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MRI-assisted radiosurgery: A quality assurance nomogram for
palladium-103 and iodine-125 prostate brachytherapy
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ABSTRACT PURPOSE: We sought to develop an activity
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nomogram for magnetic resonance (MR)eplanned
permanent seed prostate brachytherapy to improve quality assurance through a secondary dosi-
metric check.
METHODS AND MATERIALS: Patients undergoing MRI-assisted radiosurgery (MARS),
whereby MRI is used for preoperative planning and postimplant dosimetry, were reviewed from
May 2016 to September 2018. Planned activity (U) was fitted by MR-prostate volume (cc) via sim-
ple linear regression. Resulting monotherapy nomograms were compared with institutional nomo-
grams from an ultrasound-planned cohort. Dosimetric coverage and external urinary sphincter
(EUS) dose were also assessed for MR-planned patients.
RESULTS: We identified 183 patients treated with MARS: 146 patients received palladium-103
(103Pd; 102 monotherapy and 44 boost), and 37 received iodine-125 (125I) monotherapy. Median
prostate volume was 28 cc (interquartile range: 22e35). Lines of best fit for implant activity were
U 5 4.344 � (vol) þ 54.13 (R2: 95%) for 103Pd monotherapy, U 5 3.202 (vol) þ 39.72 (R2: 96%)
for 103Pd boost and U 5 0.684 (vol) þ 13.38 (R2: 96%) for 125I monotherapy. Compared with ul-
trasound, MR-planned nomograms had lower activity per volume ( p! 0.05) for both 103Pd mono-
therapy (~6%) and 125I monotherapy (~11%), given a median size (30 cc) prostate. Across all
MARS implants, postimplant dosimetry revealed a median V100% of 94% (interquartile range:
92e96%). Median EUS V125 was!1 cc for all patients, regardless of isotope.
CONCLUSIONS: We developed a quality assurance nomogram for MR-planned prostate brachy-
therapy. When compared with ultrasound-planned, MR-planned monotherapy resulted in a lower
activity-to-volume ratio while maintaining dosimetric coverage, likely secondary to EUS-sparing
and reduced planning target margins. � 2020 American Brachytherapy Society. Published by
Elsevier Inc. All rights reserved.
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Background

The use of MRI in brachytherapy (BT) continues to
advance. MR provides a distinct, theoretical advantage
when compared with CT and ultrasonography, given the
ability to comprehensively visualize the prostate and
external urinary sphincter (EUS). Furthermore, the ability
to clearly define prostate boundaries despite postimplant
edema makes MR an incredibly accurate and valuable tool
for evaluating postoperative dosimetry. We have previously
described the use of MRI-assisted radiosurgery (MARS) at
our institution, in which MR is used over the complete BT
workflow, including preoperative planning and postimplant
dosimetry (1e3).
hed by Elsevier Inc. All rights reserved.
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Nomograms for calculating planned activity for a given
prostate volume have existed since the beginning of perma-
nent seed BT and remain a recommended tool for indepen-
dent checks of dosimetric calculations (4). Despite
standardization of dose prescribed for permanent seed pros-
tate BT, the amount of activity per volume can vary signif-
icantly with ultrasound-based planning, potentially
resulting in compromised clinical outcomes (5). We hy-
pothesized that MR-planned, low-dose-rate prostate BT
with palladium-103 (103Pd) and iodine-125 (125I) results
in a decrease in activity-to-volume ratio compared with
our historical ultrasound-based planning, given the ability
to spare the EUS and reduce planning target volume
(PTV) margins.

From our institutional experience, we sought to develop
an activity nomogram for MR-planned prostate BT to
improve quality assurance through a secondary dosimetric
check. Furthermore, we planned to evaluate our Day 0,
MR-based dosimetry on patients treated with MARS to
assess the dosimetric coverage, heterogeneity, and ability
to spare the EUS and to provide meaningful feedback
regarding expectations for Day 0 vs. planned implant
coverage.
Materials and methods

Patients undergoing MARS prostate BT at our institu-
tion from May 2016 to September 2018 were selected for
this study, after institutional review board approval. All
cases were preoperatively planned with a stranded-seed,
modified-uniform (103Pd) and modified-peripheral (125I)
loading implant technique with an MIM treatment planning
system (MIM Software Inc., Cleveland, OH). A PTV was
created as a 2-mm expansion of the prostate on preopera-
tive MR (axial T2-weighted), without expansion posteri-
orly. In addition, the superior aspect of the EUS was
identified at the level of the verumontanum and contoured
entirely to the inferior extent defined as the initial muscular
ring around the urethra (6). The complete treatment
Table 1

MRI-assisted radiosurgery treatment details (n 5 183 cases)

Treatment variable, median (IQR) 103Pd mono (n 5 102)

Prostate volume (cc) 28 (22e33)

Total activity (U) 172 (152e197)
Number of seeds 72 (64e84)

V100 (%) 93 (91e96)

V150 (%) 63 (58e66)

V200 (%) 35 (31e39)
D90 (Gy) 134 (130e143)

RV100 (cc) 0.02 (0e0.2)

EUS D5 (Gy) 218 (184 274)

EUS D30 (Gy) 160 (138e187)
EUS V125 (cc) 0.3 (0.1e0.5)

EUS V200 (cc) 0.02 (0e0.07)

IQR 5 interquartile range; 103Pd 5 palladium-103; 125I 5 iodine-125; EUS
paradigm and procedure for MARS at MD Anderson have
been previously described elsewhere (1).

Dose prescribed was 125 Gy for 103Pd monotherapy,
90 Gy for 103Pd boost, and 144 Gy for 125I monotherapy
with a seed activity in air kerma strength of 2.457, 1.939,
and 0.497 U, respectively. TheraSeed Palladium-103 and
AgX100 Iodine-125 BT stranded seeds were used and pre-
loaded with the cobalt dichloride-N-acetylcysteine (C4)
contrast agent marker to allow seed localization and post-
implant MR dosimetry (7,8). Preplanning target values
included V100O 95%, D90O prescribed dose, RV100!
1 cc, and EUS V125! 1 cc. Planned activity in air kerma
strength (U) was fitted by MR prostate volume (cc) via sim-
ple linear regression, which has been shown to predict seed
and activity requirements well over a prostate range of 20e
60 cc (9). R2 was evaluated for goodness-of-fit. The result-
ing monotherapy nomograms were compared with historic
transrectal ultrasound (TRUS)ebased nomograms from our
recently published phase II trial (n 5 300) by using an F
test (10). In addition, we evaluated V100 and D90 between
planned and Day 0 dosimetry for patients treated with
MARS. A Student’s t test for normally distributed data
and a ManneWhitney U test for nonparametric data were
used for comparing independent groups of data. Of note,
postimplant dosimetry for MARS patients was evaluated
on MR as previously described, whereas CT was historical-
ly used for the TRUS cohort.
Results

We identified 183 patients treated with MARS prostate
BT at our institution; of these, 146 patients received 103Pd
(102 monotherapy and 44 boost), and 37 received 125I
monotherapy. Median prostate volume was 28 cc (inter-
quartile range [IQR]: 22e35 cc). Median activity planned
was 172 U (IQR: 152e197 U), 116 U (IQR: 93e140 U),
and 38 U (IQR: 32e43 U) for 103Pd monotherapy, 103Pd
boost, and 125I monotherapy, respectively. Postoperative,
Day 0, dosimetric characteristics for the three cohorts are
presented in Table 1. Lines of best fit for implant activity
103Pd boost (n 5 44) 125I mono (n 5 37)

23 (17e29) 41 (35e51)

116 (93e140) 39 (33e48)
60 (48e72) 78 (65e89)

96 (94e98) 95 (92e97)

70 (65e76) 49 (44e54)

42 (38e47) 20 (17e24)
106 (102e112) 154 (149e161)

0.02 (0e0.2) 0.02 (0e0.2)

181 (161e202) 236 (199e282)

137 (126e149) 190 (164e203)
0.5 (0.3e0.7) 0.3 (0.1e0.7)

0.05 (0.03e0.08) 0.01 (0e0.04)

5 external urinary sphincter.



Fig. 1. MRI-assisted radiosurgery (MARS) quality assurance nomograms.

Simple linear regression lines (solid) are presented for 103Pd monotherapy

(n 5 102), 103Pd boost (n 5 44), and 125I monotherapy (n 5 37) based on

patients treated at our institution. Planned activity in air kerma strength (U)

is plotted on the y-axis, whereas prostate volume in cubic centimeters is

plotted on the x-axis. For patients undergoing monotherapy with either

isotope, we present our historic ultrasound-based nomograms (dotted)

for comparison, which were significantly higher in terms of activity-to-

volume ratio than MARS.

Fig. 2. MARS: dose coverage and heterogeneity (V100, V150, and

V200). Dose coverage (V100) as well as heterogeneity (V150 and

V200) of all MARS implants are presented for 103Pd monotherapy (n 5

102), 103Pd boost (n 5 44), and 125I monotherapy (n 5 37). MARS im-

plants may demonstrate increased heterogeneity in contrast to ultrasound

planned implants, given the active sparing of the external urinary sphincter.

This effect seems most pronounced with palladium.
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were U 5 4.344*(vol) þ 54.13 (R2: 95%) for 103Pd mono-
therapy, U 5 3.202 (Vol) þ 39.72 (R2: 96%) for 103Pd
boost, and U 5 0.684 (vol) þ 13.38 (R2: 96%) for 125I
monotherapy. Compared with TRUS-planned, MR-planned
nomograms had lower activity per volume ( p ! 0.05) for
both 103Pd monotherapy (~6%) and 125I monotherapy
(~11%), given a median size (30 cc) prostate (Fig. 1).
Across all MARS implants, postimplant, Day 0 dosimetry
revealed a median V100% of 94% (IQR: 92e96%).
Furthermore, the median difference between planned and
Day 0 coverage (in terms of V100%) for all MARS cases
was 5%, whereas the median difference in D90 was
36 Gy for both 103Pd and 125I monotherapy and 19 Gy
for 103Pd boost. Dose coverage and heterogeneity across
MARS implants, in terms of V100, V150, and V200, are
presented (Fig. 2). Median EUS D5 was 218 Gy (184e
274) vs. 236 Gy (199e282) for 103Pd and 125I monotherapy,
respectively ( p 5 0.24). Median EUS D30 was signifi-
cantly less with 103Pd at 160 Gy (138e187) vs. 190 Gy
(164e203) for 125I monotherapy ( p! 0.002; Fig. 3). Me-
dian EUS V125 was !1 cc for all patients, regardless of
isotope. Median EUS V200 was 0.03 cc (0.007e0.07) for
the entire cohort of patients.
Discussion

Three-dimensionally (3D)eplanned BT has largely re-
placed the use of standard look-up nomograms; however,
these important tools continue to serve as a secondary, inde-
pendent, dosimetric check for BT quality assurance (11,12).
Ideally, centers performing BT should create institution-
specific tools for quality assurance; nomograms are simple
to create and use, with detailed, step-by-step instructions
for their development available in the literature (13). Benefits
of such a secondary check can ensure that planned implants
are consistent with institutional standards and decrease plan
heterogeneity among differing patients and practitioners.
Furthermore, identifying plans that are outside of institu-
tional norms can prevent medical events/mistreatments and
reduce seed waste (leading to reduced risk and cost), ulti-
mately improving the value of BT (14). Of note, the imple-
mentation of nomograms from external institutions should
be done with caution owing to unaccountable interinstitu-
tional variabilities, despite standardized dosing and rela-
tively identical techniques (15). One possible solution for
industry to meet this need would be to incorporate indepen-
dent nomogram checks into the treatment planning system
as part of treatment workflow. Such automation would also
allow improvements in defining activity-to-volume stan-
dards, as the activity nomogram can continue to be refined
as the number of completed cases increases.



Fig. 3. MARS: external urinary sphincter (EUS) D30. The D30 or mini-

mum dose that 30% of EUS is exposed to is presented for 103Pd vs. 125I

monotherapy as violin plots. Visually represented is the wider variance

of achievable EUS sparing with palladium. The median is represented

by the dashed line, whereas the 25% and 75% quartiles are represented

by the dotted lines.

41A.N. Hanania et al. / Brachytherapy 19 (2020) 38e42
MR provides theoretical advantages for both planning
and postoperative dosimetry. In the planning stage, MR al-
lows the brachytherapist to visualize the dominant intrapro-
static lesion, allowing dose heterogeneity to
advantageously cover the lesion while at the same time,
limiting dose to the EUS, potentially reducing rates of uri-
nary bother. Furthermore, when comparing MRI with
TRUS, the absolute difference in perceived prostate vol-
ume is marginal, with one study by Bowes et al. reporting
a median 3 cc difference (16), making a comparison of our
MR-planned monotherapy nomograms to our historical
TRUS-planned nomograms reasonable. In terms of postim-
plant dosimetry in prostate BT, confident delineation of the
organ during postoperative contouring is challenging when
using CT alone. Imaging fusion with MR or TRUS has
proven to be superior to CT for this task and has been
found to provide reliable interobserver agreement (16e
18). However, in contrast to TRUS, MR provides clear
prostatic imaging even when significant edema is present
and allows quantification of dose to the EUS, which is only
Fig. 4. External urinary sphincter sparing with MR planning. MRI allows us to

addition to the reduction of expansion necessary to acquire the planning target vo

maintaining appropriate coverage and dose.
visible on MR. Furthermore, previous study has shown MR
alone to be comparable to MReCT fusion with the use of
MRI markers (2).

Our results suggest that MR-planned permanent seed
implants maintain dosimetric coverage while using less
overall activity (lower activity-to-volume) comparted with
our TRUS-based cohort (pre-TRUS planning and post-CT
dosimetry). One reason for this difference is greater confi-
dence in prostate delineation leading to reduced PTV mar-
gins (2 and 0 mm posterior) compared with our historical
preplanned TRUS cohort. A limitation of this study is be-
ing unable to compare our MARS cohort with a cohort un-
dergoing intraoperative TRUS-planning, as this is not done
at our institution. During intraoperative TRUS-planning,
the treatment is planned at the time of the procedure and
with the patient in treatment position. Meanwhile, patients
undergoing MARS have an MRI done before their proced-
ure date using a BT protocol and rigid endorectal coil with
diameter emulating the TRUS probe. Thus, although the
MRI is used for dosimetric planning, it must be carefully
fused in reference to the template for the use of intraoper-
ative TRUS during the procedure by using a reproducible
method that we have demonstrated to be reliable (1). Tem-
plate reproducibility can be assured through localization of
the prostate base in the ultrasound sagittal plane followed
by matching the template to preplanned positioning at the
midgland and apex in the ultrasound axial plane. Given
these differences, one may argue that the removal of setup
error by using an intraoperative technique would likely also
prove effective in achieving results similar to those in this
study. However, an important contributor to our results is
the purposeful avoidance of high dose within the EUS,
given that it is well visualized on MR (Fig. 4). Indeed,
while reducing PTV margins is one benefit of MARS,
the true novelty lies within the ability to selectively
distribute heterogeneity. As such, EUS sparing has become
visualize and account for the EUS during planning. Sparing of the EUS in

lume (PTV) results in implants with reduced activity-to-volume ratio while
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the standard at our institution, as we previously found that
improvements in the distribution of dose heterogeneity and
limiting EUS dose may decrease the incidence of urinary
bother, irritation, and function (6). As a consequence of
pushing dose away from the EUS, MARS plans may
demonstrate increased heterogeneity as shown by the
plotted V150 and V200 (Fig. 2), especially with the use
of palladium. Furthermore, Day 0 dosimetry suggests im-
provements in D30 dose to the EUS with palladium-
based monotherapy over iodine (Fig. 3). Ultimately, despite
increased heterogeneity in these patients, V125 to the EUS
never exceeded 1 cc, highlighting the ability of MR-
planned BT to selectively distribute dose.

We reported expectations between planned and Day
0 coverage in terms of V100% and D90 with MARS.
One major difference compared with TRUS-planned im-
plants evaluated on postimplant CT is the improved accu-
racy of prostate delineation and reproducible postimplant
dosimetry. Unlike postimplant CT, which is complicated
by edema (requiring a second CT at $ 30 days), we have
found that differences in dosimetric coverage do not seem
to be significant over time for MR-based dosimetry (1,2).
Ultimately, coverage (V100 and D90) for Day 0 remained
excellent and consistent with high-quality BT. However,
given that MR-based implants seem to deliver less
activity-to-volume, further research into the clinical impli-
cations are necessary. Early quality of life outcomes with
MARS have been assessed preliminarily and show a favor-
able acute toxicity profile, with urinary function returning
to baseline within 8 months after treatment (19). Future di-
rections include investigation of whether reduced activity-
to-volume implants from MARS result in a decrease of
long-term urinary morbidity secondary to EUS sparing
while maintaining biochemical and local control.
Conclusions

We developed a quality assurance nomogram for plan-
ning MR-based prostate BT at our institution. This clinical
tool provides a secondary dosimetric check during the plan-
ning process for MR planning with 103Pd monotherapy,
103Pd boost, and 125I monotherapy. Nomograms for MR-
planned monotherapy were lower in terms of activity to
prostate volume ratio when compared with TRUS-
planned, likely secondary to EUS sparing and smaller
PTV margins. Despite the lower activity to volume ratio,
excellent coverage was maintained for the vast majority
of patients treated with MARS evaluated on postimplant
MR, which provides unparalleled confidence in identifying
the prostate volume during postimplant review. Further-
more, dosimetric analysis on Day 0 suggests improvements
in D30 to the EUS with the use of palladium over iodine
monotherapy. Longer follow-up is necessary to assess the
clinical implications of reduced activity implants and dose
reduction to the EUS.
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