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Summary
In this study, we compared
the seed visualization, local-
ization and dosimetry be-
tween a novel MRI-only
workflow vs the standard CT-
MRI fusion-based approach.
The MRI-only workflow
showed 99.1% accuracy in
seed identification and no
significant differences were
observed in seed positions
and dosimetric parameters
between MR-only and CT-
MR fusion-based workflows.
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Purpose: The current magnetic resonance imagingecomputed tomography (MRI-CT)
fusion-based workflow for postimplant dosimetry of low-dose-rate (LDR) prostate
brachytherapy takes advantage of the superior soft tissue contrast of MRI, but still relies
onCT for seed visualization and detection. Recently anMR-onlyworkflowhas been pro-
posed that employs standard MR sequences and visualizes conventional implanted seed
with positive contrast solely through MR postprocessing. In this work, the novel
MR-only based workflow is compared with the clinical CT-MRI fusion approach.
Methods and Materials: Twenty-four prostate patients with a total of 1775 implanted
LDR seeds were scanned using a 3-dimensional multiecho gradient echo sequence on
a 3 TeslaMR scanner within 30 days after implantation. Quantitative susceptibility map-
ping was used for seed visualization. Seeds were automatically segmented and localized
on the quantitative susceptibility mapping using convolutional neural network and k-
means clustering, respectively. To assess the MR-only seed localization error, CT and
MR-derived seed positions were coregistered, and ultimately, the resulting dose-
volume histograms were compared.
Results: The MR-based seed visualization, segmentation, and localization generated
comparable results to the CT-MR registration approach. The accuracy of the MRI-
only based seed identification was 99.1%. After a rigid registration between the MR
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and CT-derived seed centroids, the average localization error was 0.8 � 0.8 mm. The
average prostateD90,V100,V150, andV200 forMRI-only andCT-MR fusion based dosim-
etry were 114.3� 12.5% versus 113.9� 11.9%, 95.1� 3.7% versus 95.3� 3.8%, 54.5
� 14.5% versus 55.0 � 13.2% and 22.9 � 6.8% versus 23.2 � 6.7%, respectively. No
significant differences were observed in 3-dimensional seed positions and dosimetric
parameters between MR-only and CT-MR fusion-based workflows (P > 0.2).
Conclusions: The MRI-only LDR postimplant dosimetry is feasible and has very good
potential to eliminate the need for CT-based seed identification.� 2019 Elsevier Inc. All
rights reserved.
Introduction

Permanent implantation of low-dose-rate (LDR) brachy-
therapy seeds is a well-established treatment modality for
patients with localized prostate cancer. The quality of the
implant is assessed within 30 days after implantation
through postimplant dosimetry. The standard recommended
procedure for postimplant dosimetry is based on computed
tomography (CT). CT provides excellent seed visualization
and localization; however, owing to poor soft tissue
contrast which challenges target volume (prostate), as well
as organs at risk identification, it leads to significant
interobserver variabilities.1,2 Recently magnetic resonance
imaging (MRI) has been introduced to the LDR postim-
plant dosimetry workflow to benefit from its superior soft-
tissue contrast.3-5 However, owing to the lack of nuclear
magnetic resonance spectroscopy signal from the seeds,
they appear as dark voids on conventional MR images, and
seed localization still relies on CT. The CT-MRI fusion
workflow has been recommended by the recent American
Brachytherapy Society guideline to take advantage of both
imaging modalities by CT-based seed localization with
MRI-based target delineation.3 It has been shown that the
uncertainties associated with the MR-CT fusion may lead
to up to 16% deviation in dose to 90% of the prostate
(D90).6

There are very limited clinical studies evaluating the
feasibility of MRI-based brachytherapy seed detection and
localization. Application of contrast-enhanced MR se-
quences in seed identification has been studied7-9; however,
they have been limited by inconsistent MR sequence pa-
rameters, unreliable performance for extraprostatic or
nonspaced seed identification. Zijlstra et al have studied the
feasibility of a template-matching algorithm that uses the
simulated magnetic field distortions around the seeds as the
template to match with those in patients; although the
proposed method has acceptable performance in detection
of spaced seeds (average error of 0.8 � 0.4 mm), one-third
of nonspaced or clumped seeds were not correctly identi-
fied.10 Martin et al have compared the MRI-only LDR
postimplant dosimetry (using stranded seeds with cobalt-
dichloride-N-acetyl cysteine [C4] MR-markers as spacers)
to the standard MR-CT fusion-based approach.11,12 They
have demonstrated that MRI-only dosimetry using C4 MR
markers is feasible and accurate; however, there are some
limitations associated with C4 application such as higher
cost compared with conventional seeds, the necessity
of endorectal coil for marker visualization, and non-
applicability to plans with nonspaced or loose seeds.11 It
should be considered that in all the aforementioned ap-
proaches, the implanted seeds still appear as dark voids,
making it challenging to be differentiated from other voids
such as calcifications and small blood vessels, especially
in the case of extraprostatic seeds. MRI-based positive
contrast seed visualization would make it easier for the
physicist or the radiation oncologist to review and approve
the postplan after running the automated seed finder.

Recently Nosrati et al have proposed and validated an
MRI-only workflow based solely on MR postprocessing
algorithms, which generates high quality positive contrast
for conventional brachytherapy seeds.13 The proposed al-
gorithm exploits the strong paramagnetic properties of the
titanium seeds in contrast to the diamagnetic biological
tissues (eg, prostate, calcifications, etc.) and use magnetic
susceptibility to visualize seeds with positive contrast. The
present study aimed at comparing the MRI-only workflow
proposed in13 to the standard CT-MRI fusion-based
approach in terms of seed visualization, detection, and
dosimetric outcomes.

Methods and Materials

Patients

The study was conducted in accordance with the Interna-
tional Conference on Harmonization Good Clinical Prac-
tice E6, Declaration of Helsinki principals, and the Belmont
report. Institutional research ethical board approval was
obtained, and all subjects provided written informed
consent.

Twenty-four patients with low- to intermediate-risk
prostate cancer who were treated with LDR brachyther-
apy (as monotherapy) participated in this study. All patients
were implanted with stranded I-125 seeds (IsoAid Advan-
tage). The patient characteristics and treatment planning
parameters are shown in Table E1 (available online at
https://doi.org/10.1016/j.ijrobp.2019.10.009). Within 1
month after implantation, all patients underwent a pelvic
CT scan and prostate MRI (approximately 30 minutes apart
on the same day) to perform CT-MRI fusion-based
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postimplant dosimetry. Image fusion, postplanning, and
dosimetric analysis were performed on MIM Symphony
brachytherapy planning program (MIM Software Inc,
Cleveland, OH).

MRI and CT imaging protocols

A one-month MRI scan was acquired on a 3 Tesla (T) MRI
scanner (Philips Achieva with a 16-channel torso coil
(Sense XL Torso). The standard of care MRI sequences for
postimplant dosimetry included an axial 3-dimensional
(3D) T1-weighted, an axial T2-weighted, and diffusion-
weighted imaging. In addition to the standard of care, pa-
tients were scanned with a 3D fast spoiled multiecho
gradient recalled echo (GRE) sequence with fat suppression
(SPIR) MR sequence. The GRE MRI sequence parameters
were echo time Z 2.3 ms, repetition time Z 10 ms,
number of echoes Z 3; echo spacing Z 2.3 ms (even), flip
angle Z 15�; field of view (FOV) Z 225 � 225 � 100
mm3; resolution Z 1 � 1 � 1.5 mm3, and bandwidth Z
868 Hz/pixel. The GRE sequence scan time was approxi-
mately 10 minutes (in addition to the standard of care MRI
protocol for LDR postplanning). To avoid aliasing artifact
in phase-encoding direction (righteleft) fold-over sup-
pression with 11 cm oversampling on each side was used.

The patients were also CT scanned (Philips Brilliance
Big Bore) with the standard pelvic CT parameters: 120
kVp, 400 mAs, and 3-mm slice thickness (reconstructed at
1.5-mm slice thickness).
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The MR magnitude and phase images acquired by the GRE
sequence were postprocessed with MATLAB software
(version R2018b, The Mathworks, Natwick, MA). The MR
postprocessing pipeline included the following main steps:
(1) seed-induced MR distortion correction and edge
enhancement,14-16 and (2) quantitative susceptibility map-
ping (QSM) based on morphology enabled dipole inversion
with automated zero referencing.13,17-19 The prostate tissue
and the obturator internus were considered as the reference
tissues and were automatically segmented by thresholding
the GRE magnitude images at 50% of the maximum. The
details of the positive contrast seed visualization algorithm
are shown in Figure 1 (seed visualization block).
MR-only seed localization

The seed localization algorithm was modified compared
with the method proposed previously.13 In almost half of
the patients, the rectum was filled with gas, which resulted
in the relatively large hyperintense region on QSM within
rectum near the prostate. On the estimated susceptibility
maps, the intensity of large volumes of gas in rectum at
some voxels was close to that of seeds; thus, the gas-filled
rectum was not completely removed by thresholding the
QSM. Therefore, in this study, the seed identification on the
magnetic susceptibility map in the presence of gas-filled
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rectum was accomplished by automated seed segmentation
using supervised machine learning. Seed segmentation on
QSM was performed using a deep, fully convolutional
neural network. The 2D U-Net20 model shown in Figure 2a
was trained and used for automated seed segmentation. The
U-Net architecture has symmetrical contraction and
expansion paths; the contraction path consisted of 10
repeated 3 � 3 convolution operations in 5 steps (unpadded
convolution); each convolution was followed by a rectified
linear unit activation function and batch normalization, and
after each step a down-sampling (2 � 2 max pooling) was
performed that halves the size of each feature channel. The
expansion path included 8, 3 � 3 convolution operations in
4 steps, and each convolution was followed by a rectified
linear unit activation function and batch normalization;
every step of the expansive path had a “transpose convo-
lution,” which was an up-sampling followed by a 2 � 2
convolution to halve the number of feature channels, but
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Some example automated seed segmentation results on quantita
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double the size of the feature map.20 To train the U-Net
model, seeds were manually segmented on the QSM im-
ages of 3 random patients and 60 sets of labeled images
were generated. To expand the size of the training data set,
augmentation using translation and rotation was applied.
The model was trained with a total of 280 labeled seeds,
and the accuracy of the segmentation when tested on the
rest of the QSM images was 0.96. The training time was
110 minutes, and the testing was about 1 second per image.
The data augmentation and U-Net model were imple-
mented in Python (Spyder, Python 3.6) using the open-
source Keras package.21

After seed segmentation, the 3D coordinates of seed
centroids were identified using constrained k-means clus-
tering based on the spatial distribution of the positive
contrast voxels.22-24 The “constrained” clustering was used
to ensure proper localization of nonspaced (clumped) seeds,
thus localization of the seeds was constrained by the
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number of voxels (points) in each seed (cluster) and the
interseed (intercluster) distances.

CT-MRI versus MR-only seed localization and
dosimetry

The positions of the brachytherapy seeds were identified
on CT images with MIM Symphony. The 3D position of
the seeds determined through the proposed MR-only based
workflow was compared with the CT-based positions
identified by MIM software. To evaluate the spatial ac-
curacy of the MR-only seed localization, the 3D coordi-
nate space of the MR-based seed centroids was transferred
into the CT-based coordinates by rigid registration. All
seed centroids identified on QSM were rigidly transformed
and assigned to the nearest seed centroids on CT using the
iterative closest point algorithm.25 The distance between
each pair of centroids after registration (in x, y, and z
direction) was considered as the error of the MR-based
seed localization. In addition, to assess the agreement
between the MR and CT-based seed positions, the Bland-
Altman analysis with 95% confidence interval was
performed.

For dosimetric analysis of the MR-only and CT-MR
fusion approaches, the same sets of contours were used
which were made by an experienced radiation oncologist.
Prostate was contoured on T2-weighted MRI; however,
owing to rectum deformations between the CT and MRI
scans (mainly owing to the rectal filling and gas content),
the rectum was contoured on CT images. The overall dose
distribution was calculated using the CT-based seed posi-
tions, and cumulative dose-volume histogram (DVH)
curves were stored for comparison. Then the transformed
(by applying translation and rotation) MR-derived seed
centroids were imported into MIM, and the corresponding
DVH curves were recalculated and saved for analysis. The
dose to 90% of the prostate volume (D90), the prostate
volume that receives 100%, 150%, and 200% of the pre-
scribed dose (V100, V150, V200, respectively), and the dose
to 2cc of the rectum (D2cc) were compared between the 2
methods.

Two-tailed paired sample t test was used to evaluate the
significance of the difference between CT- and MRI-
derived seed positions and dosimetric parameters. Statisti-
cal analysis was performed using the SPSS software (IBM,
Armonk, NY). The average localization and dosimetric
measures are reported as mean � 1 standard deviation.

Results

MR-based positive contrast seed visualization

Out of 24 recruited patients, 1 patient did not undergo MRI
owing to previous metal injury to the eye, and 3 patients
were excluded from the analysis, 2 because of severe mo-
tion artifacts and 1 owing to abnormally large rectum
volume (filled with gas) that resulted in signal loss at the
prostateerectum boundary; representative images of all
three excluded cases are shown in Figure 6. The total
number of seeds in the 20 patients who were included in the
analysis was 1563, out of which 1555 seeds (99.5%) were
visualized with excellent positive contrast on the QSM. In
total, QSM algorithm failed to correctly reconstruct 8
seeds; all those seeds were very close (<1 cm) to the edges
of the imaging FOV in superior-inferior direction. Figure 3
shows an axial slice of T2-weighted MRI and the maximum
intensity projection of 5 midslices of the CT and QSM of
illustrative 5 patients. Visually there was an excellent
agreement between CT and QSM in terms of seed identi-
fication. There were on average, 2.4 double-loaded seeds in
each patient and all were correctly visualized. Some ex-
amples of QSM with clumped seeds, as well as extrapro-
static seeds, are shown in Figure 4. Clumped seeds were
either double-loaded seeds on a single seed strand or
laterally clumped seeds from different seed strands; an
example of both cases is shown in Figures 4e and 4g. By
average in each patient, 10% to 20% of the seeds were
implanted outside the prostate proper (extraprostatic seeds)
mainly near prostate apex or in lateral (right or left) sides of
the prostate. The performance of the algorithm for positive
contrast visualization of the seeds was similar between
intraprostatic and extraprostatic seeds (the arrow in Fig. 4a
and 4c). As shown by arrows in Figure 3, large volumes of
gas in rectum showed up with positive contrast on QSM
and were not completely removed by thresholding the
QSM, thus, automated seed segmentation was performed
by the proposed convolutional neural network algorithm.
Seed localization and dosimetric analysis

Figure 2b shows 3 examples of seed segmentation results
using the trained U-Net model. The presence of a gas-
filled rectum with high susceptibility is visible on the
first example of QSM images. However, the trained
network correctly excluded rectum from the segmentation
and only seeds were segmented. An example comparison
between the registered MR-derived and CT-derived seed
centroids are shown in Figure 5a. Figure 5b shows the
Bland-Altman analysis for the same patient; the Bland-
Altman analysis revealed a very small bias of e0.003
mm with narrow 95% limits of agreement of (e1.2 þ 1.2)
mm. The differences between MR- and CT-based seed
centroids in x, y, and z direction for all patients are shown
in Figure 5c.

The proposed seed identification algorithm correctly
identified 1549 out of 1563 seeds (99.1% detection accu-
racy). Out of the 14 misdetected seeds, 8 were not visualized
with positive contrast owing to proximity to the superior-
inferior edges of the FOV, and 6 were clumped seeds. The
overall average error of the MR-only seed localization was
0.8 � 0.8 mm (excluding the 14 misdetected seeds). The
maximum and mean difference between MR- and CT-based
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seed positions in anterioreposterior (X), righteleft (Y), and
superioreinferior (Z) directions were 2.2 mm and 0.7 � 0.4
mm, 2.75 mm and 0.8 � 0.6 mm, and 2.9 mm and 0.9 � 0.7
mm, respectively. No significant difference was found be-
tween the MR-derived and CT-derived seed centroids
(P > .5).

Figure 5d through 5e shows an example of postimplant
dosimetry results using both CT- and MR-based seed po-
sitions in 1 patient. In both methods, prostate and rectum
QS
M

CT

Fig. 4. (aed) Example maximum intensity projection recons
susceptibility mapping and computed tomography showing ext
Example maximum intensity projection reconstruction of a few
mapping and computed tomography showing clumped seeds (sh
were contoured on T2-weighted MRI and CT, respectively.
The average D90 for prostate in MR-only and MR-CT
fusion workflows were 165.5 � 18.1 Gy and 165.2 �
17.2 Gy, respectively. The mean prostate V100, V150, and
V200 using MR-only and MR-CT fusion workflows were
95.1 � 3.7% versus 95.3 � 3.8%, 54.5 � 14.5% versus
55.0 � 13.2% and 22.9 � 6.7% versus 23.2 � 6.8%,
respectively. The average D2cc,rectum with MR-only work-
flow versus MR-CT fusion were 92.6 � 22.7% and 91.6 �
truction of a few axial and sagittal slices of quantitative
ra prostatic seeds (shown by arrows) in 2 patients; (eeh)

sagittal and coronal slices of quantitative susceptibility
own by arrows) in 2 patients.
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22.6%, respectively. There was no significant difference
between the dosimetric parameters between the 2 methods
(P > 0.2). Figure 5f shows the differences in DVH metric
calculated based on MR and CT-derived seed positions.

The average bias of the Bland-Altman analysis for all
patients was þ 0.05, and less than 5% of the seeds were
outside the 95% limits of agreement.
Discussion

Traditionally postimplant dosimetry of permanent seed
brachytherapy has been based on CT. However, owing to
the poor soft tissue contrast of CT, which leads to signifi-
cant interobserver variabilities, clinics have been encour-
aged to implement MR-CT fusion-based workflow to take
advantage of the superior soft tissue contrast of MRI.
Currently, permanent brachytherapy postimplant dosimetry
strongly relies on CT for excellent positive contrast seed
visualization, which is critical for dosimetry. In addition to
the extra cost and logistics involved with MR-CT, the
image fusion process is a potential source of error. There
are still some centers that perform CT-only prostate post-
planning and, for those, an MRI-only workflow may in-
crease the cost, but it will definitely improve the overall
quality of the planning by accurate target delineation.
Brabandere et al6 showed that CT-MR fusion, especially
CT and T2-weighted MR fusion, resulted in up to 16%
discrepancies in D90 mainly because fusion landmarks
which are typically seeds are hardly visible on T2-weighted
images. Previous studies on MRI-only postimplant dosim-
etry using contrast-enhanced T1-weighted images had poor
results on the detection of seeds at the boundaries of the
prostate and extraprostatic seeds, therefore, were not
deemed clinically reliable.8,26 Frank et al11 have reported
excellent performance of an MRI-only workflow using C4
MR markers with the application of endorectal coil
(without any loose or clumped seeds).

In the present work, we compared the seed visualization,
localization, and dosimetry between a novel MRI-only
workflow versus the standard CT-MRI fusion-based
approach. The investigated workflow showed 99.1% accu-
racy in MR-based seed identification; 0.5% of the seeds
were misidentified (false negative) most likely due to
extreme proximity to the superior/inferior edges of the FOV
and 0.4% of the seeds were not detected due to seed
clumping. To improve seed visualization through QSM, it is
recommended to position the prostate in the middle of the
FOV in the axial direction such that superioreinferior
borders of the FOV are 2 cm away from the prostate
boundaries in that direction. Although all clumped seeds
were visualized and manually identified on QSM, the
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proposed automated seed identification algorithm failed to
correctly localize about 8% of the clumped seeds owing to
failure of the k-means clustering in correct identification of
the connected clusters (clumped seeds); further improve-
ment of the seed identification algorithm, may potentially
solve the challenge of clumped seed identification. A sub-
millimeter average difference was observed between MR-
and CT-derived seed positions, which may be partially due
to the small prostate deformations between the MR and CT
scans which may have caused small discrepancies between
relative seed positions between the 2 methods. One po-
tential solution to better evaluate the MR-based seed
identification would be to perform a deformable registra-
tion between the MR and CT-based seed positions (rather
than rigid registration which was applied in this work) to
account for prostate deformations, as well as the whole
volume translation and rotation. Radiation oncologists
often implant seeds a few millimeters beyond the prostate,
especially around the apex, to ensure sufficient prostate
coverage; although we have not collected the exact number
of extraprostatic seeds, it is expected that 10% to 20% of
the seeds will be outside the prostate proper. Our results
showed that the MR-based method generated similar
visualization for both intra and extraprostatic seeds; how-
ever, the extra prostatic seeds that were detected were
mainly toward apex (superior) or lateral sides of the pros-
tate. It is expected that the MR-based workflow faces
challenges if the extraprostatic seeds are in the rectum wall,
as the gas or feces in the rectum would distort the seed-
induced phase shift and QSM likely fail to reconstruct those
seeds. The DVH analysis showed that the minor differences
in seed positions between MRI-only and MR-CT fusion did
not result in any significant difference in DVH parameters;
this agreed with a previous study by Su et al27 on minimal
sensitivity of prostate dosimetric parameters to the seed
localization accuracy.

One of the benefits of the MR-only approach in this
study, in comparison with the previous works, was relying
only on image postprocessing and being applicable to
standard brachytherapy seeds (with no structural modifi-
cations). Unlike all mentioned previous clinical works, it
generated distinctive positive contrast at the exact location
of the seeds. Also, we have recently shown that calcifica-
tions have no impact on the proposed MR-only seed
identification and on QSM of patients with seed implants
diamagnetic prostatic calcifications (hypointense) can
easily be differentiated from paramagnetic brachytherapy
seeds (hyperintense).13,28,29

In this study, we excluded 2 out of 23 scanned patients
from the analysis owing to motion artifacts and 1 patient
owing to very large gas-filled rectum. The raw GRE
magnitude and reconstructed QSM images of the 3
excluded patients are demonstrated in Figure 6. The motion
artifacts were in anterior-posterior and oblique directions
and was more severe near the prostate base. As shown in
Figure 6, presence of motion artifact can be immediately
identified on raw axial magnitude images simply because
seeds will appear as diffused dark ellipses (elongated in
anterior-posterior or oblique direction) instead of appearing
as dark circles. For those patients, it is recommended to
perform MR-CT fusion-based or CT-only dosimetry
because if the source of artifact is breathing motion it
cannot be avoided by repeating the MR scan. The possible
sources of prostate motion are patient movement,
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breathing, or rectal contractions. Reducing the scan time
and preferably running the GRE sequence before the
standard of care sequences will minimize the patient
movements during the scan. Also, glucagon is commonly
administered to prostate patients at many clinics (including
the study by Frank et al) before prostate MRI to suppress
rectal movements and avoid image distortions.11 Admin-
istration of glucagon to reduce the motion of prostate
adjacent structures, including rectum, bladder, and small
bowel may be considered. In addition, it is strongly rec-
ommended to scan patients with empty rectum for optimal
QSM results.

This study had a few limitations, including the small
sample size and the extended MR scan time (by about 10
minutes), which made the scan more susceptible to motion
artifact. Also, owing to the standard of care postplanning
procedure at the center where this study was conducted, all
of the MRI scans were performed on a 3T scanner and all
patients were implanted with stranded I-125 (IsoAid) seeds;
in general, the access to a 3T scanner might be more
limited compared with 1.5T scanners and other types of
seeds may also be used for prostate LDR brachytherapy;
however, we have evaluated the performance of the pro-
posed workflow on both a 1.5T and 3T scanner, as well as
different types of LDR seeds (in phantoms), and the results
were similar at different magnetic field strengths and
different seed types.28,29 Furthermore, application of the
stranded seeds reduces the chance of seed clumping, thus, if
a large number of loose seeds are implanted, the number of
clumping seeds potentially increases, and this may degrade
the performance of MRI-based seed identification, although
this may also be a challenge in CT-based seed identifica-
tion. In this work, the same set of contours were used for
dosimetric analysis and the possible MR-CT fusion un-
certainties were not taken into account; thus, assessment of
the effect of any MR-CT fusion error in comparison with
this MRI-only method could be a potential extension to
this work.
Conclusions

In conclusion, the MRI-only postimplant dosimetry using
QSM has shown to be feasible and accurate and offers a
unique opportunity to replace the conventional CT-only or
MR-CT fusion-based workflows.
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