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Purpose: Prostate cancer can be detected using a multicomponent T2 mapping tech-
nique termed luminal water imaging. The purpose of this study is twofold: 1) To
accelerate the luminal water imaging acquisition by using inner volume selection as
part of a gradient and spin echo sequence, and 2) to evaluate the accuracy of luminal
water fractions and multicomponent T2 relaxation times.

Methods: The accuracy of parameter estimates was assessed using Monte Carlo sim-
ulations, in phantom experiments and in the prostate (in 5 healthy subjects). Two
fitting methods, nonnegative least squares and biexponential fitting with stimulated
echo correction, were compared.

Results: Results demonstrate that inner volume selection in a gradient and spin echo
sequence is effective for accelerating prostate luminal water imaging by at least three-
fold. Evaluation of the accuracy shows that the estimated luminal water fractions are
relatively accurate, but the short- and long-T2 relaxation times should be interpreted
with caution in noisy scenarios (SNR< 100) and when the corresponding fractions
are small (< 0.5). The mean luminal water fractions obtained at SNR above 100 are
0.276 0.07 for the peripheral zone for both fitting methods, 0.166 0.04 for the tran-
sition zone with nonnegative least squares, and 0.166 0.03 for the transition zone
with biexponential fitting including stimulated echo correction.

Conclusion: The shortened scan duration allows the luminal water imaging sequence
to be easily integrated into a standard multiparametric prostate MRI protocol.
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1 | INTRODUCTION

Detection of prostate cancer by MRI is heavily reliant on 2
main sequences: T2-weighted imaging and DWI. Sensitive to
the Brownian motion of water molecules, DWI provides
measures of the ADC. Prostate carcinomas tend to have

lower ADC values due to more restricted diffusion compared
to benign lesions.1,2 Prostate ADCs are significantly corre-
lated with the histologic Gleason grade, which measures the
aggressiveness of prostate cancer.3-5 T2-weighted imaging is
also important for distinguishing benign and malignant pros-
tate cancers, which typically appear hypointense compared to
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normal tissue on T2-weighted scans. In the prostate, it is
important to distinguish between clinically significant pros-
tate cancer (e.g., Gleason pattern� 4 and/or volume� 0.5
cc) and benign lesions including benign prostatic hyperpla-
sia. DWI combined with T2-weighted imaging improves the
diagnostic accuracy of prostate cancer compared to using T2-
weighted imaging alone.6

There is potential for more information to be gained from
quantitative measurements of T2 relaxation. There has been a
growing trend toward T2 mapping of the prostate.7,8 It has
been shown in previous work9 that the T2 decay in the prostate
is not well described by a single-exponential fit and is better
fitted to a multiexponential model (with short-T2 [T2S] and
long-T2 [T2L] contributions). Recently, a multicomponent T2

mapping technique, termed luminal water imaging
(LWI),10,11 was used to estimate the volume fractions of the
T2S and T2L relaxation times in the prostate. The T2S compo-
nent is related to the prostate tissue compartment, whereas the
T2L component is thought to be related to the “luminal water”
compartment made up of prostatic fluid in the ductal and aci-
nar spaces. Langer et al. showed that prostate T2 is positively
related to the percentage area of luminal space and that tumor
regions have significantly lower percentages of luminal
space.12 Sabouri et al. showed that the absence or reduction in
the fraction of the long T2 component in the peripheral zone of
the prostate is indicative of cancer.10,11 Separating the compo-
nents using multicomponent T2 mapping may improve the
quantification of T2 relaxation times and may yield parameters
that have higher correlation with disease progression. Impor-
tantly, it could allow better understanding of the mechanisms
of T2 decay in the in vivo prostate. However, scan durations
remain relatively long even with the use of a gradient and spin
echo (GRASE) sequence,13 which collects multiple echoes per
refocusing pulse.

In our study, we investigate an inner volume selection
(IVS)-GRASE pulse sequence, previously applied in
FMRI,14 to accelerate prostate LWI. In IVS-GRASE, orthog-
onal RF encoding is used to refocus spins only in the inner
volume. Thus, for a constant voxel size, fewer phase encodes
are needed with IVS compared to the full-FOV scans.
Because the abdominal FOV is comparatively large relative
to the size of the prostate, significant acceleration is possible.
Although LWI has previously been demonstrated in vivo,
the accuracy of the derived parameters has not been validated
for T2 values relevant to the prostate. It is also important to
assess the technique at SNR levels similar to those shown in
the in vivo prostate images because multicomponent T2

parameters are sensitive to noise.15,16 The purpose of this
study is twofold: 1) to demonstrate the feasibility of IVS in
GRASE for accelerating prostate LWI, and 2) to evaluate the
accuracy of estimated luminal water fractions and multicom-
ponent T2 relaxation times.

2 | METHODS

2.1 | Simulation experiments

Using Monte Carlo simulations, we determined the accuracy
of multicomponent parameter estimates with T2 decay curves
generated according to the biexponential signal model: Sj
(t)5 FS�exp(-t/T2S)1FL�exp(-t/T2L)1Nj. The T2S was set to
50 ms, and the T2L was set to 500 ms. N represents Gaussian
noise for the jth noise level. True T2 parameters of T2S5 50
ms and T2L5 500 ms were chosen to be in the range of values
reported for the prostate.11 The true fractions of each compo-
nent, FS and FL (with FS5 1-FL), were varied from 0 to 1 in
steps of 0.05. Three noise levels tested with SNR5 {200, 100,
50} with 1000 noise instances. Simulated data were fitted with
non-negative least squares (NNLS).17 Fitting methods are
described in the Parameter Estimation section.

2.2 | MR imaging

A 3D GRASE sequence was modified to achieve IVS. In
IVS-GRASE, orthogonal RF encoding is used to refocus only
the spins in the inner volume (Figure 1). MR imaging param-
eters for the 3D IVS-GRASE sequence are: TR/TE5 3000/
11 ms, interecho spacing5 11 ms, FOV5 603 240mm2, 8
slices, 3mm thickness, matrix size5 1283 128, in-plane
voxel size5 1.93 1.9mm2, 96 echoes, 3 echoes per refocus-
ing pulse, readout bandwidth5 610Hz per pixel, transverse
orientation, anterior-posterior phase-encoding direction in
phantom experiments, and left-right phase-encoding direction
for the prostate. To assess the effect of additional signal aver-
ages in the in vivo prostate experiments, 3 signal averages
were used. The scan duration was 4min 41 s per signal aver-
age after acceleration (i.e., using IVS and imaging with a
FOV reduced to the IVS volume). For all 3 averages, the total
scan duration was 14min 3 s. Full FOV scans were not
acquired in the in vivo experiments because the scan times
would be too long. (These would have corresponded to
18min for 1 average and 54min for 3 averages). In the first
phantom experiment, full FOV images were acquired with 1
signal average and a scan duration of 18min. All imaging
experiments were performed on a 3T scanner (MAGNETOM
Prisma, Siemens Healthcare, Erlangen, Germany) with the
body 18 coil array in combination with the spine 32 array.

2.3 | Phantom experiments

2.3.1 | Phantom test 1: Inner volume
selection

The efficacy of IVS to remove unwanted signal from the
outer volume was tested in phantom experiments. Scans
were performed with and without IVS, and also with and
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without saturation pulses (for which 2 saturation bands, each
having a thickness of 100mm, were placed in the outer vol-
ume immediately adjacent to the inner volume on either
side). The phase FOV was set to 100% in each case to reveal
any residual signal in the outer volume.

2.3.2 | Phantom test 2: Accuracy of
multicomponent T2 estimates

To assess the accuracy of parameter estimates, a dual-
compartment phantom was constructed. Two solutions of
MnCl2 having concentrations of 0.125mM (the T2S solution)
and 0.01mM (the T2L solution) were prepared to have target
T2 relaxation times in the range of the T2S and T2L values in
the prostate.11 The 2 liquids were placed in different com-
partments separated by a thin flat piece of plastic approxi-
mately 1mm in thickness. The dual-compartment structure
was placed in a water bath to reduce susceptibility effects.
The phantom was allowed to equilibrate to room temperature
of 22 8C for approximately 2 hours before scanning. A dia-
gram of the phantom is provided in Supporting Information
Figure S1.

The phantom was imaged with IVS-GRASE, with an
angulated slab to produce images that consisted of regions of
pure T2S signal, pure T2L signal, and a region at the interface
in which the signal is a mixture of both. To measure the true
T2 values of the 2 phantom compartments for comparison
with GRASE, conventional T2 mapping was performed with
a spin echo sequence, repeated for each echo time with
TE5 {10,20,30,40,80,120,200,300,400}ms, TR5 5000 ms,
slice thickness5 3mm, matrix size5 643 128, readout
bandwidth5 220Hz per pixel, FOV5 903 180mm2, sagit-
tal orientation, and scan duration of 5min 27 s for each TE.

2.4 | In vivo scans

The study was approved by the Research Ethics Board at
Sunnybrook Health Sciences Centre, Toronto, Ontario, Can-
ada, and informed consent was obtained from healthy sub-
jects with no known prostate cancer. Five subjects (mean
age: 62.8 years; age range: 49–76 years) were scanned with
a standard clinical protocol, which included conventional T2-
weighted scans followed by 3D IVS-GRASE. (Imaging
parameters used in the standard T2-weighted clinical protocol
are listed in Supporting Information Table S1). The subjects
were allowed to breathe freely, and no anti-peristaltic drugs
were used. Using inner-volume selection, the percentage of
phase FOV varied from 22% to 25% depending on the size
of the prostate in the left-right direction (with corresponding
phase FOV of 50–60mm). Other scan parameters are as out-
lined in the above MR Imaging section. Standard T2-
weighted images were scanned with a turbo spin echo
sequence: 28 transverse slices, slice thickness5 3mm,
FOV5 1803 180mm2, TR/TE5 8060/97 ms, 2 averages,
flip angle 160 degrees, readout bandwidth5 199Hz per
pixel, and turbo factor5 25. Eight slices were imaged using
a GRASE sequence, with the stack positioned near the center
of the prostate. The total gland volume of each subject was
estimated using the prolate ellipsoid formula (vol-
ume5 length3width3 height3p/6),18 estimated from
measurements of maximal prostate dimensions from sagittal
and axial T2-weighted images.

2.5 | Parameter estimation

Voxelwise T2 distributions were estimated with NNLS. In
NNLS, the parameters T2S, T2L, and luminal water fraction
(or the fraction of the T2L component, FL) were defined as
follows (as in Sabouri et al.10):

FIGURE 1 Inner volume selection in 3DGRASE: (A) The inner volume (shaded region) is the overlapping region created by orthogonal slabs
excited by the p and p/2 pulses. (B) The first few pulses are shown for the inner-volume 3DGRASE sequence. The excitation gradient is placed on the
phase-encoding gradient axis, whereas the refocusing gradients are on an orthogonal (slice-encoding) axis. The slab-selection and refocusing gradients are
shaded for clarity. GRASE, gradient and spin echo; PE, phase-encode
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The geometric mean T2 was used for T2S and T2L, and
FS5 1-FL. The T2 and fractions were calculated with
T2thres5 200 ms, T2min5 10 ms, and T2max5 2000 ms. In
biexponential fitting with integrated stimulated echo correc-
tion (BIEXP-SC), the signal model Sj(t)5AS�exp(-t/T2S)1
AL�exp(-t/T2L) was used with luminal water fraction
(LWF)5AL / (AS1AL), for which AS and AL represent the
areas of the short and long components, respectively. The
MATLAB (R2013a MathWorks, Natick, MA) function
lsqnonneg was used for NNLS, and no regularization was
used. In Sabouri et al.10, the threshold value for NNLS was
obtained based on histogram analysis of T2 distributions over
4700 pixels,10 which were fitted to continuous curves for T2S

and T2L. The threshold value was derived from the crossing
points of the fitted curves. Because our study consisted of a
relatively small number of subjects, we have used the thresh-
old value of 200 ms derived from Sabouri et al.10 For fitting
with lsqnonneg, a step tolerance (jxi-xi11j5 2.1e211) was
used for the stopping criterion; thus, the misfit value was not
fixed. However, the v2 misfit value17 was computed to deter-
mine if the fitted result is optimal (v2 � N), if it is ignoring
information present in the data (v2 >> N), or if it fits too
closely to noise (v2 << N), for which N(5 96) is the num-
ber of echoes sampled. The mean v2 misfit value was com-
puted over all prostate pixels and all subjects.

In phantom and in vivo experiments, parameters were
also estimated with BIEXP-SC to account for nonideal flip
angles in the multiecho GRASE sequence. In BIEXP-SC, a
nonlinear signal model was used for fitting based on
extended phase graph modeling,19-22 with the IVS-GRASE
parameters and with initial estimates of T2S5 100,
T2L5 400, FS5 0.5, and FL5 0.5 for biexponential fitting.
In phantom and prostate experiments, the accuracy of the
estimated parameters was compared between NNLS and
BIEXP-SC. Voxelwise fitting was performed for all
experiments.

2.6 | Image analysis

To assess the accuracy of fitted parameters in phantom test
2, voxelwise fitting was performed within the region that

contained the 2 MnCl2 solutions. T2 estimates of the T2S and
T2L solutions were compared against ground truth spin-echo
measurements of each phantom compartment. Because the
SNR in phantom experiments with all coils is higher than in
vivo, images were reconstructed with a single coil, with the
parameters re-fitted at lower SNR for comparison.

In the prostate, the estimated T2 and fractions were com-
pared for 1 signal average and all 3 signal averages. The
peripheral zone (PZ) and transition zone (TZ) of the prostate
were contoured on each slice and reviewed by an experi-
enced radiologist. Slices at the apex and base were excluded,
as were any cysts within the prostate. The anterior fibromus-
cular stroma and cysts were contoured as a separate region.
Intraobserver variability was not assessed because there was
only 1 set of contours. All simulations and analysis were per-
formed in MATLAB (R2013a, MathWorks).

2.7 | Statistical analysis

Significant differences in MR parameters (T2S, T2L, and
LWF) between NNLS and BIEXP-SC methods were deter-
mined with the Wilcoxon rank sum test at P< 0.01. The val-
ues of MR imaging parameters were averaged for each
subject (in each PZ and TZ zone) prior to the application of
the Wilcoxon rank sum test.

3 | RESULTS

Simulation results for 3 different SNR levels (50, 100, and
200) show that the estimated luminal water fraction (or FL) is
relatively accurate and follows a straight line when plotted
against the true fractions (Figure 2A). However, as shown in
Figure 2, the accuracy of fitted T2 parameters is highly
dependent on the underlying fractions. Figures 2B and 2C
show that when the true FS is high, there is improved accu-
racy and reduced SD of estimated T2S (Figure 2B), and simi-
larly for T2L at high values of FL (Figure 2C). At low FS and
FL, both T2S and T2L are overestimated. The overall accuracy
is improved at higher SNR for all estimated parameters and
for both methods, as expected. See Supporting Information
Figure S2 for additional simulation results with other combi-
nations of T2S and T2L.

Results from phantom test 1 (Figure 3) show that IVS
effectively suppresses the signal from the outer volume. IVS
is superior to using only saturation bands, which leave resid-
ual unsuppressed signal in the outer volume. The combina-
tion of IVS and saturation bands had minimal effect on
signal compared to IVS alone.

Images from phantom test 2 of an angulated slice of the
dual-compartment phantom are shown at different TEs (Fig-
ure 4A). Figure 4B shows the maps of the estimated frac-
tions, which are comparable between NNLS and BIEXP-SC.
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FIGURE 2 Simulation results:Monte Carlo simulations show the mean and SD over 1000 instances of noise for the following fitted parameters: (A)
luminal water fraction (or FL); (B) T2S value; and (C) T2L value, for 3 different SNR levels (200, 100, and 50). FL, fraction of the long-T2 component; FS,
fraction of the short T2 component; T2L, long T2; T2S, short T2

FIGURE 3 Efficacy of inner volume selection (IVS, or “IV”) in phantom: Full FOV images are shown for the case where (A) no IVS or sat bands
were applied, (B) only sat bands were applied (without IVS selection), (C) only IVS selection, and (D) both IVS and sat bands applied. Horizontal lines in
A through D represent 25% of the full FOV in the PE direction (vertical). Image intensities are clipped at 1000 to show the background signal. (E) The sig-
nal intensity at the vertical lines (x5 100) shown in A through D is plotted in E. IVS, inner volume selection; sat, saturation
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(Because the BIEXP-SC method assumes 2 components, the
T2 values between NNLS and BIEXP-SC differ in regions
where there is only 1 component). In the fitted FS and FL
maps, intensity gradients are visible in region B, where the
imaging slice included both T2S and T2L components. As
shown in Figure 4C, T2 estimates are more accurate with
BIEXP-SC compared to NNLS at high SNR (5 240). The
voxelwise estimates for BIEXP-SC correspond to the spin
echo T2S of 48.5 ms (95% CI, 45.4 ms, 51.7 ms), whereas
NNLS overestimates T2S for all fractions. At lower SNR
(5 83), both methods overestimate T2S and T2L compared to
the spin echo T2L of 505.6 ms (95% CI, 491.4 ms, 519.7
ms), with higher deviation when FS and FL, respectively, are

below 0.5. As a result, as shown in Figure 4D, the mean T2

values are overestimated when voxels across all fractions are
included in the mean and more accurate when only fractions
above 0.5 are included.

In vivo results are shown in Figure 5, where the prostate
was scanned with both IVS and saturation bands. T2-
weighted images from the standard protocol are shown (Fig-
ure 5A), along with inner-volume GRASE images for 4 TEs
(Figure 5B). Maps of the number of components and frac-
tions are shown for 1 subject and for both fitting methods
(Figure 5C). In the regions where NNLS is estimated to have
2 components, the maps are qualitatively similar between
NNLS and BIEXP-SC. Example T2 distributions are shown

FIGURE 4 Accuracy of multicomponent parameter estimates in phantom: (A) IVS-GRASE images are the shown at different TEs. (B)Maps are
shown for 2 fitting methods (NNLS and BIEXP-SC) of the estimated N, the T2S relaxation time, the T2L relaxation time, FS, and FL. Three regions are
defined: region A consists of only the T2L component; region C consists of only the T2S component; and region B consists of a mixture of both. (C) In
region B, voxelwise T2S and T2L estimates are plotted against the corresponding estimated fractions (FS and FL) for 2 SNR levels. (D) The mean T2S and
T2L of voxels in region B are shown for all coils and for the first 3 coil elements. Corresponding plots (bottom) show themean values when voxels with esti-
mated FS and FL above 0.5 are included. Error bars represent the SD over all voxels included. BIEXP-SC, biexponential fittingwith stimulated echo correc-
tion; N, number of components; NNLS, non-negative least squares
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in Supporting Information Figure S3. Also, examples of indi-
vidual signal averages are shown in Supporting Information
Figure S4. The mean NNLS v2 misfit value for all prostate
pixels, and averaged over all subjects, was 85.2. After exclu-
sion of slices from the apex and base, the number of slices
analyzed were 6, 5, 6, 6, and 3 for each of the 5 subjects,
respectively. The mean gland volume was 33.26 6.5 cc
(with individual gland volumes of 41.6, 24.0, 36.5, 33.4, and
39.0 cc for subjects 1–5, respectively). Subjects 1, 3, and 4
had benign prostatic hyperplasia, whereas subject 2 had min-
imal benign prostatic hyperplasia.

Quantitative parameter estimates are shown in Table 1
and in Supporting Information Figure S5 for the PZ and the
TZ, averaged over all 5 subjects. BIEXP-SC results in lower
mean T2S compared to NNLS, whereas BIEXP-SC results in
higher mean T2L compared to NNLS. However, the true val-
ues of in vivo T2 for each compartment remain unknown.
There is no significant difference in the mean luminal water
fractions (or FL) between BIEXP-SC and NNLS. In both PZ
and TZ, slightly higher fractions are estimated when using 1

signal average compared to 3 averages. With all 3 signal
averages, the mean luminal water fractions for PZ are 0.276
0.07 for both methods, and for TZ they are 0.166 0.04 with
NNLS and 0.166 0.03 with BIEXP-SC. The mean SNR
averaged over all subjects (measured in the first echo for 1
signal average) is 114 for PZ and 122 for TZ. See Supporting
Information Figure S6 for Bland-Altman plots of LWF in PZ
and TZ.

4 | DISCUSSION

Phantom and in vivo prostate experiments demonstrate that
IVS in 3D GRASE is an effective method for accelerating
prostate LWI by three- to fourfold, depending on the prostate
volume. A previous approach for reduced FOV of (single-
component) prostate T2 mapping uses tilted slice excita-
tion,23 but the technique is limited to a 2D sequence. The
orthogonal RF encoding used in the current work is suitable
for 3D sequences, which offer higher SNR, thinner slices,

FIGURE 5 In vivo prostate results: (A) An axial T2-weighted image is shown. (B) IVS-GRASE images are shown for 4 TEs (with TE5 11, 44, 88,
and 176 ms). (C)Maps of N, T2S, T2L, FS, and FL are shown of a single slice for 1 subject. Images in Figures 5A through C correspond to the same slice
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and improved slice profiles compared to 2D. Given the scan
time constraints when used as part of a clinical prostate
imaging exam, IVS speeds up the GRASE sequence and
increases the practical value. For further acceleration, IVS-
GRASE can be used in conjunction with parallel imaging11

and compressed sensing.24

As shown by simulations and results of phantom experi-
ments, the accuracy of estimated T2S and T2L is highly
dependent on the true underlying fractions. T2S and T2L are
overestimated when the fractions of FS and FL, respectively,
are low, especially at lower SNR (< 100). This suggests that
in the prostate, where the luminal water fractions are low (<
0.5), there will be greater demands on SNR to achieve accu-
rate T2L estimates. Despite the variability in T2, the estimated
luminal water fractions are relatively accurate, as demon-
strated in both simulations and phantoms for SNR levels
ranging from 50 to 250.

Fitting with NNLS is fast, does not require initial esti-
mates of the parameters, and does not require any assump-
tion of the number components to obtain the T2 distributions,
although the established geometric-mean-T2 approach of
extracting parameters from the distributions after threshold-
ing implicitly assumes either 1 or 2 components. A stimu-
lated echo correction approach can be used with NNLS.25

Here, we have shown that with stimulated echo correction
integrated into a biexponential fitting approach, accurate
results can be achieved when the SNR is high. To determine
whether BIEXP-SC results in more accurate values than
NNLS, a comparison with simulated echo correction could
be added to NNLS in the future.

Unlike biexponential fitting, NNLS reports the number
of components, N, which has been shown to be a useful
parameter for tissue classification and for improving the
specificity of prostate cancer detection.11 In addition to
slower computational speed and the requirement of initial

estimates, a major drawback of the biexponential approach is
that it assumes N5 2. NNLS would be more appropriate for
the detection of prostate cancer (for which N differs between
healthy and cancerous regions11), and possibly for other
diagnostic applications for which N may be variable.

T2L in the prostate has been reported to be as high as
1000 ms.9,11 In our study, an echo spacing of 11 ms with 96
echoes resulted in a maximum TE of only 1056 ms. This
may have limited the accuracy of estimating the T2L relaxa-
tion time. Longer maximum TEs may be necessary to reduce
the relatively high SDs seen in our in vivo T2L estimates.
Current work used a threshold of 200 ms, as in previous
work. However, derived parameter values would depend on
the threshold used. The optimal threshold could also be
dependent on population characteristics.

The in vivo LWF measurements from our study (0.276
0.07 for PZ and 0.166 0.04 for TZ using NNLS) are in
good agreement with the published values of nonmalignant
PZ (0.246 0.09) and TZ regions (0.206 0.08) in Sabouri
et al.11 Storås et al.9 reported the LWF for 3 types of voxels
in the prostate classified based on T2-weighted signal inten-
sity (low, intermediate, and high). The PZ LWFs in our study
are within the range of those from low-signal regions
reported in Storås et al. (PZ FL5 0.26, range5 0.18–0.34),
and our TZ LWF values are within range of the intermediate
signal regions (central gland FL5 0.20, range5 0.05–0.30).
Both our results and those of Sabouri et al. have lower mean
LWF than the high signal regions from Storås et al. for both
PZ and TZ.

Results show that there is some overlap in LWFs
between normal PZ and TZ. This is not unexpected in the
prostate because there is heterogeneity within each zone.
Averaging the parameter values over the entire zone gives a
coarse estimate of the LWF. The relatively wide SDs could
be related to underlying heterogeneity in the prostate zones.

TABLE 1 In vivo prostate results

NNLS BIEXP-SC

All Averages Single Average All Averages Single Average

PZ T2S (ms) 976 6 996 6 776 3 826 4

TZ T2S (ms) 896 3 906 3 716 5 736 5

PZ T2L (ms) 6486 137 6496 162 8466 155 9916 196

TZ T2L (ms) 6226 88 6146 88 10226 129 11846 155

PZ LWF 0.276 0.07 0.306 0.06 0.276 0.07 0.296 0.05

TZ LWF 0.166 0.04 0.196 0.04 0.166 0.03 0.206 0.03

In vivo prostate results: Parameter estimates (T2S, T2L, and LWF) are shown for two zones (PZ and TZ) of the in vivo prostate, measured by NNLS and BIEXP-
SC. Results from a single average and all (3) averages are also shown.
BIEXP-SC, biexponential fitting with stimulated echo correction; LWF, luminal water fraction; NNLS, nonnegative least squares; PZ, peripheral zone; T2L, long T2;
T2S, short T2; TZ, transition zone.
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In previous studies, the LWI parameters were assessed in
both healthy and cancerous regions, and the parameters have
been related to the histology.11 More studies are needed to
understand which structural or functional aspects of the in
vivo prostate are measured by LWI.

It was shown by Sabouri et al.11 that LWF had the highest
correlation with tumor grade. In contrast, T2 estimates were
not shown to be significantly different between tumor and nor-
mal tissue and had poor correlation with tumor grade. This
suggests that for LWI of prostate cancer, it is more important
for LWF estimates to have higher accuracy compared to those
of T2S and T2L. Monte Carlo simulations from our study
shows that LWF is overall less sensitive to noise compared to
T2S and T2L, demonstrating the utility of using LWF as the
main parameter in LWI for detecting prostate cancers.

This study has several limitations. One limitation is that
the spin echo sequence used for T2 estimation in phantom
experiments may have underestimated the true T2 values
compared to a Carr-Purcell-Meiboom-Gill sequence, which
is less sensitive to diffusion.26 Also, saturation bands were
used in the in vivo scans. Using IVS alone may have been
more suitable because saturation bands can introduce mag-
netization transfer effects due to the application of an off-
resonance RF pulse.27 However, the magnetization transfer
effect from the saturation slabs used in our experiments was
estimated to change the signal by only 1.4%. Using inner
volume excitation has reduced the requirements on the num-
ber of phase encodes compared to that of full-FOV scans.
However, the in-plane voxel size in GRASE (1.93 1.9mm2)
remains above those of clinical prostate T2-weighted scans
(< 13 1mm2). A lower matrix size was necessary to main-
tain acceptable scan times in our study, but continued devel-
opments in sequence acceleration methods can allow smaller
voxel sizes in the future. The T2 values fitted with NNLS
can depend on many factors, for example, whether there is
stimulated echo correction, if NNLS is regularized, the
choice of stopping criteria, or if additional constraints are
added. At low SNR, additional constraints to enforce
smoothness of the T2 distributions may improve the fits.

Our study consisted only of subjects with healthy pros-
tates. Lower luminal water fractions are expected in prostate
cancer compared to healthy tissue,11 suggesting that accurate
T2 estimates will be more difficult to obtain in cancerous
regions. It remains to be determined in future studies if LWI
can be used to distinguish cancer from benign prostatic
hyperplasia and other benign processes in the prostate. There
is no significant difference (by the Wilcoxon rank sum test)
in the estimated LWF between 1 average and all 3 averages,
even with approximately 10% difference in the values. How-
ever, there are significant differences in the estimated T2S

and T2L between 1 average and all averages, suggesting that
a single average is sufficient for the estimation of LWF but
not T2S or T2L. Detection of focal cancer will be more

challenging due to its small size. Other contributions within
the voxel may confound the results. The accuracy of focal
cancer detection with LWI has not yet been proven. Future
studies would be required to assess the detection rate with
respect to tumor volume, including clinically significant
tumors above 0.5 cc. Determining the clinical value of this
sequence would require more extensive evaluation (e.g., in
larger studies that encompass the full range of lesion sizes
and subtypes), with potential benefits weighed against scan
time requirements and voxel size limitations.

Both T2-weighted imaging and DWI continue to be impor-
tant sequences in the multiparametric protocol, and their roles
have been established for the detection and diagnosis of clini-
cally significant prostate cancer. Relative to DWI, prostate LWI
is a newer technique, and as such its role in routine prostate
MRI remains unknown at this stage. However, LWI shows
promise as a quantitative T2 imaging method for several reasons.
As demonstrated by Sabouri et al.,11 the luminal water fraction
in LWI shows strong correlation with tumor grade. Second, a
drawback of DWI (employing single-shot echo-planar imaging)
is that it can be severely affected by susceptibility-induced dis-
tortions. In contrast, LWI is comparatively undistorted. Lastly,
by acquiring images at both short and very long TEs, LWI may
provide additional information that is not present in either DWI
or (nonquantitative) T2-weighted imaging.

5 | CONCLUSION

We have demonstrated that GRASE with IVS is effective for
accelerating prostate LWI by at least 3 times and have also
evaluated the accuracy of luminal water fractions and multi-
component T2 relaxation times. The shortened scan duration
allows the LWI sequence to be easily integrated into a stand-
ard multiparametric prostate MRI protocol. Evaluation of the
accuracy shows that the estimated luminal water fractions are
relatively accurate, but the multicomponent T2 values should
be interpreted with caution in noisy scenarios and when the
fractions are small. Nonetheless, direct quantification of the
relative fractions of T2 components has the potential to reveal
new information that may be valuable for improving the
characterization of prostate cancers.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article.

FIGURE S1 Phantom diagram: A diagram of the phan-
tom, used for validating the volume fractions for two T2
components, is shown. The dimensions were H542 and
W540mm. When an angulated slice is excited, the sig-
nal from the imaged slice in voxels at the interface is
made of two contributions (from each compartment),
which produces a signal that is a mixture of the short-
T2 and long-T2 compartments. With an angulated slice,
a range of different combinations of the fractions
between 0 and 1 (of either the short- or long-T2) are
acquired at once along the imaged slice. The slice thick-
ness was 3mm with an in-plane voxel size of
1.93 1.9mm2.
FIGURE S2 Simulation results varying T2 S and T2L:
NNLS simulation results are shown for various T2S and T2L
parameter values, with a) T2L5{300, 500, 700, 1000}ms
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with T2S fixed to 50ms, b) T2S5{30,50,70,100}ms with
T2L fixed to 500ms, c) four “corner” cases with [T2S,T2L]5
{[100,1000], [30,300], [30,1000], and [100,300]}ms.
FIGURE S3 T2 distributions: Example T2 distributions
for the peripheral zone (PZ) are shown for NNLS, without
regularization. a) The distribution for each voxel is shown
as a map, for all PZ voxels. b) The distribution for each
voxel is plotted, for all voxels in PZ (overlaid). c) The
average distribution is shown with d) the resulting luminal
water fraction map. These T2 distributions correspond to
the images in Figure 5.
FIGURE S4 Subtraction of images between repeated
acquisitions: Example images of the individual signal
acquisitions are shown for echo 4 (TE544ms). The differ-
ence images are also shown between the first and second
acquisitions, and between the first and third acquisitions.
Qualitatively, it can be seen that the prostate is minimally
affected by motion occurring between repeated acquisi-
tions. Most of the signal difference (just below the pros-
tate) results from motion of the colon due to peristalsis.
These images correspond to the maps shown in Figure 5.
FIGURE S5 In vivo parameter estimates: The mean T2 ,S
T2L and luminal water fractions, averaged over all 5 sub-
jects, are shown for the peripheral zone (PZ) and the

transition zone (TZ). Results for both fitting methods
(NNLS and BIEXP-SC) are shown, for all three averages
(“All”) and also for the first average (“a1”). Error bars rep-
resent standard deviations of the mean over all subjects.
Paired groups are significantly different by the Wilcoxon
rank-sum test (P<0.01).
FIGURE S6 Bland-Altman plots of LWF in PZ and TZ:
Bland-Altman plots comparing the luminal water fraction
between two methods (NNLS and BIEXP-SC) are shown
for PZ and TZ regions in the prostate. Pixelwise parameter
values have been combined for all 5 subjects.
TABLE S1 Standard T2-weighted protocol: The scan
parameters are shown for the three standard T2-weighted
scans used. The prostates were imaged in three (axial, sag-
ittal and coronal) orientations.

How to cite this article: Chan RW, Lau AZ, Detzler
G, Thayalasuthan V, Nam RK, Haider MA. Evaluating
the accuracy of multicomponent T2 parameters for
luminal water imaging of the prostate with acceleration
using inner-volume 3D GRASE. Magn Reson Med.
201 ;81:466– https://doi.org/10.1002/mrm.27372

CHAN ET AL.4 |   76 

476.9

https://doi.org/10.1002/mrm.27372

	l
	l

