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Purpose: To investigate fully balanced steady-state free precession (bSSFP) with optimized acquisition protocols for mag-
netic resonance imaging (MRI)-based postimplant quality assessment of low-dose-rate (LDR) prostate brachytherapy without
an endorectal coil (ERC).
Methods and Materials: Seventeen patients at a major academic cancer center who underwent MRI-assisted radiosurgery
(MARS) LDR prostate cancer brachytherapy were imaged with moderate, high, or very high spatial resolution fully bSSFP
MRIs without using an ERC. Between 1 and 3 signal averages (NEX) were acquired with acceleration factors (R) between 1
and 2, with the goal of keeping scan times between 4 and 6 minutes. Acquisitions with R >1 were reconstructed with parallel
imaging and compressed sensing (PICS) algorithms. Radioactive seeds were identified by 3 medical dosimetrists. Addition-
ally, some of the MRI techniques were implemented and tested at a community hospital; 3 patients underwent MARS LDR
prostate brachytherapy and were imaged without an ERC.
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Results: Increasing the in-plane spatial resolution mitigated partial volume artifacts and improved overall seed and seed

marker visualization at the expense of reduced signal-to-noise ratio (SNR). The reduced SNR as a result of imaging at higher
spatial resolution and without an ERC was partially compensated for by the multi-NEX acquisitions enabled by PICS. Resul-
tant image quality was superior to the current clinical standard. All 3 dosimetrists achieved near-perfect precision and recall
for seed identification in the 17 patients. The 3 postimplant MRIs acquired at the community hospital were sufficient to iden-
tify 208 out of 211 seeds implanted without reference to computed tomography (CT).
Conclusions: Acquiring postimplant prostate brachytherapy MRI without an ERC has several advantages including better
patient tolerance, lower costs, higher clinical throughput, and widespread access to precision LDR prostate brachytherapy.
This prospective study confirms that the use of an ERC can be circumvented with fully bSSFP and advanced MRI scan tech-
niques in a major academic cancer center and community hospital, potentially enabling postimplant assessment of MARS
LDR prostate brachytherapy without CT. � 2020 Elsevier Inc. All rights reserved.
Introduction

Routine postimplant imaging after low-dose-rate (LDR)
prostate brachytherapy relies on computed tomography
(CT). Although CT provides high contrast of implanted
radioactive seeds,1,2 it is limited by its poor soft-tissue
contrast, making delineation of the prostate and surround-
ing normal structures difficult. Significant streak artifacts
caused by photon starvation further complicate the ability
to delineate the relevant pelvic anatomy for postimplant
assessment.

In contrast to CT, magnetic resonance imaging (MRI)
provides high soft-tissue contrast.3 The soft-tissue contrast
in MRI can be prescribed by the selection and subsequent
optimization of the pulse sequence selected for imaging.
However, implanted radioactive seeds, because of their
metallic construction, do not produce any MR signal. This
causes the seeds to appear as signal voids within the MRI,
making their localization in postimplant quality assessment
(QA) challenging. Some groups have developed multi-
modality techniques for postimplant QA, whereby both CT
and MRI are acquired and used to perform dosimetric
assessment.4-7 Physicians have used these techniques for
many years for postimplant QA, but they have the draw-
back that 2 image sets from different imaging modalities
must be acquired and coregistered.

Researchers recently developed the ability to use MRI
alone to simultaneously image implanted radioactive seeds
and the pelvic anatomy with a single MRI pulse sequence
for MRI-assisted radiosurgery (MARS) of prostate cancer
with LDR prostate brachytherapy.8 This technique relies on
the use of implanted seed markers, which produce positive
MRI signal and act as functional spacers between the
radioactive seeds, enabling seed localization for postim-
plant QA.9,10 These images are typically acquired with an
endorectal coil (ERC), used to improve the signal-to-noise
ratio (SNR) to a level that is adequate to delineate anatomic
boundaries along with the implanted radioactive seeds and
seed markers. However, the use of an ERC has several
disadvantages including reduced patient tolerance,
increased cost, reduced clinical throughput, and coil-related
image artifacts.
Imaging without an ERC inherently decreases the SNR,
which can reduce the ability to perform accurate postim-
plant QA. Furthermore, high spatial resolution is required
to adequately resolve implanted seed markers for assistance
with seed localization. Increasing spatial resolution comes
with a further reduction in SNR. A previous retrospective
study demonstrated the feasibility of using combined par-
allel imaging and compressed sensing (PICS) to accelerate
postimplant MRI without significant noise amplification,
potentially enhancing SNR via the acquisition of multiple
signal averages.11 This technique could help compensate
for the SNR lost in imaging without an ERC and with high
spatial resolution (reduced voxel size), but it has yet to be
investigated in a prospective clinical setting.

The present study prospectively investigates techniques
to acquire high-quality prostate MRIs for postimplant QA
without an ERC for MARS of prostate cancer with LDR
brachytherapy. We investigated the impact of increasing
spatial resolution on seed marker visualization. We further
investigated the use of PICS to acquire multiple signal
averages and boost the SNR without significantly
increasing scan times. Additionally, we demonstrated the
first translation of some of these techniques from an aca-
demic setting to a community hospital.

Materials and Methods

This prospective study was conducted under a Health In-
surance Portability and Accountability Actecompliant and
Institutional Review Boardeapproved protocol at The
University of Texas MD Anderson Cancer Center
(MDACC), and a process improvement project at Piedmont
Atlanta Hospital (PAH). Informed patient consent was ac-
quired before imaging at MDACC.

Patient inclusion

Twenty male patients at MDACC and 3 male patients at
PAH, with confirmed prostate cancer were selected for this
study. All patients underwent MARS with a stranded LDR
brachytherapy technique. Radioactive seed models
included Pd-103 (Theragenics, Theraseed, Buford, GA) and



Table 1 Typical pulse sequence parameters used for the
postimplant MRIs

Moderate
resolution

High
resolution

Very high
resolution

Field of view, cm 15 � 15 15 � 15 15 � 15
Slice thickness, mm 1.2 1.2 1.2
Slice resolution,
oversampling, %

50, 11.1 50, 11.1 50, 11.1

No. of slices 72 72 72
Nx 256 320 384
Phase resolution,
oversampling, %

100, 100 100, 100 90, 80

TR/TE, ms 5.25/2.28 5.99/2.61 6.62/2.82
Flip angle 43� 39� 41�

Bandwidth, Hz/
pixel)

590 473 395

NEX 1, 3 1, 2 1, 2
Acceleration factor 1, 2 1, 2 1, 2
Scan time, min:s 4:00, 6:07 5:08, 5:20 5:31, 5:44

Abbreviations: NEXZ number of signal averages; NxZ number of

frequency encoding steps; TE Z echo time; TR Z repetition time.

Phase- and slice-encoding parameters could have slightly changed on

a patient-specific basis to ensure adequate anatomic coverage with

minimal phase wrap.
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I-125 (IsoAid, Advantage I-125, Port Richey, FL). Both the
Pd-103 and I-125 seeds were 4.5 mm in length and 0.8 mm
in diameter. The radioactive seeds were stranded with
positive MR signal seed markers (Sirius, C4 Imaging,
Houston, TX) serving as functional spacers.9,10 The seed
markers were 5.5 mm in length and had outer and inner
diameters of 0.8 mm and 0.5 mm, respectively. All post-
implant MRI scans at MDACC were performed the day
after the implant surgery. The postimplant MRI scans at
PAH were performed on the same day of the implant
procedure.

Two patients who were not able to control their leg
movement were excluded from the MDACC group because
their MRIs showed severe motion artifacts that were un-
avoidable. A third patient with a prior prostatectomy was
also excluded because LDR brachytherapy was performed
as salvage treatment to a region in proximity to the prostate
bed.

Patient positioning

All MRI scans at MDACC were performed on a Siemens
3T Prisma Scanner (Siemens Healthineers, Erlangen, Ger-
many) operating under the VE11C software version. Pa-
tients were positioned feet-first supine in the MRI scanner
bore. Two 18-channel external array coils were used for
imaging: 1 was positioned posteriorly below the pelvis, and
the other was positioned anteriorly above the pelvis. A
localizer image was acquired to prescribe the field of view
(FOV) for a sagittal T2-weighted image, which was ac-
quired to further refine the center of the FOV about the
prostate for the subsequent MRI scans.

Pulse sequence selection

The implanted seed markers were filled with a cobalt
dichloride-N-acetylcysteine solution, which has a short T1
and yields positive T1-weighted MRI contrast.12 Pulse se-
quences providing T2-weighted MRI contrast are superior
to T1-weighted sequences for anatomic imaging. Previ-
ously, a T1-weighted spoiled gradient echo sequence and a
T2-weighted fast spin echo sequence were used for imaging
of seed markers and prostatic anatomy, respectively, for
MARS LDR prostate brachytherapy.13,14 However, prior
work has demonstrated the ability to simultaneously image
implanted seed markers and anatomic boundaries using
fully balanced steady-state free precession (bSSFP) MRI,8

which provides a mixture of T2-weighted and T1-
weighted MRI contrast.

Two variants of the 3-dimensional (3D) fully bSSFP
pulse sequence exist on the Siemens platform. The first
variant is TrueFISP (GE: FIESTA; Phillips: Balanced-FFE),
the traditional implementation of fully bSSFP, in which the
gradients along all 3 axes are balanced during each repe-
tition time (TR). As a result, this sequence yields the
highest SNR efficiency among all clinical sequences.15
This characteristic is beneficial for prostate imaging
without an ERC, in which the prostate is in the center of the
FOV and far from the external array coils. TrueFISP is also
very fast because it has a short TR, which is helpful for
managing motion artifacts. TrueFISP is highly susceptible
to magnetic field inhomogeneity, which causes severe
banding artifacts in the images. The second variant,
constructive interference in steady-state (CISS) (GE:
FIESTA-C), mitigates these artifacts by acquiring 2 True-
FISP acquisitions with phase cycling and combining the 2
images to reduce the artifacts.16

The 3D CISS sequence was selected for all postimplant
MRI scans. Moderate (0.586 � 0.586 mm, interpolated to
0.293 � 0.293 mm), high (0.469 � 0.469 mm, interpolated
to 0.234 � 0.234 mm), and very high (0.390 � 0.390 mm,
interpolated to 0.195 � 0.195 mm) in-plane spatial reso-
lution scans were acquired. Acquisition of a fully sampled
single signal average (NEX) was performed, followed by a
second accelerated acquisition (acceleration factor, R Z 2)
with either NEX Z 2 or NEX Z 3. The scan time for each
series was kept to approximately 4 to 6 minutes to mini-
mize motion artifacts. Representative scan parameters are
summarized in Table 1.
Sampling trajectories

Arbitrary k-space sampling was incorporated into the 3D
CISS pulse sequence (Supplementary Fig. E1). The
sequence was written to sample k-space lines in accordance
with a binary sampling mask. For a given ky line, the
sequence cycles through kz lines and samples those that are
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true in the binary sampling mask. The same sampling
pattern was used for both phase-cycled k-space acquisitions
of the CISS sequence. Four k-space sampling patterns with
R Z 2 were investigated, consisting of random, pseudo-
random Poisson disk,17-19 and both single- and multiphase
encoding GRAPPA accelerations.20 The pseudorandom
Poisson disk sampling patterns were created using the
Berkeley Advanced Reconstruction Toolbox (BART).21-23

The sampling pattern yielding the highest seed marker
conspicuity (particularly sharpness) and anatomy delinea-
tion was identified through subjective evaluation in 3 pa-
tient MRIs (not included in the prospective cohort) and
used for all patient examinations.

Image reconstruction

The fully sampled acquisitions were reconstructed online
using the default image reconstruction pipeline that
Siemens implemented for the CISS sequence. The accel-
erated acquisitions were reconstructed offline using the
Siemens image calculation environment (ICE). The k-space
data of the accelerated acquisitions were reconstructed with
parallel imaging (PI) and compressed sensing (CS) algo-
rithms incorporated into BART using the process described
subsequently.

First, the k-space data were exported from the scanner in
the TWIX data format (.dat binary files). These data files
were read using an open-source parsing function
(mapVBVD.m)24 in Matlab v2019a (The MathWorks,
Natick, MA). Coil sensitivity maps were estimated from the
central fully sampled regions of k-space using BART (24 �
24 region, kernel size of 6). Each accelerated acquisition
was reconstructed using both eigenvector-based iterative
self-consistent parallel imaging (ESPIRiT) and L1-
ESPIRiT algorithms.25 For the L1-ESPIRiT re-
constructions, the regularization term l was set to 0.003,
and a wavelet transform was used as the sparsifying
transform.11 More information about the parameters for
these reconstructions can be found in previous work.11

Copies of the measurement data files were made, and the
reconstructed k-space data were written back to them to
create synthetic measurement files. Computer code written
to perform this step can be found at https://github.com/
jeremiahws/pulse_seq_dev. The synthetic measurement
files were processed in the Siemens ICE to create DICOM
image files.

Dosimetric evaluation

Radioactive seed localization was performed using the 3D
MRIs without coregistration or reference to a postimplant
CT by 3 board-certified medical dosimetrists. All MRIs
were anonymized and the dosimetrists were blinded to each
other’s MRIs. It is common practice to rescan patients
when artifacts are present in the MRIs. This can be done
when the patient is still on the table if the image
reconstruction is fast and implemented on the scanner’s
image reconstruction computer. However, the multi-NEX
acquisitions acquired with PICS required reconstructing the
images offline because it was an experimental pulse
sequence that was not implemented in the vendor’s soft-
ware. Because of this, there was no way to determine
whether there were significant artifacts in the multi-NEX
acquisitions until after the patient left the MRI scanner. The
goal was to provide the highest quality images to the
doismetrists to perform seed localization. In 5 cases in
which there were artifacts present, the higher spatial reso-
lution MRIs were provided in place of the multi-NEX MRI.
The dosimetrists used either the preplan or intraoperative
plan reports to determine the needle-loading configurations
and total number of seeds implanted. The dosimetrists
performed the seed localization using a commercially
available treatment planning system (TPS) (MIM Software
Inc, Cleveland, OH) and recorded the total number of seeds
they could identify and the time they required to identify
them.

Image quality evaluation

Signal-to-noise ratio was measured through region of in-
terest (ROI) analysis in 5 anatomic regions of the MRIs.
Circular ROIs with an area of approximately 50 mm2 were
measured in the left obturator internus (a muscle on the left
side of the prostate with a homogenous appearance on the
MRIs), the peripheral zone and transition zone of the
prostate, homogeneous regions within the seminal vesicles,
and homogeneous regions inside the bladder.26 Three ROI
measurements were made in each anatomic region. Effort
was made to place the ROIs consistently within the anat-
omy across acquisitions. Regions with image artifacts were
avoided. Signal-to-noise ratio in each ROI was computed as
the mean voxel intensity mROI divided by the standard de-
viation of the voxel intensities sROI, SNRzmROI/sROI. The
3 SNR measurements for each anatomic region were
averaged in each MRI. A detailed evaluation of the impact
of the PICS reconstructions on image quality was previ-
ously retrospectively investigated in a 6-person observer
study.11

Translation and evaluation at a community hospital

Two imaging physicists from MDACC visited PAH to
provide on-site support for the initial implementation of
MARS techniques using fully bSSFP at this institution.
Before this, pulse sequences for planning and postimplant
QA used at MDACC were transferred to PAH, and both
were run on the patient for their preimplant MRI. This was
the only prior experience PAH had with MARS LDR
prostate brachytherapy. The day before the day of the
implant, phantom testing was conducted to optimize the
CISS pulse sequence for the 3T Siemens Skyra (Siemens
Healthineers, Erlangen, Germany) present at the hospital.

https://github.com/jeremiahws/pulse_seq_dev
https://github.com/jeremiahws/pulse_seq_dev
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The phantom was constructed of a water-based gel and
contained tissue-equivalent models of the prostate, seminal
vesicles, and external urinary sphincter. The prostate
phantom was implanted with dummy seeds and seed
markers.

The prostate phantom was centered between 2 liquid
cylindrical phantoms (Supplementary Fig. E1). An 18-
channel external array coil was positioned above the
phantoms and used in combination with spine coils inte-
grated into the patient table. The CISS sequence was
optimized for anatomic coverage, SNR, spatial resolution,
and scan time, within the US Food and Drug Administra-
tion limit of the specific absorption ratio (SAR) computed
by the scanner. Patient scanning at this institution with the
accelerated sequence was not included in the Institutional
Review Board-approved protocol, so the accelerated ac-
quisitions using PICS and multi-NEX were not performed.
The final pulse sequence parameters that we converged on
were FOV Z 15.5 � 15.5 cm, voxel size Z 0.48 � 0.48 �
1.2 mm (interpolated to 0.24 � 0.24 � 1.2 mm), TR/echo
timeZ 6.04/2.64 ms, NEXZ 1, readout bandwidthZ 435
Hz/pixel, flip angle Z 44�, number of slices Z 72 (50%
slice resolution and 11.1% slice oversampling), and scan
time Z 4 to 6 minutes.

A 75-year-old man with confirmed prostate cancer un-
derwent LDR prostate brachytherapy with I-125 seeds
stranded with positive contrast seed markers. A total of 49
seeds were implanted. The patient was positioned using the
same procedure presented in “Patient Positioning.” A
board-certified medical dosimetrist with more than 25 years
of experience educated the PAH medical physicists through
a remote web session on how to perform postimplant seed
identification in a cloud-based commercial TPS (MIM
Software Inc, Cleveland, OH).

Two additional patients underwent MARS LDR prostate
brachytherapy at PAH approximately 4 weeks and 10
weeks, respectively, after the first patient. Both patients
were implanted with I-125 seeds stranded with positive
contrast seed markers. The first additional patient was
implanted with 82 seeds and the second was implanted with
80 seeds. A medical physicist at PAH performed postim-
plant seed identification on these 2 patients.
Results

Subjective evaluation showed that acceleration in a single
phase-encoding direction with a 2-dimensional (2D)
GRAPPA sampling pattern yielded the highest seed marker
conspicuity (Supplementary Fig. E2) for R Z 2. Addition-
ally, including an L1 wavelet penalty into the k-space
reconstruction reduced the noise amplification caused by the
g-factor effect without blurring of seed markers or loss of
their conspicuity (Supplementary Fig. E2, ESPIRiT vs L1-
ESPIRiT). Therefore, all of the multi-NEX PICS acceler-
ated acquisitions were performed with a 2D GRAPPA
sampling pattern, with acceleration only in the phase-
encoding direction, and reconstructed with L1-ESPIRiT.

Partial volume artifacts caused some of the seed markers
to be unrecognizable when imaged at the moderate in-plane
spatial resolution (Fig. 1A, Table 2). Increasing the in-plane
spatial resolution mitigated these artifacts and improved
overall seed marker detection and visualization at the
expense of reduced SNR (Fig. 1C vs 1A, Table 2).

Figure 2 shows a comparison of fully sampled acquisi-
tions and multi-NEX acquisitions accelerated with PICS at
the moderate and high in-plane spatial resolutions. At the
moderate in-plane spatial resolution, acquiring images with
3 NEX and RZ 2 showed improvements in SNR compared
with that in the fully sampled image with NEX Z 1 in
approximately 6 minutes of scan time (Fig. 2A vs Fig. 2B,
Table 2). However, even with high SNR, partial volume
artifacts caused the boundaries of the seed markers to be
blurred. The sharpness and overall conspicuity of the seed
markers was improved by increasing the in-plane spatial
resolution at the expense of reduced SNR (Fig. 2B vs
Fig. 2C, Table 2). Acquiring images with NEX Z 2 and R
Z 2 at high in-plane spatial resolution maintained the
sharpness of the seed markers and produced an increase in
the SNR (Fig. 2C vs Fig. 2D, Table 2). MRIs from 6
additional patients acquired at high and very high in-plane
spatial resolutions with multiple NEX are shown in
Supplementary Figures E6 to E11.

A total of 1214 radioactive seeds were implanted in the
17 patients at PAH whose MRIs were evaluated. Table 3
summarizes the radioactive seed counts from the evalua-
tion by 3 certified medical dosimetrists. Dosimetrist 1
identified all of the radioactive seeds with perfect precision
and recall in 15 patients. This dosimetrist also reported an
area in the anterior peripheral zone where 2 seed strands
were crossing in patient 1, leading to identification of 1
false positive. In patient 15, this dosimetrist also reported
that 2 strands placed in proximity made 1 seed unidentifi-
able, a false negative (FN). Average time to identify the
seeds for dosimetrist 1 was 18.2 � 8.5 minutes per patient
(mean � 1 standard deviation). In total, dosimetrist 1
identified 1214 seeds in 310 minutes (3.9 seeds/min).
Dosimetrist 2 had perfect precision and recall in identifi-
cation of the radioactive seeds for 15 of the 17 patients. In
patient 4, dosimetrist 2 was not able to locate 1 of the
implanted markers that separated 2 seeds. Although dosi-
metrist 2 was able to identify the signal voids of the seeds,
they were clustered with other signal voids near the pe-
ripheral zone, resulting in failure to identify 2 seeds, 2 FNs.
They also had the same issue as dosimetrist 1 for failing to
identify 1 seed, a FN, in patient 15. Their average time to
identify the seeds was 38.7 � 11.3 minutes per patient.
Dosimetrist 2 identified a total of 1211 seeds in 658 mi-
nutes (1.8 seeds/min). Dosimetrist 3 had perfect precision
and recall for all 17 of the patients. Their average time per
patient was the highest of the 3 at 39.3 � 13.5 minutes per
patient. Dosimetrist 3 identified all 1214 seeds in 662 total
minutes (1.8 seeds/min).



Fig. 1. Magnetic resonance imaging of the same patient acquired at (A) moderate in-plane spatial resolution, (B) high in-
plane spatial resolution, and (C) very high in-plane spatial resolution. Some markers that were undetectable at the moderate
in-plane spatial resolution became well visualized at the high and very high in-plane spatial resolutions. (B) and (C) were
acquired approximately 30 minutes after (A). In between the acquisitions, the patient moved his left leg, causing the location
of the bone metastasis in (B) and (C) to be offset approximately 3 slices (w3.6 mm) from its anatomic location shown in (A).
The axials slices shown are of the same anatomic location in the patient’s prostate. Additional axial slices from all 3 magnetic
resonance imagings in (A-C) can be viewed in Supplementary Figures E3 to E5.
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Figure 3 shows postimplant MRIs at 3 spatial resolutions
of a patient with a height of 5’9” and weight of 312 pounds.
This patient barely fit into the scanner bore and demon-
strates the upper limit of the challenges faced for postim-
plant MRI without an ERC. Although the moderate in-
plane spatial resolution had the highest SNR of the 3
MRIs (Fig. 3A, Table 2), comparison with the MRIs at the 2
higher in-plane spatial resolutions (Fig. 3B and 3C,
Table 2) revealed seed markers that were undistinguishable
in the moderate in-plane spatial resolution MRI. Acquiring
multi-NEX acquisitions likely would have improved the
SNR in the 2 higher in-plane spatial resolution scans, but
the patient became uncomfortable after the first 3 MRIs, so
we aborted the additional scans using multi-NEX PICS
acquisitions. Nevertheless, all 3 dosimetrists identified all
of the implanted radioactive seeds in this patient (patient 17
in Table 3) without reference to a postimplant CT.
Table 2 SNR measurements from the patient MRIs shown in Figur

Figure Spatial resolution NEX PZ SNR TZ

1A MR 1 8.03 � 1.74 10.30
1B HR 1 7.06 � 1.64 9.63
1C VHR 1 5.14 � 1.37 8.27
2A MR 1 4.78 � 1.24 6.55
2B MR 3 5.74 � 2.75 9.05
2C HR 1 4.13 � 1.46 6.45
2D HR 2 5.54 � 3.65 7.76
3A MR 1 8.31 � 1.14 7.68
3B HR 1 5.22 � 0.87 4.69
3C VHR 1 4.54 � 0.31 4.28

Abbreviations: HR Z high spatial resolution; MR Z moderate spatial resolu

peripheral zone; SNR Z signal to noise; SV Z seminal vesicles; TZ Z trans

SNR was measured in the bladder. Measurements are reported as mean � 1
Example views of the postimplant MRI acquired of the
first prostate cancer patient treated with MARS using LDR
brachytherapy at PAH are shown in Figure 4
(Supplementary Fig. E13 shows multiple axial slices of
the same patient). Excellent delineation of the prostatic
capsule was observed, along with the surrounding normal
anatomic structures (urinary bladder base, rectum, meso-
rectum, and pelvic floor). Furthermore, the seed markers
and radioactive seeds were adequately visualized, enabling
identification of all 49 of the implanted seeds for postim-
plant dosimetry. Supplementary Figures E14 to E15 show
MRIs of the second and third patients treated at PAH. For
the second patient, 81/82 of the implanted seeds were
identified on the MRI without reference to CT. One seed on
the left posterior border of the prostate could not be iden-
tified (a FN) in the MRI because the signal void of the seed
blended in with the surrounding anatomy; reference to
es 1 to 3

SNR SV SNR Bladder SNR Left OI SNR

� 2.08 6.09 � 0.33 26.59 � 3.17 8.98 � 0.98
� 2.03 5.31 � 0.60 18.69 � 3.36 7.77 � 0.66
� 1.22 4.96 � 0.52 11.32 � 2.24 6.52 � 0.25
� 1.29 7.27 � 2.14 27.63 � 3.30 9.87 � 1.44
� 2.12 9.71 � 2.85 41.32 � 5.83 13.88 � 2.08
� 1.27 5.75 � 1.21 20.87 � 1.49 8.77 � 1.51
� 1.01 8.73 � 3.63 26.08 � 3.28 8.62 � 1.06
� 0.89 5.59 � 1.03 9.27 � 0.92 7.00 � 0.47
� 0.20 4.06 � 0.44 5.42 � 0.33 4.12 � 0.53
� 0.27 4.29 � 0.29 5.63 � 0.42 3.56 � 0.10

tion; NEX Z number of signal averages; OI Z obturator internus; PZ Z
ition zone; VHR Z very high spatial resolution.

standard deviation.



Fig. 2. Magnetic resonance imaging (MRI) of the same patient imaged with multiple in-plane spatial resolutions and
accelerated signal averages. Supplementary Figure E12 compares 1 strand in a sagittal view in normal magnification across
the 4 acquisitions. (A) Fully sampled constructive interference in steady-state (CISS) MRI acquired at the moderate in-plane
spatial resolution, which is the current clinical standard. (B) Accelerated CISS MRI acquired at the moderate in-plane spatial
resolution, R Z 2, number of signal averages Z 3, and reconstructed with parallel imaging and compressed sensing. A
notable increase in signal to noise was achieved compared with (A). (C) Fully sampled CISS MRI acquired at the high in-
plane spatial resolution. Increased visualization of the implanted seed markers was achieved compared with that in (A). (D)
Accelerated CISS MRI acquired at the high in-plane spatial resolution, R Z 2, number of signal averages Z 2, and
reconstructed with parallel imaging and compressed sensing. An improvement in signal to noise was achieved compared with
that in (C). These 4 MRIs are consecutive acquisitions of the same patient; because of the small voxel sizes, slight interscan
patient motion may have caused minor shifts in anatomic landmarks, potentially causing slight differences in appearance of
the seed markers.
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postimplant CT was required for the medical physicist to
find this remaining seed. For the third patient, 78/80 of the
implanted seeds were identified on the MRI without
reference to CT. One strand containing 2 seeds with a seed
marker in between them was implanted outside the right
side of the prostate and could not be identified (2 FNs); the
medical physicist had to refer to a postimplant CT to
identify where this strand was implanted. The MRIs from
these additional 2 patients were reviewed by the more
experienced medical dosimetrist from MDACC, and she
reported she could identify the FNs that were missed.
Discussion

Acquiring high-quality postimplant MRIs without an ERC
has several advantages including improved patient toler-
ance, reduced cost, higher clinical throughput, and greater
accessibility to MARS LDR prostate brachytherapy for
community practices. The feasibility of using PICS to
accelerate postimplant prostate brachytherapy MRIs was
previously demonstrated retrospectively.11 In the present
study, we confirmed the feasibility of this approach in the



Table 3 Summary of seed identification in the postimplant MRIs acquired without an ERC for the 3 medical dosimetrists

Patient

Dosimetrist 1 Dosimetrist 2 Dosimetrist 3

Seeds
implanted

Seeds
found

Time
(min)

P
(%)

R
(%)

Seeds
found

Time
(min)

P
(%)

R
(%)

Seeds
found

Time
(min)

P
(%)

R
(%)

1 99 100 39 99 100 99 50 100 100 99 75 100 100
2 68 68 19 100 100 68 32 100 100 68 36 100 100
3 46 46 10 100 100 46 22 100 100 46 32 100 100
4 50 50 15 100 100 48 27 100 96 50 30 100 100
5 76 76 20 100 100 76 39 100 100 76 48 100 100
6 93 93 20 100 100 93 52 100 100 93 42 100 100
7 50 50 10 100 100 50 25 100 100 50 20 100 100
8 40 40 9 100 100 40 20 100 100 40 17 100 100
9 75 75 18 100 100 75 47 100 100 75 35 100 100
10 89 89 17 100 100 89 43 100 100 89 37 100 100
11 50 50 11 100 100 50 29 100 100 50 37 100 100
12 70 70 13 100 100 70 38 100 100 70 35 100 100
13 80 80 14 100 100 80 44 100 100 80 45 100 100
14 86 86 19 100 100 86 52 100 100 86 44 100 100
15 99 98 37 100 99 98 57 100 99 99 60 100 100
16 72 72 16 100 100 72 42 100 100 72 39 100 100
17 71 71 23 100 100 71 39 100 100 71 30 100 100
Total 1214 1214 310 - - 1211 658 - - 1214 662 - -

Abbreviations: ERC Z endorectal coil; P Z precision; R Z recall.
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context of prospective clinical patient imaging. We ac-
quired high and very high in-plane spatial resolution im-
ages using a total scan time between 4 and 6 minutes each,
demonstrating the practicality of this technique for inte-
gration into routine clinical workflows. Furthermore, multi-
NEX acquisitions enabled by PICS provided improved
SNR compared with fully sampled acquisitions acquired
with 1 NEX. As such, combining PICS with fully bSSFP
enables high spatial resolution and high SNR for MARS
without an ERC.

Previously, the impact of imaging without an ERC on
the ability to identify radioactive seeds in 5 prostate cancer
patients treated with MARS LDR brachytherapy was
investigated.27 The results demonstrated that compared
Fig. 3. Axial views of postimplant magnetic resonance imagin
resolutions. (A) Moderate in-plane spatial resolution. (B) High
resolution.
with imaging with an ERC, imaging without one at 1.5T
and with moderate in-plane spatial resolution (0.586 �
0.586 mm, interpolated to 0.293 � 0.293 mm) caused a
reduction in radioactive seed recall of 43.5 � 31.1% and
increase in the time required to perform seed identification
of 57.2 � 67.3%. In the present study imaging without an
ERC, the 3 certified medical dosimetrists achieved near
perfect precision and recall in identification of the radio-
active seeds in the 17 patients without the use of CT using
the high/very high spatial resolution MRIs.

Since 2016, moderate spatial resolution acquisitions
using fully bSSFP have been acquired at 1.5T and with an
ERC for postimplant QA of MARS LDR prostate brachy-
therapy.8 However, uncertainty in the precise location of
g of a large patient obtained at increasing in-plane spatial
in-plane spatial resolution. (C) Very high in-plane spatial



Fig. 4. Multiplanar views of a postimplant magnetic resonance imaging of the first patient at the community hospital
implanted with magnetic resonanceesignal producing seed markers and imaged using fully balanced steady-state free
precession.
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some radioactive seeds would arise clinically, leading to
dosimetrists requiring fusion of postimplant CT with the
postimplant MRI for identification of the inconspicuous
seeds and seed markers. In the present study, we demon-
strated that imaging at higher in-plane spatial resolutions
improved the conspicuity of the implanted seed markers for
subsequent seed localization. By reducing the in-plane
voxel size, partial volume artifacts were reduced and finer
spatial details were resolved. We showed that through
gradual reductions in the in-plane voxel size, seed markers
that were previously inconspicuous became well visualized
by the human eye. However, reducing the voxel size comes
with an associated reduction in SNR. In situations in which
the SNR is limited, multi-NEX acquisitions with PICS can
be used as a strategy to boost the SNR without significantly
increasing the scan time.

Although we demonstrated that postimplant seed iden-
tification can be performed without the use of postimplant
CT, instances may still arise in which a postimplant CT is
required. One primary limitation of MRI is motion artifacts
caused by contaminated phase-encoding lines in the
sampled k-space data. Although accelerated scanning with
PICS can help manage motion artifacts by reducing the
time latency of the acquisition, instances can still arise
clinically where they are unavoidable. For example, in the
present study we encountered 2 patients with restless legs
syndrome who could not control their leg movements
during their MRI. This produced substantial motion arti-
facts, causing many of the radioactive seeds and seed
markers to become significantly blurred and unrecogniz-
able. When such scenarios arise, a postimplant CT may be
required to perform postimplant QA with confidence.

In addition to being the first prospective report of post-
implant MRI for MARS LDR prostate brachytherapy
without an ERC, this study is the first to describe trans-
lation of these advanced MRI techniques from a major
academic center to the community setting. Although the
PICS acquisitions were not performed at the community
hospital, imaging at high in-plane spatial resolution proved
to be sufficient for postimplant seed localization. With
guidance from an expert certified medical dosimetrist, the
medical physicists at PAH identified all of the implanted
radioactive seeds using a commercial TPS for postimplant
QA for the first patient treated at PAH. Almost all of the
radioactive seeds in the second and third patients were
identified (81 of 82 and 78 of 80, respectively) without
reference to CT independently by the medical physicists at
PAH. More experience with MRI-based postimplant
assessment is expected to improve the medical physicists’
seed localization ability. This strategy translating postim-
plant QA for MARS LDR prostate brachytherapy to a new
hospital may serve as a model to improve access to MARS
in the community setting.

We reconstructed the k-space data for the accelerated
acquisitions using BART and a fast iterative shrinkage-
thresholding optimization algorithm incorporated in BART.
Researchers have validated BART in a number of MRI
studies across multiple MRI applications, and the de-
velopers of compressed sensing for MRI and the ESPIRiT
parallel imaging technique develop and maintain BART.
Recently, several studies have demonstrated the feasibility
of using deep machine learning techniques for recon-
structing accelerated MRI scans without significant degra-
dations in image quality. These techniques present the
potential opportunity to increase acceleration factors for
PICS acquisitions for MARS LDR prostate brachytherapy
without compromising image quality. Future studies
investigating deep machine learning for accelerated
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prostate brachytherapy MRIs could be beneficial for faster
imaging and multi-NEX acquisitions.

Our use of 2D GRAPPA sampling patterns deviates from
the traditional Poisson-disk sampling patterns used for CS
reconstructions. The sampling densities for 2D GRAPPA
patterns are constant in both the low and high frequency
regions of k-space (aside from the autocalibration region,
which is fully sampled). In contrast, the sampling densities
for Poisson-disk patterns fall off toward the edges of k-
space, which is where the high frequency content of the
MRIs is contained. The objects of interest (seeds and seed
markers) are small and contain significant high-frequency
components, which could be the reason the 2D GRAPPA
sampling patterns yield slightly higher seed marker
conspicuity for R Z 2.

In translation of MARS LDR prostate brachytherapy
from a major academic center to the community hospital,
we experienced and highlighted some considerations that
should be made when implementing fully bSSFP in the
clinic. One is that the ability to optimize the CISS sequence
partly depends on the scanner hardware installed. The
Skyra scanner at the community hospital did not have as
powerful a gradient package as the Prisma scanner at
MDACC with which we originally developed these tech-
niques. Therefore, we were limited to scanning at only
moderate and high in-plane spatial resolutions. Neverthe-
less, high in-plane spatial resolution still provided adequate
visualization of the implanted seed markers. A second
consideration was that the SAR calculations on the Skyra
MRI scanner, which are performed to comply with US
Food and Drug Administration regulations, limit the range
of pulse sequence parameters that can be selected. Using a
high flip angle (as close as possible to 90�) with fully
balanced SSFP is desirable to gain more signal and positive
contrast from the seed markers15 but comes with an in-
crease in the SAR, so we were limited in the value of the
flip angle we could select. Reducing the number of phase-
and/or slice-encoding lines is a potential strategy for
reducing the net energy absorbed in the patient but may
restrict the spatial coverage and spatial resolution to ranges
that negatively affect the ability to perform postimplant
QA. Using low SAR flip angles is an additional strategy for
reducing the SAR, but it comes with an increase in scan
time and susceptibility to banding artifacts.

The prostate can have a heterogeneous appearance in the
fully bSSFP MRIs (eg, see Fig. 2), including both regions of
hypointensity and hyperintensity. Because the radioactive
seeds appear as small regions of hypointensity, and the seed
markers appear as small regions of hyperintensity, the seeds
and markers may appear to blend in with these heterogenous
regions if implanted adjacent to them. However, the seeds
and markers were implanted using a stranded technique,
which allows the dosimetrists to follow the strands along the
craniocaudal dimension and aid with seed and marker
identification in these regions of potential uncertainty.
Additionally, the active diameter of the markers is only 0.5
mm; the material encapsulating the marker contrast solution
produces a ring of negative contrast around the active
diameter of the markers. This feature of the seed markers
further aids in their identification, including near regions of
hyperintensity in the prostate.

Seeds are often implanted in extraprostatic regions of the
prostate, either intentionally because of a dosimetric
advantage, or resulting from slight geometric errors during
the manual implant procedure causing some seeds to be
offset from their planned locations. When these extrapro-
static seeds are near the anatomic boundary of the prostate,
they could appear less conspicuous because of regions of
heterogeneous negative contrast along the prostate bound-
ary masking the seeds. The 3 dosimetrists from MDACC,
who all have significant experience with MRI-based post-
implant assessment, did not report any issues identifying
seeds implanted in extraprostatic zones of the 17 patients
they analyzed. However, the medical physicist at PAH re-
ported 1 FN from their second patient and 2 FNs from their
third patient, which were all seeds that were implanted in
extraprostatic regions. Thus, more experience with MRI-
based postimplant assessment may lead to improvements in
identifying extraprostatic seed implants.

Another group recently investigated MRI for postim-
plant imaging in LDR prostate brachytherapy.28 Their
approach relies on acquiring an anatomic T2-weighted MRI
for anatomic delineation and a multiecho gradient recalled
echo (GRE) MRI to estimate quantitative susceptibility
maps for seed identification. This requires coregistration
between the 2 MRIs for postimplant dosimetry. By com-
parison, our approach requires only a single acquisition to
visualize the prostate, surrounding organs at risk, and the
implanted radioactive seeds, which avoids the need for
coregistering multiple MRIs. Moreover, our approach re-
quires only w4 to 6 minutes compared with the w10 mi-
nutes required for the multiecho GRE (which is highly
prone to motion artifacts owing to the long acquisition
time) plus the additional scan time for the T2-weighted
anatomic MRI used by Nosrati et al.28

A prior work investigated automatic seed localization in
fully bSSFP MRIs acquired at 1.5T with moderate spatial
resolution and without an ERC.29 That work demonstrated
good recall of the radioactive seeds but only moderate
precision of 90% across 20 test patients. Because of the
inherently lower SNR, several false positives were pro-
duced owing to the poor visualization of the seed markers.
The present work demonstrated improved seed marker
visualization and overall image quality without using an
ERC through pulse sequence optimization. The improve-
ments in image quality may improve the precision of
automated MRI-based seed detection algorithms and would
be interesting to investigate in future work.

This study has some limitations. One is that we have
only reported results for 3T MRI. Many hospitals, both in
the academic and community settings, have 1.5T MRI
scanners. Differences in the static magnetic field strength
can influence MR image quality and the ability to visualize
radioactive seeds, seed markers, and relevant anatomic
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structures. The SAR is also proportional to the square of the
magnetic field strength, so more flexibility in optimizing
scanning protocols with respect to SAR may be available
when imaging at 1.5T (eg, higher flip angles could poten-
tially be used). Future studies imaging without an ERC at
1.5T using the techniques proposed herein are needed to
determine their clinical applicability at that field strength. A
second limitation is that we present imaging results for only
3 patients at the community hospital. Although MARS
LDR prostate brachytherapy has become the standard of
practice at MDACC, it is just beginning at PAH. The pur-
pose of including these 3 patients in this study was not to
draw statistical conclusions from them, but rather to
demonstrate the feasibility of translating some of the MRI
techniques that were presented to a community setting for
the first time. PAH now uses fully balanced SSFP for
postimplant quality assessment, and comprehensive statis-
tical analyses, if necessary, could be performed in the future
when PAH has treated more prostate patients with LDR
brachytherapy and accumulated more patient images. A
third limitation is that the MRI techniques studied in this
work were for use with implanted positive contrast seed
markers in addition to anatomic imaging.
Conclusion

This prospective study confirmed the feasibility of
combining PICS with fully bSSFP to improve SNR within a
comparable total scan time through multi-NEX acquisitions.
Although this technique may not be required for MRI of
some patients, we demonstrated how this technique could be
used in scenarios in which the SNR is lower without
significantly increasing the scan time (eg, when imaging at
1.5T instead of 3T). We also demonstrated that high in-plane
spatial resolution improved the conspicuity of the implanted
seed markers for subsequent localization of the radioactive
seeds. With the high in-plane spatial resolution acquisitions,
3 medical dosimetrists identified the implanted radioactive
seeds in 17 patients with nearly perfect precision and recall,
giving confidence in the potential omission of postimplant
CT for future patient treatments with MARS LDR prostate
brachytherapy. Furthermore, we describe, for the first time,
the implementation of postimplant QA for MARS LDR
prostate brachytherapy without an ERC at a community
hospital. This experience offers the prospect of expanded
access of MARS LDR brachytherapy to the broader com-
munity setting.
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