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Abstract

Rationale and Objectives—Image distortion on diffusion-weighted imaging (DWI) of the
prostate in 3T endorectal magnetic resonance imaging (MRI) examinations is common. The aim
of this study was to determine the degree of distortion on DWI using a state-of-the-art clinical
protocol and to explore the main contributors to geometric distortion.

Materials and Methods—~Forty consecutive patients underwent 3T MRI of the prostate with an
endorectal coil filled with air (n = 20) or barium sulfate (n = 20). Distortion was measured as the
maximum displacement of the outer boundary of the prostate on DWI relative to T2-weighted
imaging. The effects of phase-encoding direction, receiver bandwidth, and parallel imaging were
then assessed in a prostate phantom on two MRI scanners from different manufacturers.

Results—There was no statistical difference in the mean displacement of the prostate on DWI
between the air cohort (1.8 £ 1.2 mm, range 0-4.2 mm) and barium cohort (1.8 + 2.2 mm, range
0-9 mm). Displacement of the prostate was observed in the phase-encoding direction. Phantom
experiments demonstrated a horizontal displacement of 6.0 mm in the phase-encoding direction,
which decreased with the use of parallel imaging and higher bandwidth. Geometric distortion was
similar for all b values and across manufacturers.

Conclusions—Geometric distortion on DWI of the prostate is common in the phase-encoding
direction and does not improve with inflating the coil with barium sulfate. Strategies to reduce this
artifact include the use of higher bandwidth and accelerated imaging. Correction of this
phenomenon should improve localization of prostate cancer, particularly important for targeted
prostate biopsies or focal therapies.
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Diffusion-weighted imaging (DWI) has become a key component of multiparametric
magnetic resonance imaging (mpMRI) of the prostate (1). Although DWI improves prostate
cancer detection (2-4) and apparent diffusion coefficient (ADC) values derived from these
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acquisitions seem to correlate with tumor grade (5,6) potentially predicting disease
aggressiveness, this technique is prone to image distortion (7).

DWI relies on multiple acquisitions, probing the rate with which water diffuses in various
directions and over different scales. Although single-shot spin-echo echo-planar imaging
(SE-EPI) is very sensitive to magnetic field inhomogeneities, such as those caused by air in
the rectum or within the endorectal coil (ERC) near the prostate (8,9), it is the most
commonly used sequence in DWI. With SE-EPI, phase error accumulation results in voxel
shifts that distort the image along the phase-encoding direction (7). New gradient coils
capable of extremely fast linear gradient switches have enabled DWI acquisition with higher
spatial resolution. However, increasing the resolution results in longer echo trains and
further increases the accumulation of errors during the spatial encoding (8).

The more recent development of techniques for MRI-targeted biopsy and focal therapy has
generated a clinical need for improving tumor localization with imaging (10). In clinical
practice, we have observed the presence of geometric distortions causing displacement of
structures on DWI images relative to fast spin-echo T2-weighted images (T2-FSE).
Although several studies address geometric distortion on DWI of other organs (7,8,11,12),
this topic has not been explored in the prostate to our knowledge. Understanding the factors
that influence image distortion on DWI of the prostate is the first step in developing
solutions. Moreover, the use of barium sulfate to inflate the balloon of the ERC decreases
susceptibility gradients in prostate examinations and improves spectroscopic acquisitions,
similarly to the results obtained with perfluorocarbon (9). However, to our knowledge, the
effect of inflating the ERC with barium sulfate on the distortion artifacts in DWI has not
been investigated. The purpose of this study was to identify the causes and degree of
geometric distortion observed in DWI of the prostate in human studies and phantom
experiments and to assess different acquisition strategies to decrease the distortion,
including inflation of the ERC with air versus barium sulfate.

MATERIALS AND METHODS

Patient Selection and MRI Protocol

During the first stage of this investigation, we retrospectively reviewed 40 consecutive
mpMRI prostate studies performed between November 2011 and September 2012, on a 3T
MRI scanner (Achieva TX; Philips Medical Systems, Best, The Netherlands) with a six-
element cardiac coil (Philips Medical Systems) and an ERC (Medrad, Warrendale, PA). The
balloon of the ERC was initially filled with 50 cc of air at our institution. Later, our clinical
protocol was changed, and the ERC was inflated with 50 cc of barium sulfate (Polibar Plus,
E-Z-EM, Lake Success, NY) based on prior reports indicating a potential advantage of this
approach in reducing susceptibility artifacts (9). We included in this study the last 20
consecutive patients in whom the coil was inflated with air (air cohort) and the next 20
consecutive patients in whom we changed to barium filling (barium cohort). The MRI
protocol parameters were not modified during the study period. Axial DWI images of the
prostate were acquired using an SE-EPI sequence with echo time (TE)/repetition time (TR)
of 75-78/6776-6955 milliseconds, slice thickness 3 mm with gap 0.3 mm, field of view
(FOV) 180 x 180 mm?, matrix 144 x 140, bandwidth of 1267— 1392 Hz/pixel, phase-
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encoding direction right-to-left, echo train length of 73, SENSE factor of 2, and b values 0,
50, 1000, and 1500 s/mm?, total number of averages = 3 for b = 0 and b = 50, and 6 for b =
1000 and b = 1500, scan time 5 minutes 41 seconds. Axial T2-FSE images of the prostate
were acquired with the same orientation and phase-encoding direction, TE/TR of 120/7878—
10233 milliseconds, slice thickness 2.5-3.0 mm and no gap, FOV 180 x 180 mm?,
acquisition matrix 392 x 312, bandwidth of 218-250 Hz/pixel, echo train length of 25-26,
SENSE factor of 2. Coronal and sagittal T2-FSE and dynamic contrast-enhanced spoiled
gradient echo images were also acquired as part of the clinical protocol but not used for the
purpose of this retrospective study.

Phantom Experiments

The second phase of this study used a multimodality prostate phantom model (Yezitronix
Group Inc., Quebec, Canada; Fig 1). Phantom MRI acquisitions were obtained on the same
MRI scanner and the same combination of cardiac coil and ERC as in patients. Experiments
were carried out with the ERC filled with 50 cc of barium sulfate or air. The axial DWI
images were acquired using an SE-EPI sequence with TE/TR of 76-99/10000 milliseconds,
slice thickness 3 mm with gap 0.3 mm, FOV 160-180 x 160-180 mm2, matrix 128-144 x
124-141, bandwidth of 751-1526 Hz/pixel, echo train length of 65-141, SENSE factor of
1-2, and b values 0, 50, 500, 1000, and 1500 s/mm2. Axial T2-FSE images with TE/TR of
120/8000 milliseconds, acquisition matrix 348-392 x 260-312, bandwidth of 231-236 Hz/
pixel, echo train length of 26, SENSE factor of 2, with the same slice thickness, gap, and
FOV as for the DWI images, were acquired at the same locations and used as the standard of
reference. For both sequences, the phase-encoding direction was right-to-left unless
specifically modified as discussed in the following. T2-FSE was chosen as reference for
anatomy because in this sequence one k-space line is acquired per phase-encoding step;
thus, the effects of the field inhomogeneities in these images are negligible (7).

Four tests were performed separately on the phantom studies changing only the feature
indicated and holding all other parameters as indicated previously: (1) the phase-encoding
direction was changed from right-to-left to anterior-to-posterior; (2) the fat-shift direction
was inverted, therefore inverting the polarity of the diffusion gradients; (3) bandwidth was
increased from 751 to 1252 Hz/pixel (by changing the water fat-shift from maximum to
minimum); and (4) acceleration (SENSE) factor was increased from 1 to 2. Other
acquisition parameters were not changed. The same experiments were repeated on a
different 3T MRI scanner (Signa HDxt; GE Healthcare, Milwaukee, WI) using similar MRI
protocol and imaging parameters.

Image Analysis

Images from MRI examinations were retrospectively reviewed using open-source software
(Osirix; Osirix Foundation, Geneva, Switzerland). The outer contour of the prostate gland
was manually drawn and saved by one of the investigators (FDJ, a radiologist with 6 years
of training) on the T2-FSE images and each of the five DWI images (b = 0-1500) using
free-hand regions of interest (ROIs). T2-FSE and DWI images were selected at the same
level through the middle of the gland, using spatial coordinates and coronal T2-FSE images
as reference. The displacement between the T2-FSE images and the DWI images was used
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as a surrogate of geometric distortion. This displacement was determined by overlaying the
saved ROI representing the prostate contour from the T2-FSE images on the DWI images
and measuring the maximum distance between the boundaries in a left-right (horizontal)
direction. The anterior—posterior displacement was noted to be consistently <1 mm and
therefore was not included in the analysis (Fig 2). A similar image analysis was performed
for the phantom experiments.

Statistical Analysis

RESULTS

In the patient cohort, Friedman test was used to assess the difference in mean displacement
between the T2-FSE and DWI images for the barium and air cohorts adjusted by b values;
one sample nonparametric sign rank test and two sample Wilcoxon rank sum test (with
continuity correction) were used to test the difference between the means. All analyses were
performed using SAS software version 9.2 (SAS Institute, Cary, NC). A P value <.05 was
considered statistically significant.

Our Institutional Review Board approved this study.

In patients, a mean displacement of 1.8 mm (standard deviation [SD] 1.2 mm; range 0—4.2
mm) was observed in the phase-encoding direction when the ERC was inflated with air
compared to 1.8 mm (SD 2.2 mm; range 0-9.0 mm) when the ERC was inflated with barium
sulfate. There was no significant difference in the displacement for low or high b values (P
value = .53) or between the air and barium cohorts (P value = .22; Table 1). The
displacement in the frequency-encoding direction was negligible.

In the phantom experiments with barium-filled ERC, geometric distortion was also observed
in the phase-encoding direction with an initial displacement of 6.0 mm on the DWI images
compared to the T2-FSE images. The displacement decreased from 6.0 to 4.0 mm by
increasing the SENSE factor from 1 to 2 (Fig 3). The displacement decreased from 4.0 to 2.9
mm by increasing the bandwidth from 751 to 1252 Hz/ pixel (Fig 4). The geometric
distortion was similar for all b values from 0 to 1500 (Fig 5). The distortion switched from
the right—left to the anterior—posterior axis following a similar change in the phase-encoding
axis. In both axes, the distortion orientation was inverted by inverting the fat-shift direction
(Fig 6). Table 2 presents the MRI parameters and their effects in the geometric distortion on
a phantom model. No perceptible difference was noted between inflating the ERC with air
or barium sulfate. These results were reproduced on both 3T MRI scanners.

DISCUSSION

Our results confirm an average displacement of the prostate on DWI acquisitions compared
to T2-weighted FSE acquisitions of almost 2 mm, using a state-of-the-art clinical 3T MRI
protocol with ERC. Geometric distortions on SE-EP1 DW1 of the prostate occur in the
phase-encoding direction. The distortion in the readout direction was however negligible.
That was confirmed by shifting the phase- and frequency-encoding axes. Using higher
bandwidth and accelerated imaging reduced the degree of distortion along the phase-
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encoding direction. By repeating the experiment on different scanners, we demonstrated that
the distortion occurs irrespective of the manufacturer.

Our results support the finding that geometric distortion in EPI is mainly caused by the
accumulation of phase error over the phase-encoding direction during the slice acquisition,
leading to voxel shifts almost exclusively in this direction (11). Investigation by Jezzard et
al. (11) found the fact that the geometric distortions in EPI are mainly caused by the
presence of an inhomogeneous main magnetic field (B0). Accordingly, the geometric
distortion (Ay) at a position (x, y, z) is calculated by:

.y,

AY(,y,=VAB(3,,)FOVy /BW,

where v is the gyromagnetic ratio, AB is the perturbation of the BO field, and FOVy and BW,,
are the field of view and bandwidth, respectively. From this formula, we can conclude that
the voxel shift in the phase-encoding direction will be inversely proportional to the effective
bandwidth per voxel, which is consistent with our findings in the phantom: distortion was
reduced using a higher bandwidth without altering any other acquisition parameter.

Parallel imaging reduces the number of phase-encoding steps, thus reducing the
accumulating phase-encoding errors and resulting spatial distortions in SE-EPI. As shown in
the brain (13,14), we demonstrated reduced geometric distortion when using parallel
imaging (ie, higher acceleration factors).

In patients, the displacement ranged from 0 to 9.0 mm. This wide range may reflect the
presence of variable BO gradients in different patients. Reliable shimming before DWI
acquisition probably plays a role in reducing BO inhomogeneities. Unfortunately, filling the
ERC balloon with barium sulfate did not seem to correct adequately for these
inhomogeneities. The mean prostatic distortion was similar for the air and barium cohorts,
although filling with air seemed to result in more variability as indicated by the larger range
of distortion observed (ie, 0-9.0 mm with air vs. 0-4.2 mm with barium).

Another important observation in this study was that geometric distortion does not seem to
depend on b values; this is critical because such distortion varied with different b values, the
reliability of the ADC calculations could be jeopardized.

Alternative methods for reducing the EPI-related artifacts, including geometric distortion,
have been proposed. One possible strategy is to apply segmented EPI pulse sequences (ie,
multishot EPI); however, this approach increases acquisition time and is sensitive to patient
motion. Jezzard et al. (11) described a postprocessing algorithm using a phase field map
provided by a double-echo gradient recalled echo image in the brain. Others have used
nonrigid registration methods to correct these distortions (12,13). Gholipour et al. (7)
proposed a hybrid method consisting of field map—guided deformable registration of EPI to
an undistorted T2-weighted sequence to correct the distortion. These strategies minimize
distortion but depend on postprocessing steps. Errors from any of these steps (eg, field maps
calculation) could degrade the final image.
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Although some of our results might be anticipated based on theoretical background and
previous investigations in other organs, to our knowledge, this is the first investigation
assessing the degree of distortion in DWI of the prostate using a standard protocol with ERC
at 3T. Furthermore, we assessed the parameters that may influence geometric distortion on
SE-EPI DWI of the prostate. Some limitations, however, need to be discussed. First, some of
the proposed remedies are already implemented in the clinical protocol for other purposes;
regardless, our work substantiates efforts to further exploit accelerated imaging and
increased bandwidth as tools to alleviate image deformation. The infusion of MRI scanners
with a higher number of channels or digital systems accompanied by coils with dense array
elements and unique geometries should allow for higher accelerations. Higher accelerations
can allow for sequences with shorter echo trains to minimize the accumulation of phase
errors. In addition, implementing DWI using a gradient and spin-echo sequence (14) may
also reduce the accumulation of phase errors.

We also recognize that the strategies to correct the distortion were assessed in a phantom
and therefore, the magnitude of these improvements in patients still needs to be determined.
In patients, the range of distortion showed considerable variation, likely because of variable
shimming. Moreover, the degree of distortion is expected to change depending on the image
protocol used.

Of note, we did not appreciate an improvement in the geometric distortion by inflating the
ERC with barium compared to patients in whom the ERC was inflated with air. This appears
to be inconsistent with a previous report in which this strategy was used to improve the
quality of spectroscopy data in the prostate by reducing the susceptibility gradients (9) and
deservers further investigation. Agents such as barium sulfate and perfluorocarbon are used
to inflate the ERC and reduce magnetic susceptibility gradients within the prostate
secondary to the interface between air (traditionally used for coil inflation) and the
surrounding tissues (15). Despite the lack of other studies validating such comparison, safety
profile, lower cost, and availability of barium suspensions in clinical practice are appealing
compared to perfluorocarbon (9). In the phantom, we chose to use the shimming process
used in our clinical protocol to emulate the clinical scenario; however, the specific
shimming method was not evaluated as part of this study. Further studies are necessary to
fully understand the effect of different shimming algorithms on distortion and the
relationship of these with the different strategies for inflating the ERC. Second, the
geometric distortion on DWI is not the same throughout the image (11); we used the
displacement between the prostate borders on DWI and T2-FSE images as a surrogate for
the overall distortion. Although distortion was not measured using a pixel-by-pixel analysis,
our method clearly demonstrated improvement by using accelerated imaging and higher
bandwidths. Third, only partial correction of the distortion is achieved by the
aforementioned strategies. For situations demanding better matches, such as radiology—
genome or radiology—pathology correlation (16,17), other strategies that better mitigate the
geometric distortion may be needed. Additional improvements may be necessary when
considering the use of DWI for MRI-guided biopsies or focal therapy procedures (eg, high-
intensity—focused ultrasound); displacements could lead to false-negative biopsy results, and
incomplete ablation of tumor or inadvertent ablation of periprostatic tissue. Regardless, the
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strategies proposed in this study may reduce targeting errors during prostate procedures and
improve imaging coregistration.

In

summary, geometric distortions are prevalent on single-shot SE-EPI DWI of the prostate.

Strategies to reduce the distortion include the use of higher bandwidth and parallel imaging.
Awareness of this artifact and potential remedies may result in improved mapping of
prostate cancer. This reduction is particularly important in patients undergoing MRI-targeted
biopsy and/or focal therapy.
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Figure 1.
(a) Prostate phantom model (Yezitronix Group Inc., Quebec, Canada) and endorectal coil

(Medrad, Warrendale, PA). (b) The coil can be introduced in the phantom through a built-in
orifice. (Color version of figure is available online.)
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Figure 2.
Geometric distortion on diffusion-weighted imaging (DWI1) in a patient. (a) The outer

contour of the prostate in the T2-FSE image(TR, 8.2 seconds; TE, 120 milliseconds; flip
angle, 90°) and (b) DWI image (TR, 6.8 seconds; TE, 76 milliseconds; flip angle, 90°) was
delineated manually. The prostate contour from the T2-FSE image was saved and imported
into the different b-value DWI images at the same anatomic level. (c) After overlapping the
prostate contour from the T2-weighted reference image (green) on the DWI image (yellow),
the geometric distortion was estimated by measuring the displacement between the
boundaries in the horizontal axis (white line). FSE, fast spin-echo; TE, echo time; TR,
repetition time. (Color version of figure is available online.)
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Figure 3.
Geometric distortion on diffusion-weighted imaging (DWI1) in a phantom model decreases

by increasing the acceleration factor. (a) T2-FSE image (TR, 8 seconds; TE, 120
milliseconds; flip angle, 90°) served as anatomic reference for the contour of the prostate
(green); DWI images with (b) SENSE factor of 1 (TR, 10 seconds; TE, 93 milliseconds; flip
angle 90°) and (c) SENSE factor of 2 (TR, 10 seconds; TE, 86 milliseconds; flip angle, 90°)
were compared, showing a decrease in the displacement by increasing the acceleration
factor. Yellow regions of interest indicate the outer contour of the prostate drawn on the
DWI1 images; white line is the distance between the borders and represents magnitude of
displacement (6 mm and 4m min b and c, respectively). FSE, fast spinecho; TE, echo time;
TR, repetition time. (Color version of figure is available online.)
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Figure 4.
Geometric distortion on diffusion-weighted imaging (DWI1) in a phantom model decreases

by increasing the bandwidth. (a) T2-FSE image (TR, 8 seconds; TE, 120 milliseconds; flip
angle, 90°) served as anatomic reference for the contour of the prostate (green); DWI images
with (b) bandwidth of 751 Hz/pixel (TR, 10 seconds; TE, 86 milliseconds; flip angle, 90°)
and (c) 1252 Hz/pixel (TR, 10 seconds; TE, 75 milliseconds; flip angle, 90°) were
compared, showing a decrease in the displacement of the contour by increasing the
bandwidth. Yellow regions of interest indicate the outer contour of the prostate drawn on the
DWI images; white line is the distance between the borders and represents magnitude of
displacement (4.0 mm and 2.9 mm in b and c, respectively). FSE, fast spinecho; TE, echo
time; TR, repetition time. (Color version of figure is available online.)
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Figure 5.
Geometric distortion on diffusion-weighted imaging (DWI1) in a phantom model does not

change with the b value. (a) T2-FSE image (TR, 8 seconds; TE, 120 milliseconds; flip angle,
90) served as anatomic reference for the contour of the prostate (green); DWI images (TR,
10 seconds; TE, 99 milliseconds; flip angle, 90°) with b = 0 (b), 40 (c), 500 (d), 1000 (e),
and 1500 (f) demonstrate the same degree of displacement. Yellow regions of interest
indicate the outer contour of the prostate drawn on the DWI images; white line is the
distance between the borders and represents magnitude of displacement (6.0 mm in all DWI
images). FSE, fast spin-echo; TE, echo time; TR, repetition time. (Color version of figure is
available online.)
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Figure 6.
Geometric distortion on diffusion-weighted imaging (DWI1) in a phantom model occurs in

the phase-encoding axis and direction. (a) T2-FSE image (TR, 8 seconds; TE, 120
milliseconds; flip angle, 90°) served as anatomic reference for the contour of the prostate
(green); when the phase-encoding direction on DWI was shifted from right-to-left axis (TR,
10 seconds; TE, 99 milliseconds; flip angle, 90°; b—c) to the anterior-to-posterior axis (TR,
10 seconds; TE, 97 milliseconds; flip angle, 90°; d—e), the axis of the distortion consistently
followed the phase-encoding direction. This effect can also be inferred by assessing the
shape of the signal void in the endorectal balloon and the outer contour of the phantom.
When the fat-shift direction was inverted, the distortion orientation was inverted (b, fat-shift
left; ¢, fat-shift right; d, fat-shift posterior; and e, fat-shift anterior). Yellow regions of
interest indicate the outer contour of the prostate drawn on the DWI images; white line is the
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distance between the borders and represents magnitude of displacement. FSE, fast spin-
echo; TE, echo time; TR, repetition time. (Color version of figure is available online.)
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