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Objective: Diffusion-weighted imaging (DWI) is an im-
portant technique for the localization of prostate cancer,
and its response assessment during treatment with
radiotherapy (RT). However, it has known limitations in
terms of distortions and artefacts using standard acqui-
sition techniques. This study evaluates two alternative
methods that offer the promise of improved image
quality and the potential for more reliable and consistent
diffusion data.

Methods: Three DWI techniques were investigated; single-
shot echoplanar imaging (EPI), EPI combined with reduced
volume excitation (ZOOMit; Siemens Healthcare, Erlangen,
Germany) and read-out segmentation with navigator-echo
correction (RESOLVE; Siemens Healthcare). Daily meas-
urements of apparent diffusion coefficient (ADC) value
were made in a quality assurance phantom to assess the
repeatability of each sequence. In order to evaluate the
geometric integrity of these sequences, ten normal

MRI has a number of advantages for radiotherapy (RT)
planning of prostate cancer, including its excellent soft-
tissue contrast and the ability to acquire functional in-
formation. At present, MRI is primarily used in RT to
improve delineation of the whole gland and organs at risk,
which has been shown to be superior to that obtained from
using CT." With developments of highly conformal RT,
functional MRI techniques, which demonstrate macro-
scopic tumour nodules, are of significant interest and could
potentially be used to target a boost in radiation rather
than escalate dose to the whole gland.> One such technique
of particular relevance is diffusion-weighted imaging
(DWI), which utilizes strong bipolar gradients to sensitize
the sequence to microscopic molecular diffusion.” The

volunteers were scanned, and the prostate was contoured
to compare its similarity with 7, weighted images.
Results: Phantom ADC values were significantly higher
using the standard EPI sequence than those of the other
two sequences. Differences were also observed between
seqguences in terms of repeatability, with RESOLVE and EPI
performing better than ZOOMit. Overall, the RESOLVE
sequence provided the best agreement for the in vivo data
with smaller differences in volume and higher contour
similarity than T, weighted imaging.

Conclusion: Important differences have been observed
between each of the three techniques investigated with
RESOLVE performing the best overall. We have adopted
this sequence for routine RT simulation of prostate
patients at Liverpool Cancer Therapy Centre.

Advances in knowledge: This work will be of interest to
the increasing number of centres wanting to incorporate
quantitative DWI in a clinical setting.

diffusion weighting is characterized by the strength and
timing of these gradients and described collectively by
a coefficient referred to as the “b-value” of the image.
Images with at least two different b-values, usually a zero or
low value and a second higher value, can be acquired to
measure the apparent diffusion coefficient (ADC). Diffu-
sion that is restricted owing to the cellular environment
demonstrates high signal on the b-value images and low
ADC values compared with free diffusion. These ADC
values have been correlated with histological measurements
of cell density in prostate tumours with low ADC reflecting
a higher degree of cellularity.* DWI has been shown to be
useful in prostate tumour detection and localization with
a high degree of sensitivity when either used on its own or
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in combination with other imaging parameters.”® In addition,
some groups have begun to acquire DWI during RT and have
shown increases in tumour ADC values reflecting a response in
treatment that could be useful in monitoring and prospectively
adapting RT delivery.”

However, the vast majority of DWI studies to date have been
implemented using the standard echoplanar imaging (EPI) pulse
sequence, which is prone to image artefacts, including Nyquist
ghosting owing to phase errors and anatomical distortions owing to
susceptibility variations.® These artefacts are worse at higher field
strengths and are the likely cause of poor reproducibility seen at
3.0 T.” Image quality is improved somewhat by acquiring EPI in
multiple segments rather than as a single-shot acquisition. This seg-
mentation is generally in the phase-encoding direction and extends
the overall scan time. Other previous solutions have been to com-
bine DWI with other image acquisitions (e.¢. HASTE) or with ra-
dial k-space sampling strategies (e.g. BLADE, PROPELLER).'*!!

In the past couple of years, two new approaches to the problem
of diffusion-weighted image quality have been proposed, which
have recently been implemented as commercially available
sequences. The first takes advantage of parallel radiofrequency
(RF) transmission technology, which was principally developed
to remedy dielectric effects at high field. The use of separate
transmitter waveforms can be exploited to obtain a shaped or
focused excitation of a reduced volume.'* In doing so, the image
can be limited to the tissue of interest, and when combined with
DWI, tissues contributing to artefacts can be omitted from
signal acquisition. This method has been recently reported as
improving prostate DWI quality in terms of reduced distortion
and clarity of the prostatic capsule.”” A second technique utilizes
segmentation but in the other (read-out) encoding direction,
which can be used on its own'* or in combination with a navi-
gator echo for the correction of motion-induced or other
sources of phase errors.'” This type of sequence has been shown
to provide higher diagnostic accuracy in breast lesions at 3.0 T."®

If diffusion data are to be included in RT planning process, then
these improvements in DWI must translate beyond simply the
perceived increase in image quality. It is clear that ADC values
must be shown to be reproducible and that anatomy must be
geometrically accurate if RT plans are to be based on this in-
formation. The purpose of this work was to evaluate the efficacy
of two new DWI techniques, which we acquired on our newly
installed scanner, for their potential to be used in RT planning of
the prostate. The first technique (ZOOMit; Siemens Healthcare,
Erlangen, Germany) is the focused excitation method, which
currently can only be used with two pulse sequences one of which
is EPL. The second sequence (RESOLVE; Siemens Healthcare) is
based on the read-out segmentation with a navigator echo cor-
rection approach. In this study, these techniques were compared
against the current gold-standard method of acquiring DWI data,
namely single-shot EPI, in terms of both ADC repeatability
in vitro and anatomical integrity of the prostate in vivo. Results
suggest important quantitative differences that to our knowledge
have not been presented before. Although primarily aimed with
RT planning in mind, this study will be of interest to both the
radiation oncology and radiology communities.
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METHODS AND MATERIALS

All imaging was performed on a dedicated wide-bore 3.0-T
system (MAGNETOMS® Skyra, Siemens Healthcare, Erlangen,
Germany) equipped with XQ gradients, which is used at Liver-
pool Cancer Therapy Centre for the planning (“MR-Simulation”)
of RT in patients. A doped [nickel(II) sulfate] water phantom was
imaged in a 20-channel RF head coil on a daily basis over a period
of 1 month in order to assess both the short- (daily) and long-term
(weekly) repeatability of each DWI sequence described below. The
temperature of the scanner room was controlled at a constant
temperature, and the temperature within the bore was recorded
throughout the scanning sessions using the system thermometer.
ADC maps were generated using a monoexponential fit of the
DWI data using the manufacturer’s software on the scanner con-
sole. Regions of interest at the centre slice and covering approxi-
mately 80% of the signal-producing area were used to provide the
ADC value.

Statistical analysis was carried out using Microsoft Excel®
(Microsoft, Redmond, WA). Systematic differences in mean ADC
values between sequences were assessed using unpaired, Student’s
t-tests. Repeatability was quantified using the methodology of
Bland and Altman.'” The long-term coefficient of repeatability
was calculated as 2.77 times the standard deviation of ADC values
repeated on different days. The short-term (same-day) coefficient
of repeatability was calculated as 2.77 times the (within-day’s)
standard deviation of the individual ADC values repeated on
different days, after subtraction of the respective daily means in
order to remove between-day variations [first ADC (Day 1) —
mean ADC (Day 1), second ADC (Day 1) — mean ADC (Day 1),
first ADC (Day 2) —mean ADC (Day 2) etc.]. Differences in
repeatability between sequences were assessed using the F-test for
equality of variances acting on raw ADC values for long-term data
and daily mean-subtracted ADC values for short-term data.

In order to quantify anatomical distortion in vivo, a total of ten
normal subjects (aged between 19 and 55 years) were examined
using the 32-channel RF coil in the patient table in combination
with the 18-channel flexible torso RF coil strapped to the abdomen.
Local ethics permission was granted by South Western Sydney local
health district to carry out these investigations. Imaging included
the three diffusion techniques described below plus an axial T,
weighted turbo spin echo acquisition [echo time (TE)/repetition
time (TR) = 87/5330 ms] with a slice thickness of 2.00- and
0.75-mm in-plane resolution and a pixel bandwidth of 440 Hz per
pixel, which was taken as the gold standard data set. For the DWI
scans, three sequences were tested, which were single-shot EPI,
RESOLVE and EPI with shaped (ZOOMit) excitation. In each case,
imaging parameters were kept as similar as possible, allowing for
the inherent differences between sequences, and a total of 20 slices
were acquired. Diffusion parameters included three b-values
(50, 400 and 800 mm s~ 2), which were acquired with an increasing
number of signal averages to account for reduction in signal-to-
noise ratio observed at the longest b-value.'® Specifically, these values
were 4, 7 and 10 (EPI); 1, 1 and 3 (RESOLVE); and 2, 4 and
10 (ZOOMit). Other imaging parameters included TE/TR = 54-88/
39004300 ms with a field of view (FOV) of 21 cm and in-plane
resolution of 1.7 mm with slice thickness of 4 mm. The ZOOMit
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Table 1. Mean apparent diffusion coefficient (ADC) (= standard deviation) and coefficient of repeatability values obtained in
a doped water phantom for each of the diffusion-weighted imaging sequences investigated

Measurement

Echoplanar imaging

RESOLVE ZOOMit

ADC 1.910 £ 0.026

1.875 £ 0.025 1.891 £0.039

Short-term repeatability 0.0155 (0.80%)

0.0125 (0.66%) 0.0597 (3.11%)

Long-term repeatability 0.0620 (3.26%)

0.0667 (3.57%) 0.1183 (6.27%)

All units are X10~3mm?s™"

sequence was acquired with a 60% reduction in the FOV in the
phase direction. The RESOLVE and EPI sequences were also used
in conjunction with the parallel imaging technique GRAPPA' set
at a factor of 2. Acquisition times for each sequence were 4 min 27 s
(EPI), 7min3s (RESOLVE) and 3 min 32 s (ZOOMit).

The b=50smm > images were registered to the T, weighted
images using an automated (rigid-body) registration process on
the scanner workstation to provide a subjective comparison of the
geometrical accuracy. These same scans were then exported to
a treatment planning workstation (Pinnacle; Philips Medical Sys-
tems) for subsequent analysis with the DWI sequences being de-
identified. The whole prostate gland contour was delineated on all
slices for the T, weighted series and each DWI sequence by both
a trained radiologist and oncologist independently of each other.
All contours were then transferred onto a personal computer for
subsequent calculation of the total prostate gland volume and
Dice’s similarity coefficient (DSC)*° using in-house written code.

Finally, the DWI sequence, which was deemed to have per-
formed best overall in terms of geometry and ADC, was addi-
tionally investigated further in the same volunteer by acquiring
DWI scans on three separate examinations. This involved the
subject being removed and repositioned on the bed prior to each
scan session, which was undertaken within a period of 60 min.
Regions of interest within the right peripheral zone were drawn
based on the b =50smm™* images, and these were copied di-
rectly onto the ADC maps to obtain the diffusion values for each
scan session.

RESULTS

Table 1 gives results from the phantom measurements, which
were all recorded within a temperature range of 19.5 * 0.1°C.
Both ADC and coefficient of repeatability values are shown, with
the latter also showing the percentage with respect to the mean.

; percentage values are also given with respect to the corresponding mean values for data used in repeatability calculations.

ADC values ranged from 1.82 to 1.97 mm?s ™!, which are in-line
with what has previously been reported for water at the tem-
perature of our scan room.”' Mean ADC values were significantly
higher with EPI than with the other two sequences (p < 0.001). In
terms of repeatability, both EPI and RESOLVE were shown to be
significantly more repeatable than ZOOMit (p <0.05) over the
short-term data. Longer-term repeatability was worse than the
short-term values in all cases as was expected. Differences were
again observed between the three sequences with EPI and RE-
SOLVE, providing more repeatable long-term data, although this
was not statistically significant (p <0.15).

Figure 1 shows an example of the prostate DWI (b = 50 smm %)
images acquired with each of the three sequences fused to the
corresponding T, weighted image at the same slice location. The
EPI sequence shows a small discrepancy at the edge of the right
peripheral zone indicating geometric distortion. In comparison,
both the RESOLVE and ZOOM.it sequences demonstrate a better
registration result in the prostate. When the results of the con-
touring study were analysed quantitatively (Table 2), it was
found that RESOLVE produced the best agreement with the T,
weighted data, as evidenced by both the smallest mean volume
difference (3.77 cm’) and the largest mean DSC score (0.74).
This result was consistent for both observers. On average, the
smallest DSC values were obtained with ZOOMit (mean of
0.66). The largest volume difference was observed with the EPI
sequence with a 5.99-cm’ or 21% difference. Multiple exami-
nations of the same volunteer were undertaken using the RE-
SOLVE sequence; the mean ADC value within the same normal
peripheral zone region was found to be 1.353, 1.397 and
1.356 mm”s ™', respectively.

CONCLUSIONS
DWI offers a lot of promise for RT planning of prostate cancer,
although incorporation of these data into the treatment planning

Figure 1. (Left to right) Example diffusion-weighted images acquired with b =50 mms 2 for echoplanar imaging, RESOLVE and
ZOOMit sequences (in orange) overlaid onto a corresponding 7, weighted image having been the first registered. For colour images

please see online version.
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Table 2. Results from the contouring study from the two observers

GP Liney et al

Observer 1 Observer 2
Sequence - p - p
Volume difference (cm”) DSC Volume difference (cm”) DSC
Echoplanar imaging 4.11 0.695 5.99 0.706
RESOLVE 3.56 0.737 3.77 0.739
ZOOMit 4.25 0.664 5.13 0.679

DSC, Dice’s similarity coefficient.

Mean total volume differences between the prostate volumes determined on the T, weighted images and DWI sequences are given as well as the

resulting DSCs obtained from the contour comparison.

process is still in its infancy, and improvements in image quality
are necessary if this is to become routinely implemented. Geo-
metrically, accurate data sets are vital if treatment plans are to be
designed to target lesions within the gland. Reliable ADC values
are required if these are to be used as subsequent thresholds for
monitoring and adapting to response or failure of treatment.
Some early studies by others have demonstrated improvements
in DWI using some of the newer acquisition techniques, in-
cluding the two described here, albeit these have been inves-
tigated only qualitatively and in isolation. We believe this is
the first time differences between these three DWI sequences
have been quantified alongside each other in the manner
reported here.

We have shown important quantitative differences between three
commercially available DWT sequences at 3.0 T. We have carried
this out by taking measurements in a uniform phantom as well
as in a cohort of prostate subjects and, in doing so, demon-
strated that one of these sequences may be preferred in the
context of RT planning. This was evaluated by first looking at
the ADC value in water over a number of occasions at a con-
trolled temperature. Interestingly, the standard EPI sequence
produced significantly higher values of ADC than did the other
sequences. The repeatability was shown to be poorer using
ZOOMit than the other two sequences. When including
a comparison of the in vivo data, RESOLVE appears to be the
most robust and reliable of the methods examined. This
sequence produced the highest DSC values and the smallest
difference in prostate volume for both observers. Without a non-
imaging gold standard, the DSC is a commonly used spatial
overlap index and reproducibility validation metric. Values range
from 0, indicating no overlap, to 1, indicating a complete overlap.
High values are desirable but scores >0.7 have been considered
useful and have been used in segmentation studies as evidence of
a successful outcome.?>?* In practice, inclusion of ADC in-
formation into the MR simulation workflow would involve reg-
istering the DWI data set to the anatomical images from the same
examination, and the sequence with the highest DSC value would
be clearly preferable. This combined data set could then be
contoured on the treatment planning system.

The three repeat DWI examinations using the RESOLVE tech-
nique produced ADC values in the same normal tissue region that
were within 3.25% of each other. Although a limitation here is
that this was only performed in a single subject and therefore no
statistical meaning could be drawn, it was nevertheless a further

attempt to assess in vivo consistency with this sequence. These
measurements will include confounding factors such as set-up
and partial volume but gives an indication as to the underlying
variation that may be expected in clinical cases. To put this into
context, Park et al” reported increases in mean tumour ADC in
13 patients from a pre-treatment value of 0.86-1.26 post treat-
ment, whereas changes in between weeks 1 and 3 of treatment
were shown to be as little as 10%. This underlines the importance
of using a consistent and reliable sequence, particularly when
serial data sets are being interpreted to assess response.

It is important to remember that both these new techniques still
use EPI as the underlying sequence module but offer potential
improvements in terms of the way this sequence is implemented.
Focused excitation is an inherently quicker method and could be
used to provide higher spatial resolution, but it did not provide
the best quantitative results in this study. Segmentation in the
read-out direction means phase encoding is carried out in one
continuous trajectory, which is an advantage over phase seg-
mentation. The additional use of a navigator echo enables in-
consistent data to be corrected or even discarded albeit at the
cost of an increased scan time. In this study, the RESOLVE
sequence was double the scan time of the shortest DWI scan
(ZOOMit). This is a consideration, as prolonged examination
times could have a deleterious effect on prostate movement
secondary to bladder filling or rectum filling, for example.
Nevertheless, we have shown that this technique provides the
most robust and reliable data set and would seem to be the
preference for RT planning studies.

The observed advantages of this sequence are likely to be of fur-
ther importance in prostate cases with challenging susceptibility
environments such as rectal gas and seed implants. Although we
were chiefly interested in its potential for RT, these findings are
important to radiology generally, and this technique may have
other advantages, for example, to help prostate biopsy or obviate
the need for rectum preparation. There may also be specific
advantages at the apex of the gland, although this was not sepa-
rately examined in this study and requires further investigation. In
conclusion, we have adopted RESOLVE as our DWI sequence of
choice at our clinic and are routinely acquiring these data sets not
only in prostate but also cervix and rectum studies.
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