that it is important to estab-
lish a consensus model and its associated parameters for the
purpose of reporting biophysical indices. After reviewing the
currently available radiobiological models and the associated
parameter values for prostate cancer, it is recommended that
the Dale BED model and a set of self-consistent parameter
values to be used as the interim biophysical models for per-
manent prostate brachytherapy. EUD can be used as a sec-
ondary index. Recognizing the evolving nature of radiobio-
logical modeling, the use of other models, such as TCP or
any new and improved models and/or parameters that be-
come available in the future. When reporting these indices, it
is recommended that adequate information about the model
and the model parameters be included to facilitate easy rela-
tive comparison by others. It is well recognized that all mod-
els have limitations. Some models may be better than the
others at describing or predicting a specific characteristic of
the implant. These recommendations do not imply that the
selected models are superior to the others. Also, the recom-
mended parameter values should not be interpreted as the
definitive radiobiological parameters for prostate cancer.



tate reporting and relative comparison of radiobiologicalTABLE I. Examples of radiobiological indices for uniform dose distributions.
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These recommendations are intended primarily to help in
establishing a level of consistency and comparability in the
biophysical indices to be reported by different institutions for
permanent prostate brachytherapy for relative comparisons.

Recommendations for reporting relative radiobiological
response are as follows:

�1� When radiobiological indices are included in the report-
ing of permanent implant responses, adequate informa-
tion on the radiobiological model and the model param-
eters should be included to facilitate easy comparison.
Recognizing the evolving nature of radiobiological mod-
eling, the BED �Eqs. �A5� and �A7� in Appendix� calcu-
lated with a set of nominal model parameters �see be-
low� is recommended as an interim primary
radiobiological index for permanent prostate brachy-
therapy. Other models such as EUD, TCP, or future new/
improved models may also be used in accordance with
the above reporting guidelines.

�2� For improved comparability, a set of model parameters
with values representative of prostate cancer is recom-
mended for the calculation of BED and EUD for perma-
nent prostate implants. The recommended values
are from the studies by Wang and co-workers:56–58

�=0.15 Gy−1, �=0.05 Gy−2, � /�=3.0 Gy,
Tp=42 days, and repair half-life of 0.27 h. It should be
emphasized that these recommended values should not
be interpreted as the radiobiological parameters of indi-
vidual prostate cancer patients; also see the commentary
by Fowler et al.59 Typical values of BED, EUD, and
TCP �Poisson model� using these parameters are shown
in Table I, which can be used as a quality assurance
check on algorithmic model implementation.

�3� Ideally, all dosimetric quantities needed for calculating
the radiobiological indices should be reported so that
these indices can be recalculated when new or improved
models become available. However, it is not possible, at
the present, to include these data �for example, differen-
tial dose-volume histograms of individual patients� in
conventional publications. It would be ideal to have a
centralized data center so that the data of individual pa-
tients can be electronically pooled together and analyzed
systematically.

�4� The software vendors for brachytherapy are encouraged
to incorporate calculations of radiobiological indices in
their brachytherapy treatment planning system to facili-

�Calculated with �=0.15 Gy−1, �=0.05 Gy−2, � /�=3.0 Gy, Tp=42 days,
repair half-life of 0.27 h, and N0=1�106.�

Indices

Radionuclide

125I 103Pd 131Cs

Dose �Gy� 145.0 125.0 120.0
BED �Gy� 101.7 112.7 115.7
TCP �%� 79.0 95.5 97.1
Teff �day� 236.2 94.1 61.0
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responses. The radiobiological parameters should be
implemented as user-modifiable input fields so that the
impact of different radiobiological characteristics on the
calculated radiobiological indices can be easily exam-
ined. The currently accepted parameter set could be used
as the default values.

VIII. DISCUSSION

In this report, we focus on LDR permanent interstitial
brachytherapy for treatment of prostate cancer. In contrast to
this modality are temporary implants using HDR brachy-
therapy techniques, in which hollow needles are placed into
the prostate gland and a single high-activity radioactive
source �nominally 10 Ci 192Ir� dwells in selected locations in
each needle for approximately 5–15 min to deliver the pre-
scribed dose. This procedure is repeated two to three times
over several days. After all treatment is completed, the
needles are removed. Because of the major differences in
LDR and HDR techniques, the dose-reporting requirements
are fundamentally different. In this report, we address only
the issues related to LDR permanent brachytherapy of the
prostate because of its wide applicability and unique clinical
issues.

The present recommendations do not include tissue-
heterogeneity corrections and interseed-shielding effects pri-
marily because the methods of their application have not
been resolved at the present time. However, these issues need
to be considered carefully once a practical model for their
application is introduced. Dose calculations for transperineal
implantation with 125I or 103Pd brachytherapy sources are
typically performed assuming a point-source emitter in a ho-
mogeneous water phantom. The efficacy of this assumption
has been investigated by several investigators using both ex-
perimental and Monte Carlo simulation techniques. For ex-
ample, Chibani and colleagues have shown significant devia-
tions for D90 due to calcifications.60 Meigooni and Nath61

found that the heterogeneity effect for different brachy-
therapy sources is a function of spatial location, tissue thick-
ness, and photon energy. However, DeMarco et al.62 ob-
served that the effects of interseed attenuation in prostate
implants with sources in the energy range of 20–36 keV are
insignificant.

Presently, the dose at any point of a multiseed implant is
calculated by adding the doses from each seed, assuming that
the presence of the other seeds does not affect the radiation
field. However, in a typical prostate implant there are 40–100
seeds in close proximity to each other that can cause seed-
to-seed interference. Using a thermoluminescent dosimetry
�TLD� technique, Meigooni et al.63 showed a dose distortion
of up to 10% in an assembly of 18 125I seeds. Furthermore,
using the Monte Carlo simulation technique, Burns and
Raeside64 showed up to a 9.8% perturbation of the dose dis-
tribution around a single 125I seed �models 6702 and 6711�
by the presence of one or three nonradioactive neighboring
seeds. Recently, DeMarco et al.62 used the Monte Carlo



simulation method in a computed-tomography-based dosim- tions, respectively.39 The BED for such an irradiation, ac-
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etry calculation for 125I prostate implants, which simulated
clinical applications. Contrary to previous findings, they con-
cluded that the interseed effects were negligible in their im-
plant patterns. In an independent investigation, Carrier and
co-workers65,28 examined the effect of dose perturbation in a
multiseed implant. They concluded based on an interseed
attenuation study that computable dosimetric differences ex-
ist between plans with 0.38 and 0.76 U sources, two initial
levels often used in clinical practice. Because more sources
are necessary for a plan with 0.38 U, a 2% increase in the
attenuation level was calculated for two different prostate
sizes. The tissue-composition effect has the same impact for
all prostate sizes and seed densities when the prostate is ap-
proximated to a homogeneous organ. However, they pro-
posed that a more realistic study, taking into account local
heterogeneities, would be necessary to establish the conse-
quences of this effect. In addition, seed design was also
shown to strongly influence interseed attenuation.66 These
discrepancies are not yet resolved, and there is still a need for
further investigation into Monte Carlo simulations and TLD
measurements for multiseed implants in heterogeneous me-
dia to clarify the role of interseed effects in patient dose
delivery. Therefore, the recommendations in this report do
not address the impact of heterogeneity on the final outcome,
and these effects are excluded from the current recommen-
dations.
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APPENDIX: BED MODEL FOR PROSTATE
IMPLANTS

The BED is defined to provide a direct measure of the
amount of cell kill resulting from a given irradiation,39

BED =
1

�
ln S or S = exp�− � · BED� , �A1�

where S and � denote the surviving fraction and the intrinsic
radiosensitivity of the irradiated cells, respectively.

For acute irradiations, the LQ cell-inactivation model is
often used to calculate the cell survival from a given irradia-
tion. For acute single fraction irradiations, for which cell
repopulation and sublethal-damage repair can be ignored
during the irradiation, the LQ model gives the following
well-known relationship between S and dose D,

S = exp�− �D − �D2� , �A2�

where � and � are coefficients that characterize the average
yield of cell kill resulting from the one- and two-track ac-
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cording to Eq. �A1�, is then given by

BED = D�1 + D/��/��� . �A3�

I. BED for fractionated irradiations

For a course of radiotherapy given in N fractions with
dose d per fraction, the LQ model predicts that

S = exp�− �Nd − �Nd2 + ln 2
�N − 1��

Tp
� . �A4�

The last term in the exponent accounts for the cell repopula-
tion during the course of the treatment, modeled by a poten-
tial doubling time Tp �in days� for tumor cells. It assumes
that the repopulation is present at the start of the treatment
and the treatment is given daily without interruption. The �
is the unit of the elapsed treatment time �in days� and equals
1 day. The intrafraction repair of sublethal damage was ne-
glected in Eq. �A4�, as the time needed to deliver a typical
fraction �e.g., 2 Gy� is usually short, while the interfraction
repair of sublethal damage was assumed complete within the
24 h break between fractions.39

II. BED for prostate implants assuming a uniform
dose distribution

During the protracted dose delivery of permanent prostate
brachytherapy, both cell repopulation and the repair of sub-
lethal damage can become significant. Based on the LQ
model, Dale40,41 derived an analytical expression for the
BED of permanent implants with a dose rate characterized
by a single exponential decaying function. In his derivation,
the cell repopulation was also modeled by a cell potential
doubling time similar to that in Eq. �A4�. A two-critical tar-
get model was used in modeling the repair of sublethal dam-
age. In this model, a cell is considered to contain two critical
targets susceptible to radiation damage. When only one of
the critical targets is damaged by a radiation event, the dam-
age is considered sublethal and is repairable. Cell inactiva-
tion occurs only when the damage to the other critical target
occurs before the existing damage is fully repaired. It is as-
sumed that the sublethal damage is repaired exponentially
with time, i.e., if the sublethal damage was inflicted at time
t0, then the probability for it to persist to time t is given by
e−	�t−t0�. The repair capability is modeled by the time con-
stant 	. This model is fundamentally equivalent to the
incomplete-repair model of Thames67 for irradiations with
constant dose rate. Dale obtained the following formula for
the BED of permanent prostate implants:

BED = D�Teff�RE�Teff� − ln 2
Teff

�Tp
, �A5a�

where



˙ prescribed dose, the model indicates that the BED is always
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RE�Teff� = 1 + ��

�
� D0

�	 − 
�
�

1

1 − e−
Teff

�	1 − e−2
Teff −
2


	 + 

�1 − e−�	+
�Teff�
 .

�A5b�

In Eq. �A5b�, Ḋ0 is the initial dose rate, 
 is the decay con-
stant of the radionuclide, 	 is the time constant for sublethal
damage repair �inversely proportional to the repair half-
time�, Teff is the effective treatment time for an implant, and
D�Teff� is the total dose delivered by the implant within the
time period of Teff.

The existence of an effective treatment time arises from
the two competing processes present in permanent implants,
namely, the continuous cell repopulation and reduction in
instantaneous dose rate. As the treatment time elapses, the
rate of cell inactivation resulting from the instantaneous dose
rate becomes exponentially smaller, while the rate of cell
repopulation remains the same. The Teff is defined as the time
at which the rate of cell inactivation equals the rate of cell
repopulation for any hypothetically remaining cell and is
given by

Teff = Tavg ln�� · D ·
Tp

T1/2
� , �A6�

where T1/2 is the decay half-life of the radionuclide, Tavg

=1.44T1/2, and D is the total dose delivered during the full
decay of the radionuclide. Beyond Teff, a net cell kill is no
longer attainable. While the definition of Teff is physically
intuitive, the need to use Teff as the time point for BED
calculation illustrates an inherent uncertainty in the applica-
tion of this model to tumors that continuously repopulate
during permanent implants. The BED value calculated at
other time instances will be different from that calculated at
Teff. Even in relative comparisons of two implants, using
BED calculated at Teff versus using BED calculated at other
time instances could lead to quantitatively different results.
Recently, Zaider and Hanin55 pointed out that the use of Eq.
�A6� for proliferating tumors underestimates the isoeffective
dose. For temporary implants with a source dwell time less
than Teff, the actual source dwell time should be used in Eq.
�A5� for calculating the BED.

The BED derived by Dale is characterized by four param-
eters that take into account the effect of single-track lethality
���, intertrack quadratic interactions ���, as well as the first-
order kinetics of sublethal damage repair �	�, and cell pro-
liferation �Tp� in permanent prostate brachytherapy. It also
takes into account the exponential decay of the instantaneous
dose rates. The model shows that the effective cell kill de-
pends not only on the delivered dose but also on the temporal
patterns of the dose delivery in the presence of sublethal
damage repair and cell repopulation. For implants with ex-
ponentially decaying radionuclides, the dose-delivery pattern
is determined by the radioactive decay half-life, and the BED
is a function of the radionuclides used. In general, the BED
is greater if the total delivered dose is larger. For the same
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larger when the dose is delivered by radionuclides with
shorter half-lives. The model has been used to compare dif-
ferent treatment techniques and other issues for which the
absolute values of radiobiological parameters or model as-
sumptions may not be critical. Note, however, that many
radiobiological complexities are excluded by necessity, in-
cluding nonexponential sublethal damage repair. In addition,
as discussed earlier, concerns about the use of Teff in BED
calculations and its effect on isoeffect comparisons has been
raised recently in literature.55

III. BED for inhomogeneous dose distributions in a
prostate implant

The BED formulas discussed in Sec. VII have assumed
that the dose-rate distribution is spatially uniform, which is
not true in a real implant. The dose-rate distribution inside a
prostate implant is highly nonuniform. The BED for such an
implant can be calculated by partitioning the tumor volume
into small subvolumes so that the dose-rate distribution in
each subvolume can be considered uniform.42,68 The BEDi

for a subvolume i with initial dose rate of Ḋi�0� can then be
calculated using the formulas discussed in Sec. VIII. Math-
ematically, the BED for a clinical prostate implant can be
calculated as

BED = −
1

�
ln��

i

�ie
−�·BEDi� , �A7�

where �i is the fractional volume receiving the dose rate

Ḋi�0�, with �i�i=1. �i is directly related to the differential
dose �or initial dose rate� histogram of a permanent implant.
The BED calculated with Eq. �A7� takes into account not
only the time-dependent dose-rate variation, cell repopula-
tion, and sublethal damage repair during the dose delivery
but also the spatial heterogeneity of the dose-rate distribution
in permanent prostate brachytherapy. Ling et al.42 used Eq.
�A7� in studying the effects of dose heterogeneity in perma-
nent interstitial implants.

The BED calculated according to Eq. �A7� is preferen-
tially weighed by low-dose rates. To fully assess its signifi-
cance, it may be beneficial to calculate the three-dimensional
distribution of BED within a permanent prostate implant.
The iso-BED distribution can be calculated by combining the
BED formulas with the three-dimensional dose-rate
distributions.69,70 With the iso-BED distributions, one can
evaluate the biological significance of “hot” or “cold” dose-
rate regions based on underlying anatomy. Similar consider-
ations have also been used to construct radiobiologically rel-
evant dose-volume histograms in external-beam
radiotherapy.71–73 It should be pointed out that the calculation
of iso-BED distribution with Eq. �A7� implicitly assumes
that the tumor burden and their radiosensitivity is spatially
uniform. Nonetheless, it would be straightforward to incor-
porate the spatial distribution of tumor burden and radiosen-
sitivity into the calculation of BED or iso-BED distribution
when such information is accurately known.



IV. EUD for inhomogeneous dose distributions in a Phys. 33, 968–975 �2006�.
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prostate implant

Since the net cell survival produced by an implant of in-
homogeneous dose distribution can be determined easily
from Eqs. �A1� and �A7�, one can also calculate an EUD, a
concept introduced initially by Niemierko49 for inhomoge-
neous distributions encountered in external-beam radio-
therapy, for a prostate implant based on equal cell survival.
The EUD for a permanent prostate implant can be obtained
by equating the right-hand sides of Eq. �A5a� and Eq. �A7�
and solving the resulting equation for EUD, i.e.,

EUD � RE�EUD,Teff� − ln 2
Teff

�Tp
= −

1

�
ln��

i

�ie
−�·BEDi� .

�A8�

Note in Eq. �A8� that the D�Teff� in the right-hand side of Eq.
�A5a� is now denoted as EUD. The equivalent uniform dose
calculated in this fashion retains the temporal characteristics
of dose delivery in permanent prostate brachytherapy.

Details of these calculations can be found in Sec. VIII.B.2
of the full TG-137 report available online.
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