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Abstract 

Diffusion-weighted imaging (DWI) is an important contrast for prostate MRI to enable early 

and accurate detection of cancer. Single-shot EPI (ssh-EPI) is commonly used for its speed, 

but often exhibits significant geometric distortions. Multi-shot EPI (msh-EPI) can reduce 

these distortions and provides better resolution, but suffers from motion-induced, shot-to-shot 

phase variations. Furthermore, for all EPI-based acquisitions fat signal interference due to the 

chemical shift effect remains a consistent problem. This study introduces a Dixon-3shot-EPI 

protocol with structured low-rank reconstruction for efficient prostate DWI, addressing shot-

to-shot phase variations and simultaneously allowing water/fat separation. Two raters 

compared Dixon-3shot-EPI and standard fat-suppressed ssh-EPI (same scanning time) in a 

cohort of 7 healthy volunteers using a 5-point Likert-scale. From the readers’ scores Dixon-

3shot-EPI showed significantly less geometric distortion compared to ssh-EPI (P<0.01), with 

no significant differences in other aspects (Prostate Edge Definition / Perceived SNR / 

Overall Image Quality: P=0.33/0.09/0.65). In the quantitative comparison, the ADC values 

showed no significant difference between the two protocols in all subjects. Dixon-msh-EPI in 

prostate DWI also offered potential advantages including self-referenced B0 map-driven 

geometric distortion correction, more flexibility for increasing the number of slices to be 

measured or changing TR, increasing spatial resolution, fat-based motion registration, and 

improved fat suppression, particularly against the olefinic fat peak. In conclusion, Dixon-

msh-EPI is a good alternative to ssh-EPI for prostate DWI, allowing a more streamlined 

scanning scheme and providing reduced geometric distortions with improved fat suppression. 
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7.1 Introduction 

Early detection and accurate characterization of prostate cancer are critical for effective 

treatment planning and thus improved patient outcomes. As an important MRI contrast, 

diffusion-weighted imaging (DWI) provides insight into the prostate tissue microstructure by 

capturing the microscopic mobility of water molecules. Consequently, DWI forms a key 

element of the diagnostic pathway for suspected prostate cancer139.  

Single-shot EPI (ssh-EPI) is often preferred for clinical prostate DWI due to its speed and 

simplicity9. Using magnitude signal averaging in the image domain, DW ssh-EPI can 

mitigate artefacts due to the strong motion sensitivity of the diffusion sensitizing gradients 

causing image phase inconsistencies between individual shots62. Whereas many clinical 

studies have been performed using DW ssh-EPI9,140–142, the proximity to the rectum can cause 

severe local susceptibility artefacts and distortions, especially in the presence of gas or 

stool37,61,89,143. Moreover, the long readout time of ssh-EPI may limit the achievable spatial 

resolution39. As an alternative, multi-shot EPI (msh-EPI) techniques have been introduced 

allowing for an increased phase-encoding bandwidth, resulting in significantly reduced 

geometric distortions and shorter TE, enabling thus potentially higher spatial 

resolution39,48,51,144. Recently, such benefits of msh-EPI have been validated in prostate145 and 

female pelvis118 DWI studies. However, a key challenge for msh-EPI is to efficiently and 

effectively correct for the physiological motion-induced shot-to-shot phase variations32. 

Several approaches have been proposed to address this issue, including the use of additionally 

measured phase navigators39, self-navigation-based phase-estimation47,48, and the use of 

structured51,52,119 or locally low-rank49,50 matrix completion. 

Regardless of whether ssh- or msh- EPI is used, fat signals are often a confounding factor due 

to the low diffusivity and short T1 which, if unsuppressed, results in fat appearing bright in 

DWI41,75. The chemical shift effect further complicates matters by shifting fat signals along 

the EPI phase encoding direction, which can obscure tumor visibility, especially when 

attenuated water signals are obscured by the displaced fat signals41,77. Therefore, effective fat 

suppression is essential for EPI-based DWI. While SPectral Attenuated Inversion Recovery 

(SPAIR73) is a common choice in prostate DWI11,143,146,147, it may fail, like other spectral 

selective fat suppression approaches, where B0 offsets are severe41,76,115. Furthermore, the use 

of additional fat-saturation pulses may compromise scan efficiency, especially when 

acquiring more slices or higher through-plane resolution are required in a clinical setting. 
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In our earlier work, a combination of chemical shift encoding with diffusion weighed msh-

EPI (Dixon-msh-EPI) was introduced with associated data-driven, navigator-free 

reconstructions to simultaneously address shot-to-shot phase variations and fat signal 

interference148. The idea was to complement the core attributes of msh-EPI with appropriate 

TE shifts to facilitate Dixon-encoding, avoiding the need for additional fat suppression pulses 

to remove the fat. This prevents affecting the vulnerable water magnetization, which is 

especially relevant for high b-value, diffusion weighting.  

The primary objective of this study is to evaluate the performance of Dixon-msh-EPI as an 

alternative to standard fat suppressed ssh-EPI for prostate DWI. Both techniques are 

compared in quantitative and qualitative manners in a healthy volunteer cohort using 

protocols with similar total scanning time while acquiring four b-values between 0 and 1000 

s/mm².  

In addition, this study explores other advantages of the Dixon-based water/fat separated DWI 

msh-EPI technique, like the possibility of correction of residual EPI geometric distortions 

using the Dixon B0 map, improved opportunities for cross b-value registration by using the 

fat images, and improvement of fat suppression, particularly of olefinic peak signals. 

7.2 Methods 

7.2.1 Reconstruction and post-processing steps  

Chemical shift encoding is a robust technique for estimating water, fat images, and a B0 map 

simultaneously, by acquiring data at multiple ∆TEs to encode phase changes induced by fat 

and B0 off-resonances56,58,81,85,149. To integrate Dixon with msh-EPI for DWI, additional 

constraints are required for an appropriate reconstruction. The MUSSELS algorithm, 

proposed for the reconstruction of fat-suppressed DW ms-EPI images, introduces the Hankel 

matrix into the reconstruction pipeline. This navigator-free approach could help to reconstruct 

phase-corrected DW images from each shot of under-sampled multicoil measurements by 

exploiting the across-shot data low-rank property51,52. To reconstruct the DW image while 

correcting for shot-to-shot motion-induced phase variations, two individual Hankel 

matrices51,52,148 can be used as constraints for the water/fat components, respectively. Those 

guide the complex-valued water/fat image separation. Prior to b>0 s/mm2 image 

reconstruction, a B0 map can be estimated from the b=0 s/mm2 images, because these do not 
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exhibit motion-induced phase errors. The cost function for the b>0 s/mm2 reconstructions can 

be written as:    

{𝑃𝑤, 𝑃𝑓} = argmin
�̂�𝑤,�̂�𝑓 ∈ ℂ𝑄×𝑁×𝐿

‖𝐴𝑃 − 𝑑‖2
2 + 𝜆1‖𝐻(𝐹𝑃𝑤)‖∗ + 𝜆2‖𝐻(𝐹𝑃𝑓)‖

∗
, (1) 

where 𝑃 = [𝑃𝑤 , 𝑃𝑓]𝑇 = [𝜌𝑤,1,1, . . . , 𝜌𝑤,𝑁,1, . . . , 𝜌𝑤,1,𝐿 , . . . , 𝜌𝑤,𝑁,𝐿 , 𝜌𝑓,1,1, . . . , 𝜌𝑓,𝑁,1, . . . , 𝜌𝑓,1,𝐿 , . . . , 𝜌𝑓,𝑁,𝐿]𝑇 

represents the reconstructed complex-valued water and fat images with L shots and N Dixon 

points, d is the measured data and 𝐴 is the model-based water/fat separation system matrix 

described in refs.115,148. The two regularization terms (𝐻(𝐹𝑃𝑤/𝑓)) provide two structured 

low-rank constraints in k-space on the water and fat channels, respectively. These help the 

reconstruction to use the redundant magnitude information between all the different 

“repeatedly” measured data of the same subject (multiple shots/Dixon points), while also 

reconstructing the phase of each individual shot. We refer interested readers to the original 

papers51,52,148 for more details. 

7.2.1.1 Complex-signal averaging 

DWI is a technique that suffers from low SNR, because the moving water signals are 

attenuated during the diffusion sensitizing gradients. Therefore, signal averaging is often 

recommended, which is especially important for SNR-critical prostate high b-value 

DWI140,145,150. A natural advantage of solving Eq. 2 is that both the data consistencies and the 

regularizations are implemented in a complex manner with associated complex signal 

averaging between iterations. This concept is consistent with the post-processing phase 

correction step described in earlier work to restore "real" DWI signals while preserving the 

Gaussian noise distribution151,152. Complex averaging is also of benefit to ssh-EPI 

reconstructions to avoid the non-zero-mean Rician noise that is present when magnitude 

averaging is used. Thus, after reconstructing the individual complex ss-EPI images and 

exporting their phase maps �̂�(𝑥, 𝑦), a spatial low-pass filter (e.g., a 5×5 square convolution 

kernel 152) can be applied for smoothing the phase maps followed by a phase correction using 

a complex rotation:  

𝜌𝑐(𝑥, 𝑦) = 𝜌(𝑥, 𝑦)𝑒−𝑖�̂�(𝑥,𝑦),  (2) 

and final signal averaging152. Supporting information Figure S.1 gives a comparison between 

absolute-value-averaging and complex-averaging in DW ssh-EPI. 
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In this study, and based on the previous work from literature 10, it's assumed that prostate 

tissue shows mainly isotropic diffusion. Therefore, signals from all different directions were 

directly averaged, reconstructing a single combined image for each b-value. Direction-

specific, eddy current- induced, geometric distortions were ignored and not corrected. 

7.2.1.2 B0 map-based geometric distortion correction  

In EPI sequences, signals displaced by geometric distortions can be restored to their original 

locations by modeling the point spread function in conjunction with the associated B0 field 

map37,61,89. An additional B0 map estimation143,147 scan can be recorded to facilitate such 

corrections61,89,143. However, such a B0 map acquired as pre-scan can quickly become 

“outdated” in prostate MRI due to local susceptibility variations, e.g., due to changes in the 

nearby rectum147, and potential scanner center frequency shifts. In case of Dixon-msh-EPI, an 

estimated B0 map is already available from the b=0 s/mm2 data water/fat separation. 

Although the geometric distortions are already reduced in msh-EPI compared to ssh-EPI, the 

B0 map-information could still be used to further correct for residual geometric distortions. A 

straightforward and efficient approach uses the Conjugate Phase Reconstruction (CPR)88,99 

method. 

7.2.1.3 Fat-based registration  

The presence of fat signals in DW-EPI images is undesirable because of its low diffusivity. 

This results in bright fat signal and chemical-shift displacements which might obscure 

important water tissue. Conversely, fat can serve as a valuable reference for tracking 

macroscopic motion, as for example demonstrated in brain studies using an extra fat-selected 

navigator133,153. In Dixon-msh-EPI, fat images are estimated for each reconstruction, 

providing a potential basis for estimating macroscopic motion parameters which can 

subsequently be applied to the water images for correction. This is particularly important in 

scenarios involving high-b value, low-SNR, DW water images (e.g., the b=1000 s/mm2 

component used for calculating ADC), where direct water-based registration might pose 

significant challenges. 

7.2.2 MRI technique  

All experiments were performed using a 3T scanner (Philips Healthcare, Best, The 

Netherlands). A total of 7 healthy male volunteers were included in the study, informed 
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consent was obtained according to the rules of the Institutional Ethics Review Board. All 

were scanned using a baseline prostate multi-slice 2D T2w TSE protocol 

(TE/TR=110/2000ms, in-plane resolution 0.4×0.71mm2) followed by two DW scans, an ssh-

EPI and a Dixon-msh-EPI. To facilitate a comparison, the basic scan parameters of the used 

single-shot EPI and the Dixon-3shot-EPI protocol were matched regarding the same in-plane 

resolution (1.6 mm2), half-Fourier scan parameter (0.632), number of slices (12), and slice-

thickness (3 mm). The effective number of signal averages (eNSA), here defined as the 

number of excitation pulses or EPI-signal read-out trains used, was matched for the highest b-

value (b=1000 s/mm2) between the two DWI protocols. Thus, 4 b-values (b=0, 150, 500, 

1000 s/mm2) were acquired for both sequences with eNSA = 4, 12, 24, 36 for ssh-EPI and 

eNSA=9, 9, 18, 36 for msh-EPI. The discrepancy in signal averaging of lower b-values 

(b<1000 s/mm2) enabled us to match the scan time of the msh-EPI to the ssh-EPI scan (both 

~5 min). The impact of the eNSA discrepancy on SNR for the lower b-values is not evaluated 

in this study. It should be remembered that we assume that the prostate is an isotropic tissue, 

as shown in ref.10 (see section 2.1) and therefore all directions are combined when performing 

signal averaging for each b-value, and a maximum of 4 diffusion directions were measured. 

For all Dixon-msh EPI scans, three Dixon points were chosen, shifted with respect to the 

spin-echo by 0.2ms, 1.0ms, and 1.8ms, respectively. All other scan parameters for the base 

protocols of ssh-EPI and Dixon-msh-EPI are listed in Table 1. The fat-suppressed (SPAIR) 

msh-EPI data were also measured with 4 b-values (b = 0, 150, 500, 1000 s/mm2) and eNSA = 

9, 9, 18, 36. In addition, several other scans with different parameters were performed for the 

msh-EPI to study the dependency on different scan parameters, see "additional scans" in 

Table 1. 

All reconstruction pipelines were implemented in Python 3.8. The ssh-EPI images were 

reconstructed by a basic SENSE30 pipeline for each measurement. Additional phase 

correction with real data averaging was performed for each b-value according to the 

method152 (see Section 2.1.1). For the reconstruction of Dixon-msh-EPI (it will be referred to 

as Dixon-3shot-EPI in the Results section), the structured low-rank reconstruction pipeline of 

our original paper148 was slightly modified to fit the low-SNR prostate data as follows: The 

"magnitude-averaging" step32 is now performed among all different Dixon 

points/shots/diffusion directions for each b-value, ignoring any pixel misregistration in image 

space. The hyperparameters were also chosen to be slightly different from the original work, 

with empirical choices of: (1) a window width of 1/4 of the image matrix size for the 
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triangular filter, applied after each iteration to enforce the smoothness of the phase map, and 

(2) regularization factors λ1 = 0.0015 for the water and λ2 = 0.00025 for the fat channel. For 

the quantitative and qualitative comparison between the two base protocols, CPR for further 

geometric distortion correction was not applied. The fat-suppressed (SPAIR) 3shot-EPI data 

were reconstructed using a modified IRLS-MUSSELS52 algorithm, with a chosen 

regularization factor of 0.002, which reconstructs all diffusion directions/shots jointly. For the 

fat-based registration comparison, a combined registration pipeline with (1) a rigid motion 

registration, (2) followed by a diffeomorphic field154 nonlinear registration was used, 

applying the correction subsequently to the corresponding images. The implementation was 

based on the python package Dipy155 . 

Table 1. sequence parameters.  

 
*based on a clinical protocol from the University College London (slightly modified) 

7.2.3.1 Quantitative image analysis  

Quantitative comparison was performed by comparing ADC values and apparent SNR (aSNR) 

of the two base protocols (ssh-EPI and 3-shot-EPI). The ADC maps were derived pixel-wise 

using a linear fit to the logarithm of the signal values from the four b-values. The ADC values 

are reported as the mean and standard deviation within the ROIs. The ROIs for each 

technique were placed in the transition zone regions, free of signal pile-up to avoid potential 

biases induced by susceptibility-related artifacts. For each subject, 6 central slices were 

sequence fat suppression 
resolution 

(mm2) 

scan 

time 

(min:sec) 

FOV 

(mm²) 

TE / TR 

(ms) 

bandwidth  

in phase-

encoding 

(Hz/pixel) 

base protocols 

ssh-EPI* SPAIR 1.6×1.6 5: 08 220 x 168 82 / 4000 9.1 

Dixon-3shot-EPI Dixon 1.6×1.6 5: 00 250 x 230 54 / 4000 20.4 

additional scans 

Dixon-3shot-EPI SPAIR 1.6×1.6 4: 56 250 x 230 54 / 4000 19.4 

Dixon-3shot-EPI Dixon 1.6×1.6 5: 00 250 x 230 57 / 4000 16.5 

Dixon-3shot-EPI Dixon 1.6×1.6 3: 45 250 x 230 54 / 3000 20.4 
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included in the ADC analysis. ADCs from the two techniques were compared using a paired 

t-test with P-value < 0.05 considered as statistically significant. 

The aSNR was calculated as the ratio between the mean signal intensity within an ROI and its 

standard deviation. The ROIs were selected according to the same procedure as for the ADC 

analysis, except that only a single central slice was selected for each subject. The aim was to 

cover the maximum number of pixels of homogeneous tissue in the transition zone area.  

7.2.3.2 Qualitative image analysis  

The qualitative image analysis was performed by two MRI experts, both with several years of 

experience in interpreting MRI images (prostate and other anatomies). The images acquired 

and reconstructed were arranged as sets, each comprising of all four b-values. A total of 92 

sets were scored (46 for ssh-EPI and 46 for Dixon-3shot-EPI). All sets were presented in 

random slice and MRI sequence order in a double-blind manner to the two readers, who 

judged the image quality based on a 5-point Likert scale150 along four different scoring 

dimensions: 

a. Geometric distortion (1: no; 2: low; 3: intermediate; 4: high; 5: very high) 

b. Prostate edge definition (1: poor; 2: below average; 3: average; 4: above average; 5: clear) 

c. Perceived SNR (1: very low; 2: low; 3: average; 4: high; 5: excellent) 

d. Overall image quality (1: poor; 2: below average; 3: average; 4: above average; 5: 

excellent) 

Qualitative scores were compared between the two base protocols by means of a Wilcoxon 

signed-rank test, with a P-value < 0.05 considered as statistically significant. The inter-rater 

agreement between two readers was assessed using the Kendall 𝜏 test.  
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7.3 Results 

7.3.1.1 quantitative comparison between Dixon-3shot-EPI and ssh-EPI 

 
Table 2. The quantitative measures of ADC and aSNR for Dixon-3shot-EPI, ssh-EPI and each subject. 

ADC values were calculated from all 6 ROIs for each subject for each technique, and the 

corresponding p-values were determined between the two techniques in terms of ADC.  

Results of the quantitative measurements are shown in Table 2 for each subject and each 

technique. There was no significant difference in ADC values between the two techniques (P > 

0.05). The apparent SNR for complex averaged ssh-EPI was found to be higher than that for 

Dixon-3shot-EPI. 

3.1.2 qualitative comparison between Dixon-3shot-EPI and ssh-EPI 

 Dixon-3shot-EPI ssh-EPI P-value 

Geometric distortion 1.54 ± 0.83 2.00 ± 1.20 0.032 

Prostate edge definition 3.98 ± 1.13 3.76 ± 1.16 0.078 

Perceived SNR 3.91 ± 0.78 4.11 ± 0.79 0.007 

Overall image quality 4.02 ± 0.79 3.91 ± 0.90 0.631 

 
Table 3. Qualitative comparison between Dixon-3shot-EPI and ssh-EPI. Aggregated average scores + 

standard deviation are reported for two readers, each of whom independently scored 92 different sets. 

The results of the qualitative comparison between the two techniques by two readers are 

shown in Table 3. There was significantly less geometric distortion in Dixon-3shot-EPI 

ADC  

[×10−3 mm2/s] 

(Dixon-3shot-EPI) 

ADC  

[×10−3 mm2/s] 

(ssh-EPI) 

P-value 
aSNR 

(Dixon-3shot-EPI) 

aSNR 

(ssh-EPI) 

1.25 ± 0.36 1.28 ± 0.30 0.056 7.29 8.76 

1.54 ± 0.25 1.54 ± 0.27 0.499 8.92 12.49 

1.21 ± 0.25 1.19 ± 0.27 0.230 5.82 6.51 

1.28 ± 0.20 1.25 ± 0.23 0.053 9.01 9.37 

1.26 ± 0.27 1.29 ± 0.36 0.181 8.28 9.88 

1.22 ± 0.24 1.25 ± 0.30 0.062 8.81 10.40 

1.31 ± 0.22 1.32 ± 0.27 0.714 10.15 12.25 
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compared to ssh-EPI (P<0.01), whereas there was no significant difference in all other 

aspects between the two techniques (Prostate Edge Definition / Perceived SNR / Overall 

Image Quality: P=0.33/0.09/0.65). The Kendall 𝜏 correlation indicates good reader agreement 

for most aspects of ssh-EPI (𝜏  = 0.50/0.56/0.71 for Geometric Distortion/Prostate Edge 

Definition/Overall Image Quality, all P < 0.01) and Dixon-3shot-EPI (𝜏 = 0.68/0.57/0.63, all 

P < 0.01). However, for Perceived SNR, ssh-EPI shows good agreement (𝜏 = 0.56, P < 0.01), 

while Dixon-3shot-EPI shows moderate agreement (𝜏 = 0.39, P < 0.01). 

7.3.2 Geometric Distortion reduction 

Figure 1 (A) and (B) show images of two different slices of one volunteer, obtained using the 

base protocols (ssh-EPI, and Dixon-3shot-EPI) with two additional T2w TSE images for 

reference as well as the calculated ADC maps. The Dixon-3shot-EPI images were further 

post-processed with CPR for further geometry correction. Furthermore, the corresponding fat 

images obtained from the Dixon-3shot-EPI are shown as an additional contrast for 

radiological interpretation. The lower geometric distortion of Dixon-3shot-EPI compared to 

ssh-EPI is clearly visible, especially when comparing the data to the corresponding T2 

weighed TSE scan. Furthermore, additional geometric distortion corrected data are shown, i.e. 

after applying CPR. The water-fat merged T2w images may provide an alternative option for 

visual-reference or image-registration algorithms to spatially align the high-resolution T2w 

FSE images with distorted DWI. It should be noted that, based on the complex averaging 

property of the reconstruction pipeline for Dixon-3shot-EPI data, and the additional post-

processing of the ss-EPI data no Rician noise bias was induced into the ADC calculation. 
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Figure 1. Comparison of three techniques (ssh-EPI, Dixon-3shot-EPI without CPR and with CPR). 

Prostate DW images (b=0 s/mm2 and b=1000 s/mm2) for two slices of one volunteer are given. The 

left columns of (A) and (B) show the corresponding fat-unsuppressed T2w TSE images for anatomical 

reference, along with water/fat merged b=0 s/mm2 images from the Dixon-3shot-EPI for comparison. 

The right part of (A), (B) show a comparison between the 3 techniques (Dixon-3shot-EPI with / 

without CPR and ssh-EPI) and the corresponding ADC maps. No fat images for the ssh-EPI are 

available due to the use of SPAIR. The increased bandwidth along the phase-encoding direction of the 

Dixon-3shot-EPI results into less geometric distortions for both slices and b-values. In addition, the 

B0 map estimated from the Dixon data can directly be used to further correct “remaining” geometric 

distortions via a conjugate phase reconstruction (CPR). Note, the red reference lines from the T2w 

TSE help the eye to judge the geometric distortions on the water DWIs (only added to b=0 data).  
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7.3.3 Shorter TR 

 

Figure 2. Comparison of prostate DWI results of one subject measured with two different TRs. The 

apparent SNRs for b=1000 s/mm2 are 9.00 and 7.73 for TR = 4s and 7.49 and 7.11 for TR = 3s. This 

slight SNR drop can be explained by less T1 recovery for the TR 3s case.  

Figure 2 shows a comparison between two scans of the same subject but with different TR. 

There is a slight loss of SNR when the TR was decreased (from 4 s to 3 s), which is 

consistent with basic MR physics taking the prostate T1 into account. However, the total scan 

time was reduced by more than one minute, which can be considered significant in a clinical 

setting (Table 1). Scan efficiency is especially crucial for prostate scans, as peristaltic motion 

can occur as well as changes in bladder shape as one can clearly see in Figure 2, even though 

the two images were taken immediately after each other.  

Note, that with the current scan settings, both ssh-EPI and 3shot-EPI cannot acquire all 12 

slices within a single TR package (3s) when using SPAIR-based fat suppression. This means 

that either less slices or a longer total scanning time must be accepted compared to the Dixon-

msh-DW EPI approach. 
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7.3.4 High-resolution DWI for prostate 

 

Figure 3. Comparison of Dixon-3shot-EPI DWI images acquired at different in-plane resolution. A 

selected slice of a subject's prostate is shown. Four b-values along with the corresponding ADC maps 

are given for a 1.6 mm (top row) and 1.3 mm (bottom row) in-plane resolution scan, respectively. The 

1.3 mm in-plane resolution images show improved sharpness in the inner prostate structures and in 

surrounding muscle tissue compared to the slightly lower resolved ones.   

A notable advantage of msh-EPI is that the shorter readout window allows for higher 

resolution. Figure 3 shows prostate images of a subject with an in-plane resolution of 1.6 mm 

and at a slightly higher resolution of 1.3 mm. The improvement in resolution can be seen, 

although there is also a noticeable loss in SNR since the scanning time was kept almost 

untouched. However, the gain in resolution can be appreciated in the ADC maps.   
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7.3.5 Fat-navigator for registration 

 

Figure 4. Provoked gross motion and cross b-value registration (macroscopic motion-correction). 

Data from a selected slice of one subject's prostate are shown for four b-values. (A) shows water DWI, 

(B) fat DWI data. The top row in (A) shows original data, with the corresponding ADC map on the 

right. In the next rows two different registration approaches have been used: (1) using fat images for 

registration (fat-registered), and (2) directly registering the water images (water-registered). The 

original images were acquired with the subject asked to move between the different b-value 

acquisitions in the anterior-posterior direction, and this motion was assisted by removing support-pads. 

A clear spatial mismatch can be seen in both water and fat images. When the fat images were used as 

input for the registration, the inner structure is registered nicely as shown by the red arrow, while 

direct registration from water did distort the inner structure (red arrows) and generated blurring in the 

final water ADC maps.  

Figure 4 shows a prostate scan of a subject who was requested to slightly move the body 

during the b = 500 s/mm2 and b = 1000 s/mm2 scans to simulate some macroscopic motion-

induced in-plane inconsistencies. The reconstructed images were (1) fat registered by 

estimating motion parameters through the reconstructed fat images for each b-value, and (2) 

water registered by directly estimating the motion parameters for the water images of each b-

value. A deformation can be observed in the water-registered case as marked by red arrows, 

mainly due to the low SNR in the b=1000 mm2/s water image for the non-linear registration. 
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7.3.6 Fat-suppression 

 

Figure 5. Prostate DWI using 3shot- and ssh-EPI and different fat suppression or separation 

approaches. Images (b=1000s/mm²) from a selected slice of one subject are shown. The first row 

shows SPAIR-fat suppressed 3shot-EPI (water) and Dixon-3shot-EPI (showing water and fat 

separately) in their original FOV. Some unsuppressed fat signals from the posterior region can be seen 

that have moved up to cover the muscle tissue. Whereas the Dixon method does a better job 

suppressing those signals (indicated by the red arrows). The second row provides zoom-ins. The first 

3shot-EPI images (from the red squares above) are acquired at TE = 54ms, next to an ssh-EPI image 

acquired at TE = 82ms. Due to the T2 relaxation, the problematic olefinic fat signals have faded to 

noise level in the ssh-EPI and don't interfere with the prostate tissue signal. In comparison, at the 

shorter TE, some fat signals are still present in the center of the 3shot-EPI + SPAIR image, covering 

the prostate (yellow arrows). However, this can be avoided by employing Dixon-3shot-EPI. 

Figure 5 shows a comparison between 3 approaches of fat suppression. The most difficult 

peak for fat-saturation techniques such as SPAIR, is the olefinic peak which is close to the 

water resonance (~0.61 ppm). Such an unsaturated fat artefact caused by olefinic signal can 

be appreciated in the b=1000 s/mm2 msh-EPI SPAIR data. However, it can be nicely 

separated by Dixon since the signals are chemical shift encoded and a proper multipeak fat 

spectrum model can be employed. Note that due to the short T2 of this peak (38.7 ms), the 

olefinic signal has already dropped into the noise level for ssh-EPI with a typical TE of 82 ms. 

However, when acquiring data at TE = 54 ms with msh-EPI, it can be clearly observed. 

In addition, in the ssh-EPI with SPAIR in one subject, a failure of fat suppression was 

observed, mainly due to severe B0 inhomogeneities, as shown in Supporting Information S.2. 
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7.3.7 ADC mapping 

 

Figure 6. Prostate T2w TSE images and corresponding ADC maps measured with Dixon-3shot-EPI 

and ssh-EPI. Selected data of three volunteers are given highlighting imaging problems. TSE images 

are shown for anatomical reference. In the first volunteer (top row), signal pile-up in ssh-EPI causes 

an erroneous ADC mapping with abnormally high ADC values (marked by red arrows), whereas 

Dixon-3shot-EPI can significantly reduce such errors. In the second volunteer (middle row), Dixon-

3shot-EPI is less sensitive to the susceptibility artifacts (red arrows) and provides more stable ADC 

mapping compared to ssh-EPI. In the last volunteer (bottom row), although no dramatic artifacts can 

be seen in the ssh-EPI ADC map, the Dixon-3shot-EPI shows a better match with respect to position 

and shape of the prostate along the phase encoding direction when compared to the TSE image 

(marked by a pair of red bars). 

Figure 6 shows ADC maps of Dixon-3shot-EPI and ssh-EPI from three slices of three 

different volunteers. Compared to the TSE T2w images as anatomical reference, ssh-EPI 

shows severely degraded ADC mapping in certain regions (red arrows), mainly due to the 

geometric distortion induced by the inhomogeneous B0 field around air-tissue boundaries. In 

contrast, Dixon-3shot-EPI provides better ADC mapping at the corresponding regions. 

7.4 Discussion 

This study showed that Dixon-msh-EPI significantly outperformed ssh-EPI in reducing 

geometric distortions, mainly caused by the presence of bowel gases, improving the potential 

diagnostic value at the expense of a slight loss in SNR for the same scanning time. When 
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scoring overall image quality, the Dixon-msh-EPI was qualitatively on a par with ssh-EPI for 

diffusion weighted prostate imaging. The direct access to fat in Dixon-msh-EPI, offers 

additional advantages enabling the use of fat as a navigator for gross motion correction and as 

additional diagnostic information. With the help of the chemical shift encoding concept and 

the data driven shot-phase navigation, the DW Dixon-msh-EPI sequence performs diffusion 

and chemical shift encoding simultaneously in an efficient and compact manner. 

Quantitative prostate ADC assessments demonstrated a high agreement between the two EPI 

methods, with no statistically significant difference. Comparing the SNR, the ssh-EPI showed 

a slightly higher mean aSNR (<14%), for the same, fixed total scanning time. In this context, 

for both sequences similar effective NSAs (eNSA) were used for the individual b-values 

(defined as the number of EPI read-out trains following 90° excitation). The shorter total 

acquisition window of msh-EPI compared to ssh-EPI resulted in a SNR loss, which was only 

partly compensated by the higher signal at shorter TE (healthy prostate T2: 90~140 ms156). 

Thus, the expected theoretical SNR loss can be calculated to be around 10% for msh-EPI, 

which matches the calculated results (Table 2). However, the observers found this difference 

in perceived SNR, between the two protocols, to be statistically insignificant (Table 3).  

Beyond the observer comparison, we also investigated other advantages of Dixon-msh-EPI 

over ssh-EPI for prostate DWI. A primary advantage is the use of the simultaneously 

obtained B0 map to further correct for remaining geometric distortions (see Figure 1). The B0 

map derived from the chemical shift encoded b=0 s/mm2 data, is acquired along with the 

actual EPI scan and reflects therefore intrinsically the actual scan conditions (off-resonance, 

sampling bandwidth, motion state, etc.) 88,99. However, when signal pile-up artifacts become 

visible, blip-up/blip-down approaches143,147 might offer potentially an alternative solution, but 

also there a pre-measured B0 map can become outdated147, suggesting that a Dixon-derived 

one will still be useful157. Furthermore, the Dixon approach with the separated water and fat 

channel allows for retrospective image fusion. Thus, chemical shift-corrected water fat 

merged Dixon-msh-EPI images could be formed (Figure 1) to give radiologists a valuable 

reference to visually align or to register the still geometrically distorted DWI EPI scans with 

the geometric-distortion-free TSE T2w images to ease reading and evaluation. 

In addition, the fat images might be of benefit for motion correction. For example, in ADC 

mapping, cross-b-value registration is always challenging due to the low SNR for high water 

b-values (see Figure 4). In contrast to the water, the fat signal does not change much as a 
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function of the b-value due to low fat molecule mobility. Therefore, the fat signals can serve 

as good motion trackers by exploiting the periprostatic fat surrounding the organ. The 

presented fat-based registration along different b-values is just a proof of concept, which 

could be extended further to correct macroscopic motion between different Dixon points or 

shots while performing the reconstruction. Even small eddy current effects, caused by the 

switching of the strong diffusion sensitizing gradients applied in different directions, can 

manifest as slight geometric distortions in the images, might be corrected this way. It is 

important to note that, in this initial test, only in-plane motion correction has been addressed, 

which could lead to errors in ADC mapping due to a mismatch in prostate tissue structure 

between b-values. In the future, through-plane motion correction using fat signals may be 

further explored, and the advantages achieved with the Dixon (potentially higher resolution in 

the slice direction) may be helpful in this case. 

Apart from the ability to use the fat to track and correct for macroscopic motion-related 

effects during the DWI scan, the fat might also be of diagnostic value. Fat plays a role in 

many biological processes including cancer and other pathology57. Early research suggested 

that periprostatic fat thickness can have a relation to prostate cancer158–160. Thus, the use of 

Dixon-EPI approaches that provide access to fat might be interesting from this angle.  

It is known from skeletal muscle DWI, that the signal from the olefinic fat peak, which is 

close to water, and which therefore cannot easily be suppressed by SPAIR, is often 

confounding image quality14,78. In prostate DWI, the olefinic signal from the periprostatic fat, 

when present, can cause artifacts in short TE measurements (e.g., msh-EPI with TE < 60 ms). 

It can be shifted in the phase encoding direction and might overlap prostate tissue (c.f. Figure 

5). This phenomenon has not been previously described, probably because the routinely used 

ssh-EPI with its relatively long TE (~82 ms, in this work), may already cause substantial T2 

relaxation, making this peak signal (T2 ~38 ms at 3T 54) drop into the noise floor. 

The results of this study highlight a quantitative consistency and reproducibility between the 

two protocols, particularly in regions where geometric distortion is absent. In the current 

study, the Dixon-msh-EPI was measured with 3 shots, while using more shots could 

potentially further minimize geometric distortion and reduce TE, but at the expense of either 

longer scanning times32 or slightly impaired SNR. Longer scanning times could be 

circumvented by appropriate under-sampling of the Dixon-shot encoding space148. However, 

as an initial Dixon-msh-EPI study for prostate, the major aim was to compare the Dixon-msh-



 

Chapter 7   

148 
 

EPI to an existing clinical ssh-EPI protocol, while maintaining same scan times and an 

equivalent number of effective NSAs for b=1000 s/mm2. Further investigation is needed to 

investigate the best parameter choice for clinical adoption. Importantly, our study did not 

include patient data. We only included healthy volunteers to assess the qualitative merits and 

quantitative accuracy of this novel approach, which is a limitation of the scope.  

In this work, only one SPAIR fat-suppressed msh-EPI dataset is shown (see Figure 5), 

because a recent study did already demonstrate that SPAIR-msh-EPI helps to reduce the 

geometric distortion reduction compared to ssh-EPI145. That finding is strongly supported by 

the data of this work. However, roughly speaking, by adding this fat suppression (SPAIR 

increases the sampling time per slice by ~130 ms), the duration of one SPAIR-msh-EPI shot 

doubles compared to the Dixon-msh-EPI approach. This is an issue, because the in this study 

used protocols acquired only 12 slices at 3 mm thickness, which may not be sufficient for 

complete prostate coverage, indicating a need for either additional slices or thicker ones139. 

However, skipping the need for fat suppression, replacing it by Dixon, could improve the 

overall DWI sampling efficiency. A such extended coverage feasible with our approach will 

also be of interest for much more extended anatomies like the female breast.  

In general, Dixon-msh-EPI offers a highly efficient alternative compared to ssh-EPI, since 

signal averaging is always required in low-SNR prostate DWI, providing a window of 

opportunity of making more use of repeated measurements than just averaging. For example, 

by adding a few milliseconds for chemical shift encoding, fat suppression based on Dixon 

comes for free when data must be re-acquired to enable signal averaging. Furthermore, due to 

its insensitivity to B0 inhomogeneities compared to SPAIR, a smaller/precise shimming box 

could be used to focus on the prostate which will further reduce susceptibility effects. It 

should also be noted that, in this study no additional denoising was applied to the DWI data. 

AI-driven103,161 or classical approaches134,162 could potentially be considered for this purpose, 

because both the Dixon-msh-EPI and the ssh-EPI images were phase corrected and complex 

averaged to improve the SNR, allowing for subsequent complex postprocessing and bias-free 

ADC evaluation as shown.  

7.5 Conclusion 

In this work, we have proposed to use Dixon-msh-EPI as an alternative method to acquire 

prostate DWI data. The Dixon-msh-EPI approach showed quantitative consistency with the 
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standard clinically used ssh-EPI protocol, regarding ADC mapping and overall image quality, 

but showed significantly reduced geometric distortions. The use of Dixon-msh-EPI may be 

further developed in the future to support fat signal-based motion compensation, to increase 

spatial resolution, and to use fat as additional information for future prostate cancer diagnosis 

and management. 
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