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Abstract

Background: Distortion-free, high-resolution diffusion imaging using DIADEM (Distortion-free 

Imaging: A Double Encoding Method) proposed recently has great potential for clinical 

applications. However, it can suffer from prolonged scan times and its reliability for quantitative 

diffusion imaging has not been evaluated.

Purpose: To investigate clinical feasibility of DIADEM-based high-resolution diffusion imaging 

on a novel compact 3T (C3T) by evaluating the reliability of quantitative diffusion measurements 

and utilizing both the high-performance gradients (80 mT/m, 700 T/m/s) and the sequence 

optimization with the navigator acquisition window reduction and simultaneous multislice (multi-

band) imaging.

Study Type: Prospective feasibility study.

Phantom/Subjects: Diffusion quality control phantom scans to evaluate the reliability of 

quantitative diffusion measurements; Thirty-six normal control scans for B0-field mapping; Six 

healthy and two patient subject scans with a brain tumor for comparisons of diffusion and 

anatomical imaging.

Field Strength/Sequence: 3T; the standard single-shot echo-planar-imaging (EPI), multi-shot 

DIADEM diffusion, and anatomical (2D-FSE, 2D-FLAIR, and 3D-MPRAGE) imaging.

Assessment: The scan time reduction, the reliability of quantitative diffusion measurements, 

and the clinical efficacy for high-resolution diffusion imaging in healthy control and brain tumor 

volunteers.

Statistical Tests: Bland-Altman analysis
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Results: The scan time for high in-plane (0.86 mm2) resolution, distortion-free, and whole brain 

diffusion imaging were reduced from 10 to 5 minutes with the sequence optimizations. All of 

mean ADC values in phantom were within the 95% confidence interval in the Bland-Altman plot. 

The proposed acquisition with a total off-resonance coverage of 597.2 Hz wider than the expected 

bandwidth of 500 Hz in human brain could yield a distortion-free image without fold-over 

artifacts. Compared to EPI, therefore, this approach allowed direct image matching with the 

anatomical images and enabled improved delineation of the tumor boundaries.

Data Conclusion: The proposed high-resolution diffusion imaging approach is clinically 

feasible on the C3T due to a combination of hardware and sequence improvements.
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INTRODUCTION

Diffusion weighted imaging (DWI)1 enables the diffusion of water molecules in tissue to be 

observed. The signal varies with tissue geometrical restrictions, and has been recognized as 

a valuable clinical tool, including for the evaluation of brain tumors.2 Although single-shot, 

echo-planar imaging (EPI) is currently the most commonly-used foundation for clinical 

diffusion imaging, EPI is highly sensitive to magnetic field inhomogeneities as well as 

diffusion-pulse induced eddy-currents. When these non-idealities are not properly accounted 

for during image reconstruction, EPI based diffusion images can exhibit substantial 

geometric distortion and other image degradation, such as T2/T2* blurring. To minimize 

such artifacts, EPI readout trains are typically kept relatively short (e.g., 128), which limits 

their achievable spatial resolution. Because of these drawbacks, considerable interest has 

developed to simultaneously improve the spatial resolution and the image quality of DWI.

As an alternative to EPI, a novel, multi-shot approach,3 referred herein as “distortion-free 

imaging: a double encoding method” (DIADEM), was recently proposed. In order to obtain 

high-resolution and distortion-free diffusion imaging, this approach adapted a double, spin-

warp (SW) and EPI, phase-encoding (PE) strategy inspired by a point spread function (PSF) 

mapping technique.4 This multi-shot approach fills in the additional SW-PE k-space 

dimension (ks), providing additional signal averaging that benefits high-resolution imaging. 

In addition, the final image is reconstructed in the SW-PE (or distortion-free, s) rather than 

in the EPI-PE (or distorted, y) coordinate. This approach is – with minimal additional 

processing requirements over conventional EPI reconstruction – able to produce high-

resolution diffusion-weighted (DW) images, essentially free from T2* blurring as well as 

susceptibility- and eddy-current-induced geometric distortion. This can offer an 

improvement over some other multi-shot approaches5–7 that reconstruct images in the 

distorted EPI-PE coordinates. While the previous PSF mapping approaches4,8–10 were 

applied as a calibration approach for EPI distortion correction, this DIADEM approach was 

proposed as an imaging approach.

Although distortion-free high-resolution imaging has great potential for clinical use, it can 

suffer from long scan times because additional EPI readouts are required in the SW-PE 

In et al. Page 2

J Magn Reson Imaging. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dimension. Previously, a sub-sampling approach was introduced to accelerate the DIADEM 

acquisition with a reduced field of view (rFOV) in the SW-PE dimension, in conjunction 

with parallel imaging in the EPI-PE dimension.3 Since the maximum FOV reduction is 

limited by the extent of distortion in the EPI-PE dimension,9,10 further FOV reduction was 

achieved by minimizing the distortion using parallel imaging in the EPI-PE dimension.3 

Nevertheless, the scan time is still not practical for clinical use. Furthermore, the quantitative 

reliability of this approach for diffusion measurements had yet to be evaluated.

An alternative approach to minimizing distortion in conventional EPI is to utilize a higher-

performance gradient system; specifically, one that has high slew-rate to reduce EPI echo 

spacing. While there are limitations to increasing the slew-rate due to peripheral nerve 

stimulation (PNS) thresholds on standard whole-body MRI systems, a compact, 42-cm inner 

diameter gradient coil has been demonstrated to provide significantly increased PNS 

thresholds.11 The reduced inductance and resistance of the compact head-gradient system 

also relaxed the maximum voltage requirement of the gradient drivers, allowing higher 

gradient amplitudes (80 mT/m) and slew rates (700 T/m/s) to be achieved with only a 

standard 1 MVA per axis gradient driver system.12 This system can provide considerably 

reduced image distortion and increased spatial resolution for single-shot EPI.13 In addition, 

the compact 3T system provided similar level of acoustic noise as whole-body MRI systems, 

and passed standard image quality controls tests, such as those described by the American 

College of Radiology (ACR).14,15

The purpose of this work is to utilize the high slew-rate of the compact 3T and optimize the 

sequence in order to reduce the scan time of DIADEM, while achieving reliable image 

quality within clinically-acceptable scan times for diffusion imaging with whole-brain 

coverage and sub-millimeter in-plane resolution.

MATERIALS AND METHODS

DIADEM acquisition accelerated with high-performance gradients

DIADEM acquisition can be accelerated by reduced field of view (rFOV) imaging, which 

reduces the number of PE steps in the SW-PE dimension.10 However, if there are too few PE 

steps, wraparound artifacts can occur. To obtain a distortion-free image without wraparound 

artifacts, the maximum allowable rFOV factor can be limited in the following manner:9,10

rFOVmax = Ns/Δ s , [1]

where Ns is the total number of phase-encoding lines (i.e. shots or segments) in the full FOV 

distortion-free image, and

Δ s = Δ f s /BW px = Δ f s / BW imaging/Ny , [2]

is the maximum pixel deviation along the EPI-PE coordinate. This results from off-

resonance frequencies Δ f s  induced by magnetic field inhomogeneities4 and eddy-current 

effects8 and is subject to the pixel bandwidth BW px in the EPI-PE coordinate. In 

conventional EPI, this deviation manifests as geometric distortion (and modest inter-pixel 
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blurring). Note that Ns and Ny are assumed to be equal in the PSF mapping approach.4 For a 

given imaging bandwidth BW imaging, which is in turn determined by echo spacing Δtesp and 

parallel imaging factor PI, and the maximum off-resonance bandwidth Δ f s max

corresponding to the maximum pixel deviation Δ s  from the negative to the positive, the 

maximum available rFOV factor can be shown to be:3

rFOVmax = BW imaging/Δ f s max = PI /Δtesp /Δ f s max . [3]

The reduced effective echo spacing of the DIADEM data is the main contributor to achieve a 

higher rFOV factor, which can be controlled by a parallel imaging factor and echo spacing, 

as shown by Eq. 3. A high gradient slew-rate is key to shorten the echo-spacing Δtesp.13 The 

reduced echo-spacing, along with increasing the imaging BW in the EPI-PE dimension, can 

further reduce the number of segment (i.e. the FOV) for the DIADEM acceleration in a 

given off-resonance bandwidth:

Nseg,  min = Ns/rFOVmax . [4]

Measurements of off-resonance frequency range in human brain on 3T MRI scanner

In order to apply a suitable maximum rFOV factor for the DIADEM acceleration in a certain 

imaging protocol, information about the total off-resonance bandwidth should be known, as 

suggested by Eq. 3. Therefore, the range of off-resonance frequencies at 3T was determined 

by a conventional dual-echo field mapping approach16 on a standard whole-body (MR750, 

GE Healthcare, Chicago, IL, USA) and the compact 3T scanner. Data from 12 subjects were 

obtained on the whole-body scanner, and from 24 subjects on the compact 3T scanner, under 

an IRB-approved protocol. Written informed consent was obtained from all subjects. The 

imaging parameters for the field mapping were TR = 10.1/9.3 ms (whole-body/compact 3T), 

TE1/TE2 = 3.9/6.2 ms, flip angle (FA) = 10°, matrix size = 256×128, 38 slices, and slice 

thickness = 4 mm.

The image-processing steps using FSL toolkit (http://fsl.fmrib.ox.ac.uk/fsl/) proposed in a 

previous study17 was followed in this study in order to investigate the frequency range from 

the field map measured within the brain, which included phase unwrapping, brain extraction, 

and alignment to the MNI (Montreal Neurological Institute) template in a standard space.18 

After converting the phase map to the frequency map, a search was conducted for the range 

of frequency values for each individual and for the entire group within the masked brain 

volume. In addition, the mean and the standard deviation maps for the entire group also were 

calculated.

Diffusion quality control phantom scan

DIADEM-based, quantitative diffusion imaging was evaluated using a diffusion quality 

control phantom (HPD Devices, Boulder, CO), as demonstrated in previous multi-site/multi-

scanner studies.19 The phantom was scanned with single-shot EPI and DIADEM at isocenter 

on the compact 3T scanner. After image reconstruction, gradient nonlinearity correction20–22 
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was additionally applied to minimize the bias in quantitative diffusion measurements due to 

gradient nonlinearity effects on the compact 3T. Finally, apparent diffusion coefficient 

(ADC) values were quantified from the center and inner vials containing the polymer 

polyvinylpyrrolidone (PVP) of 0%, 10%, 20%, 30%, 40% and 50% in the center slice. A 

circular region of interest (ROI), which had 1.72 cm diameter and included 317 voxels, was 

placed on each vial for the mean and standard deviation calculation.

Multi-band DIADEM sequence implementation and modification

The DIADEM diffusion sequence3 combined with multi-band imaging23,24 was 

implemented as shown in Fig. 1. To further minimize the scan time, a four-fold reduction in 

the navigator data acquisition window covering the center of k-space was additionally 

applied to yield lower-resolution navigator data. This is equivalent to assuming that the 

bandwidth of the spatial variation is smaller than 25% of the imaging bandwidth in the EPI-

PE dimension. Due to the identical echo spacing used in the navigator, the level of image 

distortion in the signal acquisition was identical to the navigator data, which was important 

for providing robust, shot-to-shot motion-induced phase correction.

Experiments

To demonstrate the benefit of high-performance gradients, single-shot EPI-based high-

resolution diffusion imaging was acquired on both the standard whole-body 3T with 50 

mT/m gradient amplitude and 200 T/m/s slew-rate and the compact 3T operating at maxima 

of 80 mT/m and 700 T/m/s. The results were then compared with the proposed DIADEM 

approach on the compact 3T. Given maximum off-resonance bandwidth determined by the 

field mapping approach described above, diffusion quality control phantom and in-vivo 

experiments were conducted on the compact 3T to explore the highest in-plane and isotropic 

resolution for DIADEM diffusion imaging under three conditions including: i) 7 volumes 

with one and six b-values of 0 and 1000 s/mm2, respectively that are the minimum 

requirements for diffusion tensor imaging (DTI) calculations, ii) entire brain volume 

coverage, and iii) obtainable in less than 10 minutes, our limit for a clinically feasible 

sequence. After that, the scan time reduction was tested by the reduction of the navigator 

echo acquisition window and with multi-band imaging. Along for DIADEM diffusion 

imaging, the conventional diffusion and anatomical imaging optimized for ongoing clinical 

studies at our institution were also performed for comparisons. Single-shot EPI was used for 

the conventional diffusion imaging. The anatomical imaging for this study included T2-

weighted two-dimensional (2D) fast-spin-echo (FSE), 2D fluid-attenuated-inversion-

recovery (FLAIR), and T1-weighted 3D magnetization prepared rapid acquisition gradient 

echo (MPRAGE). Eight volunteers (six normal controls and two patient subjects with brain 

tumors) were scanned using an 8-channel brain coil (Invivo, Gainesville, FL, USA) and a 

32-channel brain coil (Nova Medical, Wilmington, MA, USA) on the compact 3T. Details of 

the imaging protocols are listed in Table 1. For all the scans performed on the compact 3T, 

artifacts due to linear and spatially independent concomitant fields were minimized by 

gradient pre-emphasis25 and frequency tracking,26 respectively.

After collecting DIADEM diffusion raw data, off-line reconstruction was performed using 

MATLAB (MathWorks, Natick, MA, USA). The DIADEM acquisition is essentially the 
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same as multi-shot and multi-echo (i.e. two-echo) EPI acquisition, but with and without 

additional SW-PE gradients, respectively, for the signal and the navigator echo acquisitions. 

Therefore, a vendor-provided, multi-band EPI image reconstruction was applied to separate 

the simultaneously excited slices in both the acquisitions. After the EPI reconstruction, 

DIADEM reconstruction3 was followed based on the separated single-slice DIADEM data. 

Compared to the previous reconstruction pipeline3, an off-resonance frequency offset of 50 

Hz was considered during the distortion-free image calculation from the DIADEM data in 

order to account for an asymmetrical off-resonance frequency range often observed from 

human brains. For example, an offset of 50 Hz in the proposed reconstruction routine can 

cover from −200 to 300 Hz, rather than ±250 Hz range. After the rigid-body motion 

correction of the reconstructed DW images, DTI scalars including fractional anisotropy 

(FA), ADC, and color-coded FA were calculated using FSL (http://fsl.fmrib.ox.ac.uk/fsl/). In 

addition, a distortion map in the non-distorted space was calculated from the DIADEM data 

using the conventional PSF mapping approach10 and converted to the corresponding off-

resonance frequency map using Eq. 2. The map was used to quantitatively evaluate the level 

of distortion in EPI scanned for comparison.

Statistical Analysis

As a statistical method, Bland-Altman plot analysis27 was applied to describe agreement 

between two approaches for quantitative ADC measurement. ADC agreements between EPI 

and DIADEM and between single-band and multi-band DIADEM were investigated in 

phantom and in-vivo experiment, respectively.

A pair of ADC volumes from the single-band and multi-band DIADEM data was compared 

in white matter areas over the entire brain. Due to its thicker slice thickness of 4 mm, there 

are expected to be strong partial volume effects of the ADC values anywhere close to CSF 

regions. To avoid these areas, the comparison was performed only in regions with FA values 

greater than 0.4 and ADC values less than 10×10−4 mm2/s.

RESULTS

Off-resonance frequency range in human brain on 3T MRI scanner

Figure 2 shows the off-resonance frequency range on the standard whole-body and the 

compact 3T scanners observed in each individual subject, and for the entire group, within 

the human brain mask in the standard space. The maximum off-resonance range was similar 

on both the whole-body and the compact 3T scanners with default first-order (i.e., gradient) 

shimming. The total ranges were from −178.9 to 315.6 Hz and from −175.2 and 300.1 Hz, 

respectively on the whole-body and the compact 3T scanner. For each group, the mean and 

standard deviation of the maximum negative and positive frequency values on the whole-

body scanner were −145.81±28.1 and 247.81±44.7, respectively. These values compared to 

−121.2±26.7 and 248.5±31.6 on the compact 3T. In addition, a linear trend of off-resonance 

frequency was observed along the slice (or physical Z) direction, as shown in the averaged 

off-resonance map (Fig. 2d).
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Comparison of diffusion imaging with EPI and DIADEM

Figure 3 demonstrates that quantitative ADC values of the EPI and the proposed approach 

are well-matched. In distinction to the proposed approach, considerable susceptibility-

induced geometric distortion was observed in EPI-based diffusion imaging. Despite the 

distortion in EPI images, all of ADC values with different PVP concentrations were very 

similar from both imaging methods (right top). This is because the distortion in EPI was 

identical over all diffusion data, and that the geometry mismatch between diffusion data 

caused by eddy-currents of diffusion gradients caused an observable ADC bias near the 

boundaries of the vials, but not in the homogeneous areas, which therefore did not affect the 

ADC measurements. However, the residual Nyquist ghosts due to imperfect Nyquist 

correction varied across the non-DW and DW images, but also in different locations. 

Furthermore, while the readout acquisition window could be shortened by a reduced 

resolution (rR) factor in the proposed approach, a longer readout acquisition window was 

required even with a partial Fourier factor of 5/8 (i.e. 22 vs. 54 echo train length, Table 1), 

which resulted in stronger Nyquist ghosts in single-shot EPI-based high-resolution imaging 

(Fig. 3). These produced a slight variation of ADC in both methods, but with different levels 

(see 4th, 6th, and 7th vial results). Nevertheless, all of mean ADC values were within the 95% 

confidence interval in the Bland-Altman plot (right bottom) and were comparable to the 

result from a previous study.19

Geometric distortion in single-shot EPI-based high-resolution DW image was effectively 

reduced by employing the high-performance gradients on the compact 3T, as demonstrated 

in Fig. 4. Using a parallel imaging acceleration factor of 3 and the maximum gradient 

performance of 700 T/m/s slew-rate and 80 mT/m gradient amplitude, a much shorter 

effective echo spacing of 214.7 μs was obtained on the compact 3T, even with a high in-

plane imaging matrix of 256×256 (Figs. 4b and 4c). This compares to the 352.0 μs that could 

be achieved on a standard, whole-body scanner with 50 mT/m gradient amplitude and 200 

T/m/s gradient slew-rate. In addition, the shorter readout acquisition time on the compact 3T 

reduced geometrical distortion and T2 weighting (Fig. 4b), compared to the whole-body 

scanner (Fig. 4a). The off-resonance map calculated from the DIADEM data was able to 

cover a total off-resonance frequency range of ±296.6 Hz and the coverage ranged from 

−241 to 352.2 Hz after using an offset of 55.6 Hz (i.e. 18.52 Hz/pixel × 3 pixels) suggested 

in the proposed reconstruction. Therefore, it was sufficient to cover the maximum off-

resonance frequency of up to 237 Hz shown in the temporal lobe of the brain (Fig. 4d). 

However, the level of distortion up to 13 pixels (11.2 mm) was still severe in regions of high 

susceptibility with the single-shot acquisition, especially for very high-resolution imaging, 

which resulted in a loss of spatial resolution in the affected areas (see white arrows in the 

color-coded FA map of Fig. 4b). For in-vivo imaging, eddy-current-induced geometric 

distortions due to diffusion encoding gradients also resulted in errors during the calculation 

of DTI scalars (yellow arrows in Figs. 4a and 4b). Note that these issues were not present 

when the proposed approach was used (Fig. 4c).
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Highest in-plane and isotropic resolution within a clinically-feasible scan time on the 
compact 3T

As shown in Figure 5, the proposed diffusion approach is capable of producing virtually 

distortion-free high in-plane resolution images, comparable to those obtained in 

conventional 2D anatomical imaging, within a clinically-feasible scan time. Due to the short 

effective echo spacing of 209.3 μs on the compact 3T and an in-plane acceleration factor of 

3, the acquisition with a rFOV factor of 8 covered a total off-resonance range of ±298.6 Hz 

(Eq. 3). Since the range is wider than that of in-vivo human brain shown in Fig. 2, there was 

no observable wraparound artifacts in the reconstructed images (Figs. 5a and 5b). In 

addition, using a 9:46 minute scan time, it was possible to achieve a maximum in-plane 

resolution of up to 0.86 mm2 with a 4 mm thickness and 38 slice coverage, which is 

equivalent to the protocols for conventional 2D anatomical imaging including FSE (Fig. 5e) 

and FLAIR (Fig. 5f). Therefore, the coverage and image resolution of the diffusion and 

anatomic imaging are well-matched. The scan time was further reduced to 8:10 minutes 

after the reduction of the navigator echo acquisition window, without sacrificing 

reconstructed image quality.

Figure 6 shows the proposed whole brain diffusion imaging with an isotropic resolution of 

1.4 mm3. A rFOV factor of 13 resulted in 12 shots for each DIADEM scan, according to Eq. 

4. With an effective echo spacing of 145.3 μs, the off-resonance frequency range covered up 

to ±264.6 Hz. By applying a partial Fourier factor of 83.3% in the SW-PE dimension, it was 

possible to reduce the total number of shots from 12 to 10 for each DIADEM acquisition. As 

shown in the sagittal plane images, the proposed distortion-free approach provided a 

substantial improvement in image quality, especially near the frontal lobes and midbrain 

areas. The scan time was also reduced from 9:37 to 8:36 after the reduction of the navigator 

echo acquisition window.

Implementation of multi-band DIADEM

Figure 7 presents comparison of color-coded FA maps between single-band and multi-band 

DIADEM. When compared to the single-band imaging, multi-band imaging resulted in 

generally similar image quality, while the scan time was reduced from 8:10 to 5:11 using a 

multi-band factor of 3. As shown in color-coded vector map overlaid on the FA map (Figure 

7, third column), similar patterns can be seen in the vector maps obtained from both single-

band and multi-band imaging. Although only six diffusion directions were applied in both 

imaging, the cortical diffusion anisotropy entering the cortex to be perpendicular to the 

cortical surface and its radial diffusion orientation are clearly visible.

Figure 8 shows a comparison between the ADCs obtained from single-band and multi-band 

DIADEM imaging of the human brain. Visual inspection of the images suggests that the 

multi-band DIADEM data are very similar to the single-band data. As shown in the 

histogram (top and 3rd column) and Bland-Altman plot (bottom row) of the ADC differences 

that were calculated in white matter areas over the entire brain, the ADC differences showed 

negligible bias and trend throughout the range of ADC measurement. In addition, the results 

were very consistent over all four subjects.
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Brain tumor diffusion imaging using DIADEM

Figure 9 illustrates the potential benefit of the proposed distortion-free imaging for use in 

clinical diagnosis. Although anatomical details can be observed in the conventional EPI-

based high-resolution imaging, it suffered from geometric distortion. As image stretching 

and pile-up, the maximum geometric distortion of up to 17.7 pixels (equal to 15.2 mm) 

appeared in regions of high susceptibility, even when the compact 3T was used (Figs. 9a-b). 

The spatially varying residual distortions resulted in unclear boundaries or ambiguity around 

the brain tumor near areas of rapid susceptibility variation (see red arrows in Figs. 9a and 

9g). In distinction, the proposed high-resolution DIADEM provided a high degree of 

anatomic detail, without any observable artifacts since this acquisition could yield a 

distortion-free image from the DIADEM data without fold-over artifacts within the off-

resonance frequency range from −242.6 to 354.5 Hz. This permitted the brain tumor to be 

readily characterized, even near areas of rapid susceptibility variation adjacent to tissue-air 

interfaces (Fig. 9, bottom row).

Figure 10 shows the mass effect of a brain tumor. The tumor had a diameter of up to 2.73 cm 

and was sufficiently large to deform and displace the brainstem (Fig. 10a). The effects could 

be clearly observed in high spatial resolution diffusion images and corresponding DTI 

scalars in regions adjacent to the tumor. As shown in high anisotropic diffusion (Fig. 10d) 

and the direction (Fig. 10e), white matter tracts were displaced by the tumor. The differences 

were more apparent than in the corresponding areas in the healthy volunteer measured with 

an identical resolution (Fig. 10f).

DISCUSSION

In this study, an effective approach for high-resolution distortion-free diffusion imaging, 

termed DIADEM, was optimized based on a novel compact 3T system, and adapted for 

clinical applications. Utilizing the high gradient performance of a compact 3T system in 

conjunction with improvements to the imaging methods, the proposed approach allows high-

resolution, distortion-free, whole-brain diffusion imaging within a clinically-feasible scan 

time of 5–10 minutes. This potentially enables one-to-one image matching with 

conventional 2D anatomical images and diffusion for clinical usage. These preliminary 

results demonstrate the superiority of the method over the conventional diffusion approach 

in characterizing brain tumors, especially near regions with rapid susceptibility variation.

Conventional B0 field mapping16 was performed in order to measure the off-resonance 

frequency range in the human brain in an attempt to systemically search for a reasonable 

maximum rFOV factor for the DIADEM scan acceleration on the compact 3T. The total off-

resonance bandwidth to cover the entire brain volume, as measured on 36 subjects, was 

approximately 500 Hz. Since the proposed DIADEM acquisitions covered 597.2 and 524 Hz 

ranges, respectively, for high in-plane and isotropic resolution, wraparound artifacts caused 

by a high rFOV reduction in the SW-PE dimension were avoided. However, the off-

resonance frequency range determined in this study may not fit all clinical scenarios, since 

the range may not be valid in patients with metallic implants that typically generate greater 

field distortions (or off-resonance frequency). To accurately cover an atypical off-resonance 
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range, either the conventional field mapping16 or PSF mapping approach10,28 will be needed 

before applying the proposed approach to those wider clinical scenarios.

Compared to a conventional 3T MRI system, an approximately 2.5-fold faster scan time of 

EPI was achieved on the compact 3T due to the benefit of high-performance gradients for 

sub-millimeter in-plane resolution diffusion imaging. In high in-plane resolution diffusion 

imaging using DIADEM, the use of a high slew-rate gradient shortened the echo spacing by 

40%, which allowed a maximum rFOV factor of 8 for the DIADEM acceleration, higher 

than the maximum of 5 that was applied previously.3 In addition, the high gradient slew-rate 

and amplitude decreased both the entire readout duration as well as the diffusion encoding 

time, resulting in a much shorter TR, which further reduces the scan time. In general, high 

rFOV acceleration leads to a lower averaging in an acquisition, and reduces the overall SNR 

in the reconstructed image. Nevertheless, a high number of shots corresponding to 27 and 10 

were applied for high in-plane (0.86 mm2 with a 4 mm slice thickness) and isotropic (1.4 

mm3) resolution diffusion imaging, respectively. This demonstrated small anatomical 

features using DIADEM.

The 4-fold reduction in navigator echo data acquisition resulted in an up to 17% reduction in 

TR, and thus the total scan time in the DIADEM acquisition since gradient-echo-type rather 

than spin-echo-type 2D navigator echo data29 was collected. Although the time-shortened 

navigator echo data may not include high-order spatial components induced by involuntary 

motion, we noticed that the high-performance gradients at least partially compensated for 

this problem. Since involuntary motions during the diffusion encoding can cause dominant 

phase errors between shots,5–7 the shorter diffusion encoding with the high-performance 

gradient could reduce the errors in the data acquisition. Furthermore, the minimized TE for 

the navigator echo data acquisition (less than 60 ms) could potentially increase the SNR, 

thus improving the reliability in calculating the phase error. Finally, the increased imaging 

PE BW due to a high gradient slew-rate could accommodate even higher-order spatial 

components induced by involuntary motions. Therefore, we expect that reasonable motion-

induced phase correction could be readily achieved on the compact 3T.

Further scan time reduction of up to 36% was achieved with multi-band imaging. To obtain 

the scan time reduction, MB-DIADEM data were slightly noisier than the SB-DIADEM 

data. However, it was still possible to obtain FA and ADC maps using MB-DIADEM scans 

that were comparable to those obtained from SB-DIADEM data. The scan time reduces to 3 

minutes when only the ADC measurement is required. In addition, the scan time reduction 

could be useful for making this approach clinically available even with conventional gradient 

performance, as well as to extend to DTI applications on the compact 3T scanner that 

require more diffusion directions rather than six applied in this study.

The proposed approach allows reliable ADC measurements, as demonstrated by diffusion 

quality phantom scan. When compared to single-shot EPI and the results performed 

previously,19 all of measured ADC values with different PVP concentrations from 0% to 

50% were within the acceptable range of difference. This demonstrates the reliability of the 

ADC measurements, since the entire range covers the ADC values in white matter and gray 

matter of human brain. Comparable ADC measurement was possible even with the multi-
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band imaging, without introducing noticeable artefact or bias. Visual inspection of the 

histogram of the ADC difference suggested that the overall range of the ADC difference was 

similar to that observed in a previous study30 demonstrated with readout-segmented EPI (see 

Fig. 2 in Frost et al.30). While the accuracy of quantitative diffusion measurement in EPI 

was not affected by distortions on the homogeneous phantom, this would be problematic in 

in-vivo imaging due to the complex structure of the brain, as demonstrated in the FA maps. 

Therefore, the proposed approach without suffering from EPI distortions will be a reliable 

tool for quantitative diffusion imaging in in-vivo.

High-resolution diffusion imaging using the conventional single-shot EPI acquisition and 

basic inverse Fourier and linear parallel imaging reconstruction (conventional) was still 

suboptimal, even after the considerable improvements from the high-performance gradients 

on the compact 3T. The maximum spatial distortion of high-resolution images measured on 

the compact 3T scanners were 15.2 mm in this study. There were also additional loss of 

spatial resolution in EPI-based high-resolution imaging due to severe T2* blurring, which 

increased linearly with the readout acquisition window duration, and varying eddy-current-

induced distortions resulting in image mismatch between the DW images. In distinction, the 

proposed approach can clearly mitigate these drawbacks, and the prolonged scan time was 

reduced with the high-performance gradients and multi-band imaging. Substantially 

improved high-resolution diffusion imaging was demonstrated on the compact 3T only with 

a 2.4 times longer scan time than a single-shot EPI on the standard whole-body scanner. 

Therefore, the improvements in both hardware and imaging sequence represent an effective 

strategy to address the challenges to obtain high spatial resolution diffusion image with good 

image quality.

The proposed approach enables a direct one-to-one image comparison between diffusion and 

the anatomical images for clinical evaluation due to the matching image resolution and 

geometry. The accuracy of image geometry matching could be particularly important in 

terms of the image-based quantification of diffusion data, since any geometric distortion in 

EPI would result in errors during the calculation in the ROI drawn on anatomical images. 

With the proposed high-resolution diffusion approach, detailed and reliable anatomic 

information can be achieved, even in areas that are adjacent to the paranasal sinuses, the 

eyes, and tissue/air boundaries, where strong susceptibility effects typically appear. 

Although these preliminary results on the compact 3T appear to be promising for patients 

with brain tumors compared to EPI, they should be considered preliminary, and further 

investigation is still necessary.

In this work, single-shot EPI and the proposed method (DIADEM) were compared in terms 

of their ability to efficiently collect MRI data that are visually unaffected by common non-

idealities like susceptibility variation and eddy-currents. Due to DIADEM’s efficient 

encoding strategy, distortion-free images can be generated from DIADEM data without 

processing that requires explicit knowledge of off-resonance fields. For single-shot EPI, that 

information is typically obtained from separate calibration scans,8,16 jointly estimated 

during image reconstruction31 or retrospectively estimated during post-processing of 

distorted reconstruction results,8,16,32 all of which are numerically sensitive and/or 

computationally intensive processes. Having said this, images could also be generated from 
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data acquired via the proposed DIADEM sequence using model based iterative 

reconstruction (MBIR),33 which is expected to provide even greater gains in image quality 

by robustly accounting for image discretization effects as well as enabling use of advanced 

image prior models like compressed sensing.34 Due to the inherent redundancies in 

DIADEM encoding, the relative advantages of MBIR for DIADEM are expected to at least 

meet – and likely exceed – those recently demonstrated for single-shot EPI.35 This line of 

activity will be investigated in a separate, future work.

Like all MRI pulse sequences, the proposed DIADEM acquisition strategy is subject to 

gradient nonlinearity effects, which cause geometric distortions in all types of structural 

imaging if not properly accounted for. As the sources of these distortions are both 

understood and well-characterized, they can be almost completely corrected either during 

image reconstruction,36–38 or by interpolation in the image domain after image 

reconstruction.39 Beyond applications where geometric accuracy is critical (e.g., radiation 

therapy planning), gradient nonlinearity also results in spatially dependent b-values leading 

to high non-uniformity errors in measurements of DTI scalars in diffusion imaging 

applications.20,22,40 In this work, the gradient non-uniformity correction was applied in 

phantom experiment only for evaluation of quantitative diffusion measurements. In the 

future, therefore, both corrections should be fully integrated into the proposed approach to 

accurately quantify the DTI scalars in the targeted ROI area.

In this study, the DTI calculation was performed by using the minimal number of the DW 

volumes (i.e. six) and mainly with high in-plane anisotropic rather than isotropic resolution. 

In FA estimation, however, an acquisition of more than thirty diffusion directions41 is often 

preferred to improve accuracy, and the anisotropic voxel size can affect the measured FA 

value, especially in regions of the brain with crossing fibers.42 Therefore, further evaluation 

for quantitative diffusion measurements would be required using the proposed approach with 

an isotropic resolution and high number of diffusion directions. Due to the reduced imaging 

coverage of the compact 3T MRI system compared with conventional whole‐body clinical 

MRI systems, the improvements are applicable only for brain and extremities (e.g., wrists, 

knees, feet) applications.12

We reported the potential clinical use of a DIADEM approach on a compact 3T scanner for 

the diffusion imaging of brain tumors through the use of high-performance gradients and 

sequence developments. Since this approach is virtually immune to off-resonance-induced 

distortions as well as T2* blurring that are generally observed with single-shot EPI, the 

multi-shot nature of this approach enables high spatial resolution diffusion imaging, 

substantial improvements in characterizing brain tumors can be achieved in areas of high 

susceptibility. In addition, it was demonstrated that reliable ADC measurements were 

possible even in high-resolution diffusion imaging combined with multi-band imaging. With 

the high spatial resolution capability, the proposed approach can be particularly useful for 

evaluating brain tumors and surrounding structures in regions that are vulnerable to 

susceptibility artifacts such as the skull base.
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Figure 1. 
A multi-band DIADEM diffusion sequence diagram with a navigator-echo (a) and 

corresponding k-space (b). The navigator-echo (NE) acquisition window is reduced by four 

times compared to the signal acquisition window. Note that spin-warp phase-encoded and 

corresponding rewinder gradients, see Δks, (blue) are applied before and after the spin-warp 

phase-encoded signal acquisition,3 and multi-band acquisition scheme (green) is added on 

the slice selection axis during the signal and the navigator echo acquisition. In (b), a 

summarized description of the k-space including the important dimensions and various 

parameters applied in this method is presented. The abbreviations are: FOV: field of view, 

rFOV: reduced FOV, rR: reduced resolution, esp: echo spacing, PI: parallel imaging.
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Figure 2. 
The off-resonance frequency range within masked brain volume in the standard space. Each 

individual off-resonance range on the whole-body 3T (WB3T, a) and the compact 3T (C3T, 

b), and the group data (c) are shown. In addition, an averaged off-resonance frequency map 

for the data for the entire group, including C3T and WB3T data is presented in (d).
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Figure 3. 
Diffusion quality control phantom measurements using EPI and DIADEM: Non-diffusion 

weighted image (DWI) and sum of all 6 diffusion weighted images (isoDWI) and 

corresponding ADC map were shown in the left. The intrinsic (i.e., acquired) image 

resolution is 0.86×0.86×4 mm3 (Table 1–5 and 1–8). On the right and top, the mean and 

standard deviation of ADC values measured from seven vials (shown in the zoomed image) 

were shown. Note that the seven vials from 1st to 7th contain the PVP of 0%, 0%, 10%, 20%, 

30%, 40%, and 50%, respectively. As a reference, gray dashed lines show the standard 

deviation (SD) of ADC values measured on thirteen 3T MR scanners at 11 different sites in 

a previous study.19 On the right and bottom, a Bland–Altman plot shows agreement of the 

mean ADC values in between this (i.e. both EPI and DIADEM) and the previous study.19 

The mean and the 95% confidence interval (±1.96 SD) lines were drawn based on the results 

from the previous study.19
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Figure 4. 
High-resolution diffusion imaging on the standard whole-body (a) and the compact 3T MRI 

(b and c) acquired using single-shot EPI (a and b) and the proposed multi-shot DIADEM 

approach (c). The susceptibility-induced off-resonance effect during EPI and DIADEM 

acquisitions on the compact 3T are shown as a masked frequency map covering brain areas 

in (d). A slice from each non-DWI (upper), DWI image (middle), and color-coded FA map 

(bottom) enlarged from a dashed rectangular area shown in (a) was chosen for 

demonstration. In the color-coded FA maps (bottom row), green, red, and blue colors 

represent the dominant diffusion along the anterior-to-posterior (AP), right-to-left (RL), 

superior-to-inferior (SI) directions, respectively. Yellow and white arrows indicate the loss of 

spatial resolution caused by eddy-current- and susceptibility-induced geometric distortions. 

The intrinsic image resolution is 0.94(AP)×0.94(RL)×4(SI) mm3 (Table 1–1-3).
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Figure 5. 
The proposed diffusion (a-d) and conventional anatomical images (e-f) with a high in-plane 

resolution. A slice from non-DWI (a), isoDWI obtained by the summation of all 6 DWIs (b), 

color-coded FA map (c), and MD map (d) are displayed. The corresponding slices from the 

anatomical 2D-FSE (e) and FLAIR data (f) are shown for comparison. The intrinsic image 

resolution is 0.86×0.86×4 mm3 for both diffusion (Table 1–5) and anatomical data (Table 1–

9 and 1–10).
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Figure 6. 
Whole brain diffusion imaging with an isotropic resolution of 1.4 mm3. For demonstration 

purpose, reformatted coronal, reformatted sagittal, and axial slices of non-DWI (a), isoDWI 

(b), FA (c), and a color-coded FA map (e) selected from a 3D brain volume. The imaging 

protocols are shown in Table 1–4.
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Figure 7. 
Comparison of color-coded FA maps between single-band and multi-band DIADEM. Two 

representative slices in in-vivo brainstem (first column) and cerebrum (second column) were 

chosen for demonstration. A color-coded vector map was overlaid on the FA map to 

demonstrate the cortical diffusion anisotropy and its radial diffusion orientation in in-vivo 

human brain acquired with single-band and multi-band DIADEM (third column). The 

intrinsic (i.e., acquired) image resolution is 0.86×0.86×4 mm3 (Table 1–5 and 1–6).
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Figure 8. 
Comparison of ADC maps between single-band (SB) and multi-band (MB) DIADEM. As 

two representative slices, central (first column, top) and superior slices (second column, top) 

were chosen for demonstration. Histograms (third column, top) and Bland–Altman plots 

(bottom row) of the ADC difference between single-band and multi-band DIADEM in white 

matter areas in all slices were shown. In each Bland-Altman plot, a matched and random 

sample of 10% (~7000 voxels) from the entire white matter area (FA>0.4 and 

ADC<10×10−4 mm2/s) was compared for better demonstration.
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Figure 9. 
DWI acquired with single-shot EPI and high spatial resolution distortion-free imaging 

(DIADEM) in slices with compressed (a-f) and stretched distortion (g-l) in a patient with a 

meningioma superior to the right orbit with the standard EPI-based non-DWI (a) and trace 

(b) images and DIADEM-based non-DWI (c), isoDWI (d), and MD (e) images with a 

corresponding image from MPRAGE (f). The off-resonance frequency maps corresponding 

to the slices with compressed (a-f) and stretched distortion (g-l) are shown in (m) and (n), 

respectively. The full FOV (upper row) and zoomed images (bottom row) are shown to 

demonstrate the geometrical difference between EPI (a-b and g-h) and DIADEM images (c-

e and i-k) more clearly. Note that considerable distortion occurred on the EPI (arrow in a and 

g), which was not present when the DIADEM was used (curved arrow in c and i). Bright 

signal intensity seen in orbital fat surrounding the eyes is shown in the reformatted 

MPRAGE image (yellow arrow in f). The image resolutions for EPI, DIADEM, and 

MPRAGE are 1.72×0.86×4 (Table 1–8), 0.86×0.86×2.7 (Table 1–5), and 1×1.2×1 mm3 

(Table 1–11).
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Figure 10. 
Mass effect from a left vestibular schwannoma that deforms and displaces the brainstem as 

demonstrated with full FOV (upper row) and zoomed images (bottom row) including 

MPRAGE (a) and DIADEM with isoDWI (b), ADC (c), FA (d), and color-coded FA (e). A 

corresponding color-coded FA map obtained from a healthy volunteer is displayed in (f) for 

comparison. Note that identical imaging parameters in the scan for the healthy volunteer 

were applied, except for the reduced NE acquisition window. The acquired image 

resolutions for DIADEM and reformatted MPRAGE are 0.86×0.86×4 (Table 1–5) and 

1×1.2×1 mm3 (Table 1–11).
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