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Abstract

Objective To develop and evaluate a technique combining eddy current-nulled convex optimized diffusion encoding
(ENCODE) with random matrix theory (RMT)-based denoising to accelerate and improve the apparent signal-to-noise
ratio (aSNR) and apparent diffusion coefficient (ADC) mapping in high-resolution prostate diffusion-weighted MRI (DWTI).
Materials and methods Eleven subjects with clinical suspicion of prostate cancer were scanned at 3T with high-resolution
(HR) (in-plane: 1.0x 1.0 mm?) ENCODE and standard-resolution (1.6 X 2.2 mm?) bipolar DWI sequences (both had 7 repeti-
tions for averaging, acquisition time [TA] of 5 min 50 s). HR-ENCODE was retrospectively analyzed using three repetitions
(accelerated effective TA of 2 min 30 s). The RMT-based denoising pipeline utilized complex DWI signals and Marchenko—
Pastur distribution-based principal component analysis to remove additive Gaussian noise in images from multiple coils,
b-values, diffusion encoding directions, and repetitions. HR-ENCODE with RMT-based denoising (HR-ENCODE-RMT)
was compared with HR-ENCODE in terms of aSNR in prostate peripheral zone (PZ) and transition zone (TZ). Precision
and accuracy of ADC were evaluated by the coefficient of variation (CoV) between repeated measurements and mean dif-
ference (MD) compared to the bipolar ADC reference, respectively. Differences were compared using two-sided Wilcoxon
signed-rank tests (P <0.05 considered significant).

Results HR-ENCODE-RMT yielded 62% and 56% higher median aSNR than HR-ENCODE (b = 800 s/mm?) in PZ and TZ,
respectively (P <0.001). HR-ENCODE-RMT achieved 63% and 70% lower ADC-CoV than HR-ENCODE in PZ and TZ,
respectively (P <0.001). HR-ENCODE-RMT ADC and bipolar ADC had low MD of 22.7 x 10 mm?/s in PZ and low MD
of 90.5x 10® mm?s in TZ.

Conclusions HR-ENCODE-RMT can shorten the acquisition time and improve the aSNR of high-resolution prostate DWI
and achieve accurate and precise ADC measurements in the prostate.
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Introduction signals, such as by mapping the apparent diffusion coeffi-

cient (ADC), can provide tissue-specific physiologic and

Diffusion-weighted MRI (DWI) is one of the key com-
ponents of multi-parametric (mp) MRI for diagnosis and
grading of prostate cancer (PCa) [1]. Analysis of DWI
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microstructural information to aid the characterization of
PCa aggressiveness [1-3].

High-spatial-resolution prostate DWI (e.g., in-plane reso-
lution < 1.0 x 1.0 mm?) has potential to provide finer depic-
tion of prostate tissue and improve conspicuity of lesions
with diffusion contrast [4—8], compared to standard prostate
DWI with in-plane resolution limited to around 1.6 2.0 to
2.0x2.0 mm?, and can enable ADC mapping with reduced
partial volume averaging effects [9, 10], which may improve
the delineation of PCa when the tumor is intermixed sub-
stantially with adjacent normal tissue and smaller imag-
ing voxels are desired for better tumor differentiation [5,
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10]. However, the signal-to-noise ratio (SNR) penalty with
smaller voxel sizes makes it technically challenging [11],
especially with the increasingly common practice of using a
phased-array body coil instead of an endorectal coil for pros-
tate MRI [12, 13]. Since standard prostate DWI at moderate
in-plane resolution (e.g., 1.6x2.0 mm?) already acquires
multiple repetitions to perform signal averaging (e.g., 610
repetitions) to address the intrinsically low SNR [14], further
increasing the number of scan repetitions to maintain SNR
for higher spatial resolution may lead to prolonged exam
durations.

The eddy current-nulled convex optimized diffusion
encoding (ENCODE) framework is a recently proposed
diffusion waveform design technique [15—17] that auto-
matically minimizes echo time (TE) while compensating
for eddy current effects from diffusion encoding gradients
for any given DWI protocol. It was recently shown that
ENCODE single-shot echoplanar imaging (EPI) prostate
DWI [17] improved SNR by maintaining a short TE to limit
T, signal decay while reducing eddy current-induced distor-
tion in the prostate compared to conventional twice-refo-
cused bipolar and monopolar DWI waveforms, especially
for protocols with longer EPI readout [15, 18, 19], i.e., those
associated with higher spatial resolution. On the other hand,
DWTI using reduced field-of-view (FOV) acquisition in the
phase encoding direction has also been demonstrated to be
an effective technique in limiting susceptibility-induced dis-
tortion for achieving higher spatial resolution for prostate
DWI [7, 20]. This indicates that combining ENCODE with
the reduced-FOV (rFOV) technique could be an advanta-
geous DWI acquisition strategy for high-resolution prostate
DWI with short TE and reduced geometric distortion due
to eddy current and susceptibility effects. However, such
a high-resolution DWI technique is still expected to suffer
from SNR losses proportional to the reduction in voxel size
(e.g., from 1.6x2.0 to 1.0x 1.0 mm? in-plane resolution),
and maintaining SNR remains a challenge.

Recently, random matrix theory (RMT)-based denois-
ing techniques, such as Marchenko-Pastur principal com-
ponent analysis (MP-PCA) [21, 22], achieved promising
performance in reducing thermal noise for diffusion MRI
by exploiting the redundancy of noise statistics and anatomi-
cal/functional information shared across multiple diffusion
encoding strengths/directions and repeated acquisitions (i.e.,
signal averaging) inherent to DWI protocols [22]. Moreover,
based on RMT, a data-driven threshold can be automatically
determined to distinguish between the noise-only and signal-
carrying components for effective denoising while preserv-
ing the underlying signals that contain anatomical and func-
tional information [22, 23]. MP-PCA denoising of diffusion
MRI has been demonstrated in multiple organs including the
prostate [24], but it has not been specifically evaluated in the
context of improving SNR for high-spatial-resolution (e.g.,
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1.0 x 1.0 mm?) prostate DWI. Since ENCODE acquisition
and RMT-based denoising each address the SNR limitations
of high-resolution prostate DWI from the acquisition and
reconstruction perspectives, respectively, the joint appli-
cation of both methods may lead to further improvements
in maintaining SNR. At the same time, with RMT-based
denoising, the required number of scan repetitions to achieve
desirable SNR can potentially be reduced. This can shorten
the acquisition time and reduce sensitivity to motion in pros-
tate DWI.

Therefore, the purpose of this study was to develop a
combined ENCODE-RMT technique which can accelerate
the scan and improve the SNR and robustness of ADC map-
ping for high-resolution (in-plane: 1.0 1.0 mm?) prostate
DWI. Specifically, the improvement in ENCODE DWI SNR
with RMT-based denoising and the associated improvement
in ADC mapping in terms of precision and accuracy in the
prostate were quantitatively measured and evaluated, with
respect to a standard-resolution clinical DWI sequence, in a
pilot cohort of subjects with clinical suspicion of PCa.

Materials and methods

High-resolution ENCODE prostate DWI sequence
and protocol

The high-resolution (HR) ENCODE prostate DWI proto-
col was designed to have the same acquisition time as the
standard-resolution clinical bipolar DWI protocol used at
our institution [25], with matched parameters including b
values, diffusion directions, and repetitions for signal aver-
aging (Table 1). To investigate scan acceleration, the HR-
ENCODE prostate DWI data were retrospectively undersam-
pled from 7 to 3 repetitions (Fig. 1). As the DWI sequences
in our protocol acquired multiple b-values and diffusion
directions in an inner loop and scan repetitions in an outer
loop, this retrospective undersampling strategy is consist-
ent with an accelerated DWI scan using fewer repetitions.
With reduced repetitions, the effective acquisition time can
be reduced from 5 min 50 s (7 repetitions) to 2 min 30 s (3
repetitions). The main difference between the HR-ENCODE
DWI protocol and the standard bipolar DWI protocol was
the application of outer volume suppression RF pulses in the
high-resolution protocol to null the signals from tissue out-
side of the desired FOV centered around the prostate [26],
which enabled a reduction in the phase encoding FOV (PE-
FOV) to achieve an FOV of 220 x 124 mm? and an imaging
matrix with higher in-plane spatial resolution of 1.0 1.0
mm? vs. 1.6X 2.2 mm? in the standard full-FOV (260x 216
mm?) prostate DWI protocol while limiting B, inhomoge-
neity-induced geometric distortion [7, 20, 26].
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Table 1 Sequence parameters for high-resolution ENCODE prostate diffusion MRI and clinical standard-resolution twice-refocused bipolar dif-

fusion MRI. SPAIR: SPectral Attenuated Inversion Recovery

Parameter High-resolution ENCODE Standard bipolar
Echo time (TE) (ms) 66; 73* 80

b value (s/mm?) 0, 100, 400, 800

Repetition time (TR) (ms) 4800

Field of view (mm?) 220x124° 260%216
Acquired resolution (mm?) 1.0x1.0 1.6x2.2
Bandwidth (Hz/pixel) 1536 1565
Slice thickness (mm) 3.6

Phase-encoding direction Anterior to Posterior (A-P)

Diffusion directions Tetrahedral encoding

Parallel imaging factor 2

Partial Fourier factor 6/8

Fat saturation method SPAIR

Number of slices 16-20

Repetitions for averaging 7 3 (retrospective undersampling) 7
(Effective) Acquisition time (ms) 5:50 2:30 5:50

#The minimum TE achieved by the ENCODE waveform depends on gradient hardware performance limits. The TE was 66 and 73 ms on a
standard-bore scanner (3T Prisma, Siemens, Germany; Gmax =76 mT/ms; 60-cm diameter bore) and a wide-bore scanner (3T Vida, Siemens,

Germany; Gmax =55 mT/ms; 70-cm diameter bore), respectively

5The high-resolution ENCODE sequence used outer volume suppression RF pulses to reduce the phase-encoding field-of-view and enable image
acquisition with higher in-plane spatial resolution while reducing B, inhomogeneity-induced geometric distortion
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Fig.1 a Diagram for the acquisition order of high-resolution (HR)
ENCODE DWI data. A total of 7 repetitions were acquired in one
scan. Each repetition had 10 encodings with different b-values and
diffusion directions (3 for non-zero b-values). We assigned the 1st to
the 3rd repetition as Set 1 and the 4th to the 6th repetition as Set 2.
These 2 sets emulated 2 acquisitions using accelerated HR-ENCODE
DWI. b Diagram showing the analysis of apparent signal-to-noise

The achievable reduction in PE-FOV depended on spe-
cific peripheral nerve stimulation limits on each MRI system,
and the minimal PE-FOV permitted on each scanner under
a parallel imaging acceleration factor of 2 were used for
HR-ENCODE DWTI protocols, which reduced PE-FOV by
40% compared to standard full-FOV prostate DWI. Overall,
the EPI readout duration characterized by EPI time-to-echo

3 repetitions

)

7 repetitions

(Set 1)

Denoising pipeline

Denoising pipeline

Standard
bipolar DWI

Bland-Altman
analysis

ratio (SNR) and coefficient of variation (CoV) of ADC using data
from Set 1 and Set 2. ¢ Diagram depicting the analysis of appar-
ent diffusion coefficient (ADC) accuracy used in this study. HR-
ENCODE-RMT ADC results from 3 and 7 repetitions were compared
with ADC from standard-resolution bipolar DWI using Bland-Alt-
man analysis

increased from 17 ms (full-FOV with standard resolution of
1.6 2.2 mm?) to 24 ms for reduced PE-FOV (rFOV) high-
resolution 1.0 x 1.0 mm? protocols.

Under identical gradient hardware parameters to reach a
maximum b-value of 800 s/mm? with tetrahedral diffusion
encoding [27] for high-resolution rTFOV DWI protocols,
the minimal achievable TE using ENCODE, conventional
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twice-refocused bipolar, and conventional monopolar
waveforms were 66/98/69 ms and 73/93/71 ms on one
standard-bore whole-body 3 T MRI system (Gmax =76
mT/ms, 60-cm diameter bore; Prisma, Siemens Health-
ineers, Erlangen, Germany) and one wide-bore whole-
body 3 T MRI system (Gmax =55 mT/ms, 70-cm diameter
bore; Vida, Siemens, Germany), respectively. ENCODE
achieved nearly identical or shorter TE than monopolar
DWI with the additional benefit of eddy current compen-
sation, and always reduced TE by about 20 ms compared
to bipolar DWI for both scanners, highlighting the advan-
tages of ENCODE for reducing TE (improving SNR) com-
pared to conventional DWI sequences for high-resolution
prostate DWI. For the detailed descriptions of ENCODE
waveform design, we refer the readers to the prior publica-
tions [15, 17].

Theoretical and application-specific considerations
for RMT-based denoising

Based on RMT, for a low rank 2D matrix contaminated
by additive noise with an independent identically distrib-
uted (i.i.d.) zero-mean Gaussian distribution [21, 22], the
asymptotic distribution of noise-only component singular
values will follow the Marchenko-Pastur (MP) distribution
[21], while the signal-carrying components will appear as
“spiked” singular values falling on the right side of the
bounded MP distribution. This RMT-based model of noise
provides a data-driven threshold to distinguish the signal
from noise components in the singular value spectrum
domain for denoising using MP-PCA [22, 23].

MP-PCA has been used to denoise magnitude images
in DWI and has proven to be effective for datasets with
moderate SNR (e.g.,> 10) [22]. However, for low SNR
applications (e.g., <5 for high-resolution DWI), applying
MP-PCA on complex DWI data becomes necessary for
effective denoising [28-30], as the Rician noise distribu-
tion of magnitude data no longer approximates the Gauss-
ian distribution [31].

In addition, the choice of the dimensions (e.g., 3D or
2D) of the local spatial kernel for forming the locally low
rank matrix for MP-PCA also depends on the properties of
the specific dataset. In contrast to most brain DWI applica-
tions that have isotropic high resolution (e.g., 1.25° mm?),
prostate DWI is commonly acquired with substantially
higher in-plane resolution than slice resolution [14]. This
can cause larger signal intensity and phase differences
across voxels along the slice direction [32]. Thus, the use
of 2D local spatial kernels for denoising complex prostate
DWI data with MP-PCA is more appropriate to satisfy the
spatial locally low rank assumption.

@ Springer

RMT-based reconstruction and denoising pipeline

Inspired by prior work on RMT-based denoising [22, 28-30,
33] and motivated by the theoretical and application-spe-
cific considerations mentioned in the previous section,
we designed a reconstruction, denoising, and processing
pipeline for HR-ENCODE DWI (Fig. 2). The main steps in
our pipeline are described below. We considered the HR-
ENCODE DWI data to be a 5D matrix with dimensions of
N, by Ny in each slice, N, slices, N, coil channels, and
a total of N different contrasts. The N contrasts were
images from all the b-values, diffusion directions, and repeti-
tions. In this study, all the data were acquired with N ;=30
(i.e., 3 repetitions X [1 direction X (1 b-value=0 s/mm?) +3
directions X (3 b-values = 100, 400, 800 s/mm?)]).

1. A separate noise scan (part of the calibration scan for
DWI) was used to estimate the inter-coil-channel noise
covariance matrix, which was then used to de-correlate
the received DWI signal and noise across coil channels
in the actual acquisition through Cholesky decomposi-
tion [29, 34].

2. A 3-line navigator was used to perform linear phase cor-
rection of k-space data [35] for reducing the ghosting
artifacts resulting from misalignment of odd and even
EPI echoes.

3. The parallel imaging (PI) undersampled complex
k-space data (R=2) were Fourier Transformed to image
space to generate aliased complex-valued multi-coil DW
images.

4. MP-PCA denoising was performed on the aliased com-
plex DW images. For each coil channel from each slice,
images from all the b-values, diffusion directions and
repetitions were first concatenated into a 3D matrix with
dimensions of N, X Ny X Ny;z=N, X N, X 30. Then, a
local patch with size 3 X 3 X N was extracted. The spa-
tial dimension of the local patch was flattened to form
a 2D matrix with a size of 9 X Nz MP-PCA denois-
ing was applied to this 2D matrix to suppress the noise.
This was repeated for all the 3 X 3 X N local patches.
Because the local patches were extracted using a sliding
window approach (sliding step size= 1 sample in both x
and y dimensions), a voxel could be included in different
local patches and have multiple denoised results. These
different denoised results were averaged in each voxel.
The MP-PCA denoising process was then repeated for
all the N, coil channels and all N slices. We chose a
minimal local kernel size of 3 x 3 for MP-PCA to better
satisfy the locally low rank assumption. This implied
that we assumed the voxels at directly adjacent spa-
tial locations (differing by 1 voxel position) to exhibit
some degree of correlation. We did not choose a larger
patch size such as 5 X 5, which would assume that tissue
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Fig.2 Reconstruction pipeline for high-resolution ENCODE prostate
DWI with random matrix theory (RMT)-based denoising. After noise
decorrelation, EPI odd and even echo phase correction was applied
using the 3-line navigators. The data were inverse Fourier Trans-
formed to the image space to generate aliased images. Marchenko—
Pastur distribution-based principal component analysis (MP-PCA)
was applied to denoise the complex signals by utilizing the informa-

signals separated by two voxels were also similar. The
choice of a small kernel size, such as 3 X 3x3, was also
shown to be effective in prior studies applying MP-PCA
for denoising isotropic high-resolution brain DWI data-
sets [29, 36].

After MP-PCA denoising, the images were inverse Fou-
rier Transformed to k-space for GRAPPA reconstruc-

v

[ Magnitude signal averaging ]

[ Trace-weighted DWI, ADC maps ]

tion redundancy of DWI data across different diffusion encodings
including b-values/directions/repetitions. After denoising, GRAPPA
parallel imaging reconstruction was performed to remove the aliasing
artifacts. Partial Fourier reconstruction and adaptive coil combination
were later applied to generate the final reconstructed DWI images.
Averaged trace-weighted DWI and ADC maps were computed from
the denoised DWI images

tion [37]. Partial Fourier reconstruction and adaptive
coil combination [38] were performed to combine the
MP-PCA denoised multi-coil DWI data.

Finally, we averaged the DWI data over multiple repeti-
tions and computed trace-weighted DWI by taking the
geometrical mean over 3 orthogonal diffusion directions
for b>0 s/mm?. ADC maps were calculated from DWI
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using a simple least-squares fit to a mono-exponential
signal decay model across DWI signals at 4 b-values (0,
100, 400, 800 s/mm?).

Experiments

In this Health Insurance Portability and Accountability
Act of 1996 (HIPAA) compliant and Institutional Review
Board (IRB) approved study, 11 male subjects (age: 63 + 11
years, body-mass index [BMI]: 25.3 + 6.5 kg/m?; prostate-
specific antigen [PSA] levels: 5.8 + 2.4 ng/ml) with clinical
suspicion of PCa were recruited and scanned on two 3 T
MRI systems using phased-array body coils. 6 subjects were
scanned on a standard-bore scanner (Prisma, Siemens, Ger-
many) and 5 subjects were scanned on a wide-bore scanner
(Vida, Siemens, Germany). Scanner gradient specifications
were reported in the previous section regarding ENCODE
sequence design. The imaging protocol consisted of a high-
resolution T,-weighted (T2w) 2D Turbo Spin Echo (TSE)
MRI sequence [25], a standard-resolution (in-plane resolu-
tion: 1.6 x 2.2 mm?) clinical bipolar single-shot EPI DWI
sequence used in the mpMRI protocol [25] in our institu-
tion, and the high-resolution (in-plane resolution: 1.0x 1.0
mm?) ENCODE single-shot EPI DWI sequence with iden-
tical acquisition time (TR =4800 ms and 7 repetitions for
signal averaging) and slice thickness of 3.6 mm as clinical
DWI. The detailed imaging parameters for DWI are listed
in Table 1. The number of activated receiver coil channels,
automatically determined by the scanner for each subject,
ranged from 10 to 20.

We performed our proposed RMT-based denoising recon-
struction offline for (1) the HR-ENCODE datasets with 7
repetitions and (2) the retrospectively undersampled HR-
ENCODE datasets with 3 repetitions (Fig. 1). For standard
resolution bipolar DWI, images and ADC maps generated
from the scanner were used.

Analysis and evaluation
Residual properties of RMT denoising

To validate that the proposed RMT-based denoising and
reconstruction pipeline properly removed additive zero-
mean Gaussian noise components with minimal removal of
anatomical information, one subject was randomly chosen
from the study cohort for analysis of the residuals. From this
subject, the complex residuals (real and imaginary parts of
DWTI signals) calculated as the difference between the RMT-
based denoising result (from 3 repetitions) and the input
data across all receiver coil channels (e.g., 20), all 16 slices,
and all diffusion encodings were pooled together (~5x 108
data points) as a set of samples to be compared against a
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zero-mean Gaussian distribution. After normalization with
respect to the estimated noise standard deviation (o) calcu-
lated from all residual samples, the mean and the standard
deviation of the residual distribution were reported with 95%
confidence intervals.

Apparent SNR measurement in prostate zonal
regions

We quantified the apparent SNR gains within the pros-
tate peripheral zone (PZ) and transition zone (TZ) in HR-
ENCODE-RMT datasets with 3 scan repetitions (Fig. 1).
We used the first 3 repetitions (i.e., from the 1st repetition
to the 3rd repetition) as the “first set” (s;), and used the
data from the 4th repetition to the 6th repetition as the
“second set” (s,). These two sets were processed using the
proposed pipeline (Fig. 2) separately. This approach emu-
lated repeated acquisitions using HR-ENCODE, each with
3 scan repetitions. The voxel-by-voxel apparent SNR maps
for the averaged trace-weighted image with b-value of 800
s/mm? using HR-ENCODE DWI and HR-ENCODE DWI
with RMT-based denoising (HR-ENCODE-RMT DWI)
were then generated using the 2-acquisition SNR calcula-
tion equation [39]:

mean (5,(r) + 55(r))

SNR =
\/5 standagélggl\llatlon (s1 (r)— sz(r))

The mid-gland slice of the prostate, defined as the central
slice between the most superior slice containing the prostate
base and the most inferior slice containing the prostate apex,
was manually segmented into PZ and TZ by a prostate MRI
researcher (> 6 years of experience) on the standard recon-
structed b =0 s/mm? DWI while referring to the T2w TSE
MRI as an anatomical reference. The segmented PZ and TZ
masks were used to extract mean SNR measurements on the
evaluated b = 800 s/mm? DWI. Because this SNR measure-
ment method relies on 2 acquisitions, we did not perform
apparent SNR measurement in HR-ENCODE-RMT data
with 7 repetitions.

CoV of ADC measurement in prostate zonal regions

We characterized the robustness of ADC measurements in
terms of precision within prostate zonal regions. The coef-
ficient of variation (CoV) of ADC maps from the 2 sets of
HR-ENCODE acquisitions (with each set containing 3 rep-
etitions; see previous section) was computed by taking the
standard deviation of ADC estimates divided by the mean
ADC estimates (Fig. 1b). Similar to region-specific SNR
analysis, the mean of ADC-CoV in prostate PZ and TZ were
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measured and compared between HR-ENCODE DWTI and
HR-ENCODE-RMT DWI.

ADC measurement in prostate zonal regions

To evaluate the accuracy of ADC measurements using HR-
ENCODE-RMT DWI and HR-ENCODE DWI, the ADC
measurements in prostate PZ and TZ were obtained and the
agreement with the standard-resolution bipolar DWI refer-
ence was assessed. This was performed for HR-ENCODE
datasets with both 3 and 7 repetitions (Fig. 1c¢).

Statistical analysis

For noise residual analysis of RMT-based denoising, the
relationship between the log probability density of the set of
residual samples (Inp(r)) versus the squared sample residual
magnitude (+%) in the range of r=0~4 o was examined by
performing simple linear regression, and the slope of the
fitted line was reported. Note that a slope of —0.5 would
indicate a perfect zero-mean Gaussian distribution.

For apparent SNR comparisons between HR-ENCODE-
RMT DWI and HR-ENCODE DWI, we performed two-
sided Wilcoxon signed-rank tests to compare the pair-wise
differences in the median measurements over the study
cohort (N=11 subjects). For each subject, one mean appar-
ent SNR measurement per PZ and TZ region at the mid-
gland central slice of the prostate was extracted from HR-
ENCODE DWI and HR-ENCODE-RMT DWTI and used for
statistical analysis. For comparisons of ADC-CoV between
HR-ENCODE-RMT DWI and HR-ENCODE DWI, pair-
wise differences were evaluated using two-sided Wilcoxon
signed-rank tests. The same PZ and TZ regions used in the
apparent SNR analysis (one mean ADC-CoV measurement
per PZ and TZ region, per subject) in the subjects were used
for the analysis here. For all statistical comparisons, P <0.05
was considered significant.

For comparisons of mean ADC measurements in PZ and
TZ, Bland—Altman analyses were conducted between HR-
ENCODE-RMT DWTI and standard-resolution bipolar DWI,
as well as between HR-ENCODE DWI and standard-resolu-
tion bipolar DWI, using ADC measurements extracted from
the same PZ and TZ regions used in the prior ADC-CoV
analysis. The mean differences in zonal ADC measurements
and 95% limits of agreement were reported.

Results
Residual properties of RMT-based denoising

Results of analyzing the residuals after RMT-based denois-
ing are shown in Fig. 3. From the per-coil channel denoising

residuals, there were no identifiable anatomical details, pro-
viding evidence that the proposed denoising pipeline did not
remove tissue information. After fitting the pooled real and
imaginary parts of the residuals to a Gaussian distribution,
the distribution mean was y=— 0.0000 (95% CI=[-0.0007,
0.0007]) and the normalized standard deviation was 1 (95%
CI=1[0.9996, 1.0004]). The linear regression analysis of the
log probability density of residual samples (Inp(r)) versus
the squared sample residual magnitude (+%) yielded a line
with slope= —0.456 (blue line), which was close to a per-
fectly zero-mean Gaussian distribution with slope = —0.5
(red line). The fitted blue line had a close agreement with the
reference red line in the range of r=0~3 ¢ (r*=0-9), and
only started to deviate slightly beyond 3 ¢, showing that the
residuals after denoising achieved a close agreement with
the zero-mean Gaussian noise statistics assumed by RMT.

Effects of RMT-based denoising on reconstructed
DWI

A representative example showing the qualitative effects
of RMT-based denoising for HR-ENCODE DWI at differ-
ent b-values and associated ADC maps is shown in Fig. 4a.
The effects of denoising were most apparent for the higher
b-values of 400 s/mm* and 800 s/mm*; DWI with b =400
and 800 s/mm? appeared noisy after standard reconstruction,
while RMT-based denoising yielded visually clear and sharp
DWI at all b-values. This example also illustrated the down-
stream effects of noise suppression with RMT-based denois-
ing, which led to improvements in the fitted ADC maps, as
ADC in prostate TZ appeared brighter (higher ADC values
due to reduced noise floor in DWI [40]) compared to stand-
ard reconstruction.

Apparent SNR measurement in prostate zonal
regions

Representative comparisons of apparent SNR maps for
HR-ENCODE DWI and HR-ENCODE-RMT DWI using
data with 3 repetitions are shown in Fig. 4b. Quantitative
comparison of apparent SNR differences between HR-
ENCODE-RMT DWI and HR-ENCODE DWTI at b =800 s/
mm? are shown in Fig. 5a. HR-ENCODE-RMT DWI yielded
62% and 56% higher median apparent SNR in PZ and TZ,
respectively (PZ apparent SNR: 10.29 vs. 6.37, P<0.001;
TZ apparent SNR: 10.03 vs. 6.41, P<0.001), for DWI at
b =800 s/mm? compared to HR-ENCODE DWI.

CoV of ADC measurement in prostate zonal regions
Representative ADC-CoV maps for HR-ENCODE DWTI and

HR-ENCODE-RMT DWI using 3 repetitions are shown in
Fig. 4c. The overall results of ADC-CoV for HR-ENCODE
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(b)  Goodness of fit: complex signal residual to zero-mean Gaussian distribution
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Fig.3 Evaluation of channel-wise noise residuals after random
matrix theory (RMT)-based denoising of high-resolution (HR)
ENCODE prostate DWI. a Comparison between results from HR-
ENCODE DWI using standard reconstruction and RMT-based
denoising for individual coil channels. Results for DWI at b =800 s/
mm? (x direction) from 4 representative coils and the associated resid-
uals (magnitude of the complex residual) are shown. b Goodness of

DWI and HR-ENCODE-RMT DWTI are shown in Fig. 5b.
HR-ENCODE-RMT DWTI reduced median ADC-CoV with
respect to HR-ENCODE DWI by 63% and 70% in the PZ and
TZ, respectively (PZ ADC-CoV: 0.09 vs. 0.24, P<0.001;
TZ ADC-CoV: 0.07 vs. 0.23, P <0.001).

ADC measurement in prostate zonal regions

Representative examples of DWI and ADC maps from
HR-ENCODE DWI and HR-ENCODE-RMT DW]I, as well
as standard-resolution bipolar DWI, are shown in Fig. 6a.
Similar to the example in Fig. 4a, there was noticeable noise
reduction, especially for HR-ENCODE-RMT DWI with
b-value of 800 s/mm? compared to HR-ENCODE DWI. At
the same time, the ADC map appeared darker (lower values)
in the prostate TZ for HR-ENCODE DWI. After applying
RMT-based denoising, the HR-ENCODE-RMT DWI ADC
map became more consistent with the standard-resolution
bipolar DWI ADC map, compared to HR-ENCODE DWI.
Figure 6b shows the averaged DWI signal decay curves
from three techniques in prostate PZ and TZ. The mean
signal decay of HR-ENCODE-RMT DWI was similar to
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(95% CI’ -0.0007, 0.0007)

(95% Cl: 0.9996, 1.0004)

(c) Coil-combined Standard Reconstruction
DWI b=800 s/mm?

[ signal residual
fitted Gaussian

O signal residual
©  Gaussian

Slope = -0.456

normalized to ¢ r

Coil-combined RMT Denoised
DWI b=800 s/mm?

fit for the complex residual data samples (real and imaginary parts
pooled together) across all coils and slices for a zero-mean Gaussian
distribution. The red reference line (slope= —0.5) indicates the ideal
Gaussian distribution. ¢ Comparison of the adaptive coil-combined
DWI at =800 s/mm? using standard reconstruction and RMT-based
denoising

the signal decay of standard-resolution bipolar DWI, with
marked signal reduction at » =800 s/mm>. On the other
hand, HR-ENCODE DWI was affected by the noise floor
effect and exhibited apparent elevation of signal at b =800
s/mm?>. This explains why the HR-ENCODE ADC values
increased after RMT-based denoising—reducing the noise
floor at high b-values will lead to higher ADC estimates
through mono-exponential signal decay fitting [40].
Bland—Altman analysis of the ADC measurements
from different DWI methods is shown in Fig. 7. When
HR-ENCODE data with 7 repetitions were used (Fig. 7a),
the HR-ENCODE-RMT ADC achieved closer agreement
with standard-resolution bipolar ADC in both prostate PZ
and TZ with smaller mean differences (MD) (PZ ADC
MD: 9.6 x 10°° mm?/s; TZ ADC MD: 84.9 x 10 mm?/s),
compared to HR-ENCODE ADC, which had larger MD
(PZ ADC MD: — 278.1x 10°° mm%s; TZ ADC MD:
— 180.6 x 10® mm?/s). When HR-ENCODE data with 3
repetitions were used (Fig. 7b), the HR-ENCODE-RMT
ADC achieved smaller MD (PZ ADC MD: 22.7 x 107°
mm?/s; TZ ADC MD: 90.5 x 10°° mm?/s), compared to
HR-ENCODE ADC, which had larger MD (PZ ADC
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(a) DWI b = 0 s/mm? DWI b = 100 s/mm?

Standard Recon

RMT Denoised

Apparent SNR map for DWI b=800 s/mm?
RMT Denoised

(b)

Standard Recon

Fig.4 a Comparison of high-resolution (HR) (1.0x1.0 mm?)
ENCODE prostate DWI at 4 b-values, and ADC maps using standard
reconstruction and RMT-based denoising. b The apparent signal-to-
noise ratio (SNR) maps for b =800 s/mm? using standard reconstruc-
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Fig.5 a Comparison of mean apparent SNR of b =800 s/mm? high-
resolution (HR) (1.0x1.0 mm?* ENCODE DWI in the prostate
peripheral zone (PZ) and transition zone (PZ) using standard recon-
struction and RMT-based denoising in 11 subjects. b Comparison of

DWI b =400 s/mm?

DWI b = 800 s/mm?

ADC map (10 mm?%s)

2600

tion and RMT-based denoising for HR-ENCODE DWI with 3 rep-
etitions. ¢ The coefficient of variation (CoV) maps of the ADC for
HR-ENCODE DWI with 3 repetitions using standard reconstruction
and RMT-based denoising

(b) Comparison of ADC-CoV
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the mean ADC-CoV in prostate PZ and TZ for HR-ENCODE DWI
using standard reconstruction and RMT-based denoising, as well as
standard-resolution (1.6 2.2 mm?) bipolar DWI with standard recon-
struction, in 11 subjects. IQR: interquartile range
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Fig.6 a Comparison between high-resolution (HR) ENCODE (3 rep-
etitions), HR-ENCODE-RMT (3 repetitions), and standard-resolution
bipolar (7 repetitions) DWI and ADC map. b The mean diffusion-
weighted signal decay curves averaged over prostate peripheral zone

MD: — 264.5x 10 mm?/s; TZ ADC MD: — 166.5x 107
mm?/s) versus standard-resolution bipolar ADC. When
the number of scan repetitions was reduced from 7 to 3,
the MD in ADC between HR-ENCODE-RMT and stand-
ard bipolar DWI slightly increased. Overall, the ADC
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(PZ) and transition zone (TZ) pixels from the three techniques in
the example subject. Note that the effects of the noise floor on HR-
ENCODE DWI were addressed using RMT-based denoising

measurements from HR-ENCODE-RMT with 7 or 3 rep-
etitions both showed low bias when compared with the
standard bipolar DWI measurements.
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Fig.7 a Bland-Altman plots comparing ADC values from high-
resolution (HR) ENCODE and HR-ENCODE-RMT using 7 repeti-
tions versus clinical standard-resolution bipolar DWI in prostate PZ
and TZ. b Bland-Altman plots comparing ADC values from HR-
ENCODE and HR-ENCODE-RMT using 3 repetitions versus stand-
ard bipolar DWI in PZ and TZ. Before denoising, HR-ENCODE with

Representative examples

Additional representative examples of HR-ENCODE-RMT
prostate DWI and standard-resolution bipolar DWI, along
with a T2w 2D TSE MRI anatomical reference are shown
in Figs. 8 and 9.

x10*

ADC values inTZ
w10 HR-ENCODE DWI from 7 repetitions vs. Standard bipolar DWI

1000 ~ .

800 HR-ENCODE-RMT: MD= 84.9; LoA =[324.2,-154.4]
HR-ENCODE : MD=-180.6; LoA =[ 90.6, -451.7]
600 -
B 400f 1
(\l\ ____________________________
E 200 - ° ° * 1
= -3
N 0
0 o
8’- % . o ge o
< pop————————— '**_-*_: ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
< ° °
“00f %9
-600 |
-800 |
-1000 L L L L 1 L L J
800 1000 1200 1400 1600 1800 2000 2290

2
Mean ADC., (mm“/s)

ADC values in TZ

«10c HR-ENCODE DWI from 3 repetitions vs. Standard bipolar DWI
1000 [ T T T T T T |

80/ | HR-ENCODE-RMT: MD= 90.5; LoA = [342.6, -161.5]

HR-ENCODE : MD=-166.5; LoA =[ 92.0,-424.9]
600 | ‘ -4
400
gggggggggg ¢ — — — ]
o 20 c o °
€ i
E o L « 1
N e ion
O -200F E— 0 : 1
a
< o S
qQ o _ e e ___H
-600 |
-800 -
-1000 ! !
800 1000 1200 1400 1600 1800 2000 2200

2 x10°
Mean ADCTZ (mm*®/s)

either 3 or 7 repetitions showed a large negative bias compared with
standard bipolar DWI. By applying the denoising reconstruction (HR-
ENCODE-RMT), the noise in larger b-values were largely suppressed
and the biases were reduced. MD: mean difference. LoA: 95% limits
of agreements

Discussion

The SNR of high-resolution DWI can be improved from
both acquisition (e.g., diffusion encoding and TE) and
reconstruction perspectives. For the most commonly used
single-shot EPI DWI sequence, once the imaging param-
eters such as resolution, FOV, and maximum b-value are
determined, the achievable SNR mainly depends on the
TE of the sequence, which in turn is determined by the
diffusion encoding waveforms. For the evaluated proto-
col, ENCODE reduced TE by ~20 ms compared to twice-
refocused bipolar DWI, which translated to 30%-40% SNR
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DWI b = 0 s/mm?

T2w TSE
ENCODE RMT
7 Repetitions

ENCODE RMT
3 Repetitions

Standard Bipolar DWI

Fig.8 Representative example of high resolution (1.0x1.0 mm?)
ENCODE-RMT prostate DWI, clinical standard-resolution (1.6x2.2
mm?) bipolar prostate DWI, and high-resolution (0.6x0.6 mm?) 2D

DWI b =0 s/mm? DWI b = 100 s/mm?

T2w TSE
ENCODE RMT
7 Repetitions

ENCODE RMT
3 Repetitions

Standard Bipolar DWI

Fig.9 Representative example of high resolution (1.0x1.0 mm?)
ENCODE-RMT prostate DWI, clinical standard-resolution (1.6x2.2
mm?) bipolar prostate DWI, and high-resolution (0.6x0.6 mm?) 2D

gains based on reduced T, signal decay [17]. While DWI
using monopolar diffusion waveforms has similarly short
TE as ENCODE, monopolar DWI has the limitation of
introducing eddy current-induced directionally dependent
prostate distortion artifacts, which impacts the geometric
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T,-weighted TSE MRI anatomical reference from a 69-year male sub-
ject (BMI=22 kg/m?, PSA =6.4 ng/ml, standard-bore scanner)

DWI b =400 s/mm? DWI b =800 s/mm?

ADC map ( 10° mm%s)

T,-weighted TSE MRI anatomical reference from a 67-year male sub-
ject (BMI=24.9 kg/m?, PSA =8.8 ng/ml, wide-bore scanner)

fidelity of prostate DWI [17, 41, 42] unless dedicated
post-processing algorithms are applied to correct for the
misregistration of prostate tissue across DWI directions
[41]. However, the application of post-processing algo-
rithms for eddy current correction may interfere with the
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performance of MP-PCA denoising as non-rigid registra-
tion can distort the spatial noise statistics [43] and violate
the assumptions in RMT. Thus, the specific combination
of TE-minimized ENCODE waveforms with RMT-based
denoising is a compelling strategy to enhance the SNR of
high-resolution prostate DWI while maintaining the geo-
metric fidelity of the prostate.

The denoising and reconstruction pipeline developed in
this study was built upon the original MP-PCA algorithm
[22] and addressed the limitations of Rician noise floor
effects in magnitude-based MRI by using complex DWI
datasets [28-30, 33]. Our noise residual analysis results
showed that the residuals had a close agreement with a
zero-mean Gaussian distribution, therefore demonstrating
the effectiveness of the proposed pipeline for specifically
removing Gaussian noise. Since the evaluated prostate
DWI datasets had anisotropic spatial resolution (in-plane:
1.0x 1.0 mm?; slice thickness: 3.6 mm), a local 2D spatial
kernel including adjacent voxels, instead of a 3D spatial
kernel (commonly used in high-resolution isotropic brain
DWI datasets), was used along with the diffusion encoding
dimension to form locally low-rank matrices for MP-PCA
denoising. The quantitative apparent SNR analysis showed
an average increase of 1.6-fold in PZ and TZ after denoising,
which was similar to results reported in recent high-resolu-
tion brain DWI studies using RMT-based denoising [28, 30,
44]. Our results demonstrated that RMT-based denoising
can also markedly improve SNR for high-resolution prostate
DWI, despite having substantially different data acquisition
conditions compared to brain DWI, such as anisotropic reso-
lution and intrinsically lower prostate SNR using phased-
array body coils.

The need to acquire multiple b-values or directions to
quantify ADC and multiple scan repetitions to improve
SNR can make diffusion MRI a lengthy scan. In this work,
we showed the potential of using RMT-based denoising
to reduce the number of scan repetitions and therefore
reduce the overall acquisition time. We showed that the bias
between ADC measurements from HR-ENCODE-RMT
using three repetitions and standard bipolar DWI (7 repeti-
tions) is low. This may indicate that ADC maps obtained
with HR-ENCODE-RMT with a reduced acquisition time
of 2 min 30 s is comparable to those of the standard bipolar
DWI with an acquisition time of 5 min 50 s. The diagnostic
quality of the ADC maps should be investigated in future
studies through radiologist evaluation. The suitable num-
ber of scan repetitions to achieve the best trade-off between
acquisition time and ADC accuracy will be investigated in
the future.

For the ADC precision analysis, we used the CoV of
ADC as a performance benchmark. Our results showed that
the improvements in apparent SNR in HR-ENCODE-RMT
DWI translated to reductions in ADC-CoV, compared to

HR-ENCODE with standard reconstruction. To evaluate the
ADC accuracy of the HR-ENCODE-RMT DWI, we used
the standard-resolution clinical bipolar DWI sequence at our
institution as a reference, since it has demonstrated stable
performance both qualitatively and quantitatively in aiding
the detection, diagnosis, and risk stratification of PCa as part
of the clinical mp-MRI protocol of our institution [25]. A
perfect agreement was not expected between ADC measure-
ments using different techniques, even when the noise bias
effects are addressed using denoising, as there are differ-
ences in TE caused by different spatial resolution parameters
and diffusion encoding. Based on previous experimental and
theoretical studies reporting the ADC dependency on TE
and diffusion time [2, 17, 45—48] and the understanding that
multiple microscopic tissue compartments in prostate tissue
have distinct compartmental T, and ADC [9, 45-49], a <
20% difference in ADC between bipolar DWI (TE =80 ms)
and ENCODE DWI (TE=66 or 73 ms) estimated using a
mono-exponential signal model was expected. The differ-
ence of ADC measurements between HR-ENCODE-RMT
with three repetitions and standard-resolution bipolar DWI
(22.7 % 10°° mm?/s in PZ and 90.5 x 10 mm?/s in TZ) were
consistent with the expected difference in ADC.

Our HR-ENCODE-RMT prostate DWI technique made
distinct contributions regarding both acquisition and recon-
struction to extend the nascent area of high-resolution
(e.g., in-plane < 1.0 x 1.0 mm?) prostate DWI [5-7]. Prior
high-resolution prostate DWI studies that used phased
array coils (without an endorectal coil) mostly employed a
maximum diffusion weighting with a moderate b-value of
500 ~600 s/mm? [6, 7], while our study employed a maxi-
mum b-value of 800 s/mm?, which was consistent with the
up-to-date Prostate Imaging — Reporting and Data System
(PI-RADS) v2.1 recommendation that the acquired b,,,,
should be 800~ 1000 s/mm? [50] to achieve sufficient sen-
sitivity for low diffusivity prostate tissue such as PCa. The
combination of smaller voxels and higher diffusion weight-
ing (b-value) incurs a stronger SNR penalty for prostate
DWI. Our technique combined HR-ENCODE with RMT-
based denoising to overcome this more challenging imag-
ing condition and even support potential scan acceleration
(2 min 30 s) compared to standard-resolution clinical DWI
(5 min 50 s). An earlier study employing an endorectal coil
for high-resolution prostate DWI found no apparent SNR
and image quality degradation when halving the voxel size
for prostate DWI [5], which was different from the qualita-
tive and quantitative findings in our study, where b =800 s/
mm? DWI using a phased-array body coil had low apparent
SNR without denoising. This was expected as acquisitions
with a phased-array body coil have substantially lower SNR
than scans using an endorectal coil. Therefore, the use of
an advanced denoising reconstruction method such as the
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proposed RMT-based method is critical to address the SNR
challenge for high-resolution prostate DWI.

Recently, advanced denoising methods such as MP-PCA
[24] and deep neural networks [51] have been evaluated
for enhancing the SNR of prostate DWI acquired at stand-
ard resolution (e.g., 1.6 to 2.0 mm in-plane), and showed
promise for reducing the acquisition time of clinical DWI
protocols by reducing the number of required averages for
each b-value [24, 51]. Our study, which specifically focused
on evaluating RMT-based denoising for improving the SNR
of high-resolution (in-plane: 1.0 1.0 mm?) prostate DWI,
showed that advanced denoising could also be valuable for
enhancing the spatial resolution and structural details of
prostate DWI while maintaining SNR and ADC quantifi-
cation robustness without increasing acquisition time (and
even reducing acquisition time).

Although there are advantages of using complex-valued
signals instead of magnitude signals in MP-PCA denoising
when the data has lower SNR, a potential problem is motion-
induced phase variation which can alter signal character-
istics. Datasets with substantial bulk motion (i.e., shift of
prostate tissue boundaries across voxels) were not analyzed
in this work. However, the prostate diffusion MRI datasets
that we analyzed included other effects of motion, such as
shot-to-shot phase variations that occur within voxels. While
our proposed denoising pipeline did not explicitly remove
or correct the remaining motion-induced phase variations,
our experimental results demonstrated that the RMT-based
denoising approach could effectively remove noise with
Gaussian distribution from complex-valued diffusion MRI
datasets. This may be due to the fact that phase variations in
the complex-valued signal across voxels and image contrasts
are low-rank compared to the Gaussian noise components.
Therefore, the RMT assumptions are still satisfied, and the
noise can be separated from the multi-dimensional complex-
valued signal in the spectral domain. To reduce the effects of
residual phase variations in the images, we also performed
magnitude signal averaging prior to trace-weighted averag-
ing, as is often done for DWI applications. More extensive
analysis of the effects of shot-to-shot phase variations on
RMT-denoising performance and DWI processing can be
investigated in the future.

Recent studies have shown that MP-PCA can lead to
spatial resolution issues such as “leaking” across voxels
[52, 53]. This can introduce image blurring and reduce the
effective spatial resolution. In this work, we showed that
the residual signal closely follows a Gaussian distribution.
How this affects the overall image and ADC map quality
could be evaluated via the local perturbation responses [52]
using our proposed pipeline and our HR-ENCODE dataset.
Further evaluation of the diagnostic image quality could also
be conducted in the future.
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In our proposed pipeline, we performed denoising before
GRAPPA reconstruction. This is different from previ-
ous works that performed GRAPPA reconstruction before
RMT-based denoising [30, 54]. To deal with distorted noise
characteristics generated by GRAPPA, previous works used
g-factor correction. However, the localized autocorrelation
effects from GRAPPA cannot be fully corrected simply by
g-factor correction. In our pipeline, the denoising step was
applied on aliased images before GRAPPA reconstruction.
The aliased images can be viewed as a superposition result
of identical images with spatial shift. The effective ranks
of these patches are different from the ones extracted from
the unaliased images. However, the extracted patches from
the aliased images are still low-rank and separable from
the noise components. This is the reason why RMT-based
denoising can still work on aliased images. As shown in our
results, the removed noise components with respect to the
aliased images were still close to Gaussian distributions. In
this work, we chose to perform denoising before GRAPPA
reconstruction so the influence of noise characteristics dis-
tortion from GRAPPA was avoided. Our internal investiga-
tion showed the image quality of the denoised coil-combined
DW images were similar using these two pipelines (with
different orders of GRAPPA and denoising). However,
more thorough investigation of their differences are beyond
the scope of this work. For readers’ reference, the detailed
pipeline of using GRAPPA before denoising can be found
in Supplementary Figure S1. The corresponding denoising
results are also shown in Supplementary Figure S2 (from the
same subject in Fig. 3).

Our study had limitations. First, due to the limited sample
size and the lack of biopsy-confirmed PCa diagnosis in all of
the subjects, we did not perform lesion detection and diag-
nostic performance analysis of the proposed HR-ENCODE-
RMT prostate DWI in comparison with standard-resolution
clinical prostate DWI. The purpose and scope of this study
were to evaluate the technical performance of the proposed
technique in terms of apparent SNR and ADC mapping.
Our results from this technical evaluation will serve as
the foundation to further explore the potential benefits of
high-resolution prostate DWI for PCa diagnosis. Second,
in this study we only evaluated HR-ENCODE DWTI using a
single-shot EPI sequence with rTFOV acquisition. Right now,
there are alternative emerging sequences, such as readout-
segmented (rs) EPI DWI [55] and diffusion-prepared bSSFP
DWI [6], for achieving high spatial resolution. The choice
to focus on single-shot EPI DWI was based on the fact that
it remains the most widely available and commonly used
DWI sequence in clinical and research settings, including
for the investigation of high-resolution DWI [28, 30, 36,
51]. In addition, single-shot EPI has high scan efficiency (2-
to tenfold faster acquisition per image compared to rs-EPI
or diffusion-prepared bSSFP [6, 11, 55]), which facilitates
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RMT-based denoising methods as MP-PCA requires a large
number of diffusion encodings (> 30) to achieve sufficient
redundancy in the multi-dimensional DWI dataset for sepa-
rating signal from noise components. The evaluation of HR-
ENCODE and RMT-based denoising for alternative DWI
sequences could be a direction for future research.

Conclusion

Combining ENCODE diffusion encoding waveforms with
minimized TE and random matrix theory-based denois-
ing can accelerate and improve the signal-to-noise ratio of
high-resolution (in-plane 1.0 x 1.0 mm?) prostate DW1, and
consequently achieved accurate and precise ADC measure-
ments in the prostate. This technical validation study paves
the way for future studies to evaluate the potential benefits
of high-resolution prostate DWI for the detection and diag-
nosis of PCa.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10334-024-01147-w.
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