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Rapid Diffusion-Weighted Magnetic Resonance Imaging of the

Brain Without Susceptibility Artifacts
Single-Shot STEAM With Radial Undersampling and Iterative Reconstruction
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Objective: The aim of this study was to develop a rapid diffusion-weighted (DW)
magnetic resonance imaging (MRI) technique for whole-brain studies without
susceptibility artifacts and measuring times below 3 minutes.

Materials and Methods: The proposed method combines a DW spin-echo mod-
ule with a single-shot stimulated echo acquisition mode MRI sequence. Previous
deficiencies in image quality due to limited signal-to-noise ratio are compensated
for (1) by radial undersampling to enhance the flip angle and thus the signal
strength of stimulated echoes; (2) by defining the image reconstruction as a non-
linear inverse problem, which is solved by the iteratively regularized Gauss-
Newton method; and (3) by denoising with use of a modified nonlocal means fil-
ter. The method was implemented on a 3 T MRI system (64-channel head coil, 80
mT - m gradients) and evaluated for 10 healthy subjects and 2 patients with an is-
chemic lesion and epidermoid cyst, respectively.

Results: High-quality mean DW images of the entire brain were obtained by ac-
quiring 1 non-DW image and 6 DW images with different diffusion directions
at b= 1000 s - mm. The achievable resolution for a total measuring time of 84 sec-
onds was 1.5 mm in plane with a section thickness of 4 mm (55 sections). A mea-
suring time of 168 seconds allowed for an in-plane resolution of 1.25 mm and a
section thickness of 3 mm (54 sections). Apparent diffusion coefficient values
were in agreement with literature data.

Conclusions: The proposed method for DW MRI offers immunity against suscep-
tibility problems, high spatial resolution, adequate signal-to-noise ratio and clini-
cally feasible scan times of less than 3 minutes for whole-brain studies. More
extended clinical trials require accelerated computation and online reconstruction.
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D iffusion-weighted (DW) magnetic resonance imaging (MRI) finds
extensive clinical use in the diagnosis of stroke and neoplasms.' In
contrast to applications serving fiber tractography, respective acquisi-
tion protocols usually comprise only a very limited number of diffusion
directions for tensor definition. Moreover, they primarily aim at mean
DW images and maps of the apparent diffusion coefficient (ADC) at
sufficiently high resolution and with short measuring times, Such pro-
tocols should allow for a robust and sensitive detection of acute ische-
mic lesions and characterization of brain tumors. Oncologic applications
of DW MRI even extend into other organ systems such as the liver,
breast, and prostate.
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Although DW MRI is generally considered to be of high diag-
nostic value, the quality of current DW images is often compromised
by artificial signal alterations and geometric distortions, which are
caused by the use of an echo-planar imaging (EPI) readout sequence
for a DW spin-echo signal.®> EPI involves contributions from gradient
echoes with long echo times that are sensitive to local magnetic field in-
homogeneities. These problems are usually caused by susceptibility dif-
ferences between tissues and air or venous blood, and therefore are
unavoidable in many parts of the human body.

To overcome this dilemma, we previously proposed a DW MRI
sequence that combines a DW spin echo with a signal readout by a
high-speed stimulated echo acquisition mode (STEAM) sequence
While the sensitivity to susceptibility problems completely vanishes,
the method presented with much lower signal-to-noise ratio (SNR)
compared with the EPI alternative as recently demonstrated for a com-
parative study of infratentorial ischemic stroke.® Here, we developed a
modified acquisition and reconstruction strategy, which for the first
time yields DW STEAM images ot diagnostic quality in clinically fea-
sible scan time. The new method uses a single-shot STEAM readout
with radial encoding and pronounced undersampling and redefines
the image reconstruction as a nonlinear inverse problem. While the first
change enhances the flip angle of the STEAM readout pulses and thus
improves the signal strength of corresponding stimulated echoes,”® the
iterative reconstruction jointly estimates the image and all coil sensitiv-
ities as previously proposed for real-time MRL®™'" This latter ap-
proach markedly improves the achievable image quality for highly
undersampled data acquisitions. Moreover, whole-brain acquisitions
with gapless coverage take advantage of another prior. The reconstruc-
tion problem of such multislice acquisitions benefits from a similarity
constraint for the coil sensitivities from directly neighboring sections.
In this work, it is shown that the resulting DW STEAM MRI technique
allows for clinical whole-brain protocols of enhanced diagnostic quality
(ie, adequate SNR and no susceptibility artifacts) within total measur-
ing times of 1.5 to 3 minutes depending on spatial resolution.

MATERIALS AND METHODS

Magnetic Resonance Imaging

All studies were performed at 3 T using an MRI system with
80 mT - m ™' gradients (Magnetom Prisma; Siemens Healthcare, Erlangen,
Germany). Whole-brain DW STEAM MRI was performed on 10 young
subjects without known illness using the standard 64-channel head coil.
Preliminary clinical trials included a patient with lacunar stroke and a
patient with an epidermoid cyst. In all cases, written informed consent,
according to the recommendations of the local ethics committee, was
obtained before MRI.

Diffusion-weighted single-shot STEAM MRI was implemented
as previously outlined,® but with 2 major modifications: (1) as shown in
Figure |, Cartesian phase-encoding with partial Fourier imaging was re-
placed by the use of highly undersampled radial trajectories homoge-
neously spanning 360 degrees of k-space; and (2) image reconstruction
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FIGURE 1. Diffusion-weighted STEAM MRI combines a DW spin-echo with a single-shot STEAM sequence using an undersampled radial trajectory.
For details see text. Black, diffusion gradients; gray, spoiler gradients; G, slice-selection gradient; G,, G, frequency-encoding gradients; SE, spin echo;

STE, stimulated echo; RF, radiofrequency.

by Fourier transformation was replaced by nonlinear inversion (NLINV)® 1!
modified as described hereafter. For the readout pulses, the flip angles
for successive stimulated echoes (ie, radial spokes) were calculated
according to*>'?

o; = arctan( sinoy.; exp(—TR/T1))

with a T1 estimate of 800 milliseconds at 3 T. However, we used a flip
angle of 40 degrees instead of 90 degrees for the last spoke. During ex-
perimental sequence optimization, this choice reduced residual streak-
ing artifacts that resulted from a too-high stimulated echo intensity
(ie, spoke in k-space).'? On the other hand, the lower flip angle only
led to a relative signal loss of less than 3%. Moreover, during the
STEAM readout period the establishment of transverse coherences
was avoided by FID spoiler gradients as indicated in Figure 1. The “in-
herent” diffusion weighting due to imaging and spoiler gradients
corresponds to a value of b < 30 s - mm 2, which is of no practical sig-
nificance for clinical DW MRI of the brain. To suppress fat signal con-
tributions from the scalp, a CHESS pulse'" (not shown) was applied
immediately before the sequence.

To cover the entire brain, multiple slices without gaps were ac-
quired in an interleaved order. The total repetition time was set to 12 sec-
onds to ensure a 6-second delay for the excitation of directly
neighboring slices. Table 1 summarizes detailed acquisition parameters
for 2 whole-brain protocols with b= 1000 s - mm > and 6 diffusion gra-
dient directions. The protocols either emphasize speed (ie, a measuring
time of 84 seconds) at an in-plane resolution of 1.5 mm and a slice
thickness of 4 mm (“fast DWI”), or high spatial resolution (ie,
1.25 mm in plane and 3 mm thickness) within 168 seconds (“high-
resolution DWI”).

Preprocessing

The proposed reconstruction method uses information from
multiple receive coil elements as in parallel imaging. To reduce the
computational load, the same channel compression technique was ap-
plied as previously implemented for real-time MRI.” ' Tt reduces the
amount of raw data by introducing a smaller number of virtual channels
obtained by a principal component analysis. Here, the calculation of the
channel compression matrix was based on the data of all slices that are
jointly reconstructed.

© 2017 Wolters Kluwer Health, Inc. All rights reserved.

The radial data sets were further corrected for deviations from
the intended k-space trajectory that are caused by impetfections of the
gradient system. The applied gradient delay correction estimates and
corrects for parallel shifts with respect to the realized radial traversal
of k-space using a model described by Peters et al.'” Subsequently,
the radial data were interpolated onto a Cartesian grid without density

TABLE 1. Acquisition Parameters for Diffusion-Weighted Single-Shot
STEAM MRI

Fast DWI High-Resolution DWT

Field of view, mm? 192 x 192 190 x 190
Image matrix size 128 x 128 152 x 152
In-plane resolution, mm? 1.5x 1.5 1.25 x 1.25
Section thickness, mm 4.0 3.0
TR (MS), ms* 12000 12000
TE (SE), mst 355 35.7
TR (STE), ms} 4.41 4.54
TE (STE), ms§ 5.36 5.54
Bandwidth, Hz - pixel ™' 500 500
No. spokes 35 35
Acquisition time, ms|| 215.75 220.55
Maximum no. sections 55 54
No. averages I 2
Measurement time, s 84 168

*Tmage repetition time.

+Spin-echo time for b= 1000's - mm ™2,

tStimulated echo repetition time.

§Stimulated echo time.

|lmage acquisition time.

Total measurement time for multislice DW MRI and 6 diffusion gradient
orientations.

STEAM indicates stimulated echo acquisition mode; MRI, magnetic reso-
nance imaging; DWI, diffusion-weighted imaging; TR, repetition time; TE, echo
time; MS, multiple slices; SE, spin echo; STE, stimulated echo.
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compensation, and the point spread function was calculated as
previously described.'®

Image Reconstruction

Image reconstruction starts by an initial determination of high-
quality coil sensitivities from the non-DW data with use of a modified
NLINV algorithm and is then followed by a linear inverse reconstruc-
tion of all images.

For the first step, an estimate x,,, containing the coil sensitivities
C1, ..., ¢, of n virtual channels and the image content o is computed
from the measured data y by solving the optimization problem

Yo = argmingIF(x) I3 + BR(x) with x = (p, c,..., cy).

As previously described for real-time MRL,"" this task is accomplished
by the iteratively regularized Gauss-Newton method (IRGNM) with 8
the regularization parameter of the last IRGNM iteration (]| - [|» repre-
sents the L2 norm). The nonlinear forward operator F contains a multi-
plication of the image content p with the coil sensitivities ¢;. With
reference to the implementation for real-time MRI, the temporal regu-
larization is replaced by a penalty term H{(c), which enforces similarity
of the coil sensitivities for directly neighboring sections. Thus,

R(x) = lplly + 0 W&;15 -+ dH (c)

with

&= (1 + ki) Fe;

and
) s=ly &5 2
H(C‘) S :‘:lz_j:lllciJ_CiJ+1"2'

c;; 1s the sensitivity of the i-th virtual channel in the j-th section with s
the maximum number of sections. The addition of H(c) to the tegular-
ization improves the numerical stability for the coil sensitivity estima-
tion with respect to potential phase errors that may arise from local
motion (eg, blood flow or brain pulsation). The algorithm was initial-
ized with the following settings

o\ S| F (KT P,

(1 + ) "y,

lpll = e,

and
Yl = WPj - F (pj - cij)l.

Y, represents the gridded k-space data, P; is the Fourier transform of
the point spread function, K is a Gaussian mask used for smoothing,

FIGURE 2. Left, Non-DW image; middle, mean DW image; and right, ADC map of the brain of a normal volunteer. The 3 selected sections were obtained

by whole-brain DW STEAM MRI and the “fast” protocol (see Table 1).
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JF represents the 2-dimensional FFT, and the mid dot denotes pointwise
multiplication. The chosen initialization approximates the true phases
and magnitudes of the coil sensitivities and therefore leads to fast con-
vergence. The coil sensitivity estimation used /=32, =100, d= 1, and
9 IRGNM iterations.

With known coil sensitivities, the subsequent reconstruction of
all images reduces to a linear inverse problem, which is solved with
the conjugate gradient method. This is done separately for each image
section and diffusion direction.

Postprocessing

Postprocessing included denoising of magnitude images by a
modified nonlocal means filter as recently proposed for real-time
MRIL!® The filter was applied to the non-DW images and the mean
DW images after averaging. Before exact calculation of the diffusion
tensor, the nonlocal means filter was applied to the non-DW image
and the 6 DW images for each direction. The ADC maps were multi-
plied by a binary mask, which sets pixels with intensities below a heu-
ristic threshold in the non-DW image to zero.

Computational Issues

All reconstructions were performed offline after data acquisi-
tion. The algorithm was implemented on a single graphics processing
unit (GPU) (GeForce GTX TITAN; NVIDIA, Santa Clara, CA) using

the MATLAB Parallel Computing Toolbox (R2015b; The MathWorks,
Inc, Natick, MA). To save memory on the GPU device, the coil sensi-
tivity estimation was restricted to subsets of slices instead of using the
entire data set, that is, 10 slices for the fast DWT protocol and 5 slices
for the high-resolution DWI protocol. Reconstruction times for a whole-
brain data set were 30 minutes for the fast DWI protocol and 2 hours
for the high-resolution DWT protocol, respectively.

RESULTS

Figures 2 and 3 show typical results for the non-DW image, the
mean DW image, and the ADC map in 3 selected sections (single sub-
ject) for the fast DWI protocol (1.5 x 1.5 » 4.0 mm” in 84 seconds) and
the high-resolution DWI protocol (1.25 % 1.25 x 3.0 mm’ in 168 sec-
onds), respectively. The achieved image quality was reproducible in all
subjects and markedly improved in comparison to a preceding study
using DW STEAM MRI with Cartesian encoding and FFT reconstruc-
tion.” In particular, and in contrast to EPI-based acquisitions, all images
from all sections of the brain were free of susceptibility artifacts as
assessed by visual inspection. Individual ADC values in the centrum
semiovale for all subjects and both DWT protocols are summarized in
Table 2. The resulting mean values averaged across subjects of
683 + 18 (fast DWI) and 680 + 24 in units of 107 mm? - 57! (high-
resolution DWI) are not only identical, but compare well to literature
values of 687 + 23,'7 703 + 36,'® and 736 + 40."”

FIGURE 3. Left, Non-DW image; middle, mean DW image; and right, ADC map of the brain of a normal volunteer. The 3 selected sections were obtained
by whole-brain DW STEAM MRI and the “high-resolution” protocol (see Table 1).
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TABLE 2, ADC Values in the Centrum Semiovale in Units of
1078 mm? . s~

Subject Fast DWT* High-Resolution DWT*
#1 680 +97 656 + 82
#2 715 + 86 682 £95
#3 684 £ 79 698 + 81
#4 665 £ 86 664 £ 94
#5 656 + 84 645 + 82
#6 68773 669 + 86
#7 673 £ 83 689 + 78
#8 680 + 85 709 £+ 78
#9 683 +75 666 + 87
#10 708 + 75 718 + 82
Mean = SD} 683 £ 18 680 + 24

*Mean + standard deviation within the region of interest.
1Mean + standard deviation of ADC values across subjects.
ADC indicates apparent coefficient; DWI, diffusion-weighted imaging.

Figure 4 presents non-DW images, mean DW images, and ADC
maps for 2 patients in sections central to the lesion. The first patient
(Fig. 4, top) initially presented with a lefi-sided hemiparesis without
any sensory symptoms. Magnetic resonance imaging revealed a sub-
acute lacunar stroke in the posterior limb of the right internal capsule.
The hindered diffusion in the lesion is best visible in the mean DW im-
age. The slight blurring artifact in the center of the non-DW image close
to the ventricles, also visible in the ADC map, is most likely due to flow
within the ventricles, which does not affect the DW image. The second
patient was admitted to the emergency department because of a 1-time
tonic-clonic seizure. Magnetic resonance imaging (Fig. 4, bottom)
showed a space-occupying cyst-like lesion in the area of the frontal mid-
line, consistent with the diagnosis of an epidermoid cyst. The mean DW

image accurately depicts its location and shape without geomettic dis-
tortion and is consistent with an internal structure comprising fluid
compartments (dark) as well as jelly-like tissue (bright).

DISCUSSION

In a recent comparative study of stroke patients,’ the presence of
susceptibility artifacts in EP[-based DW MRI was shown to complicate
the diagnosis in clinical practice. While this problem is avoided for DW
STEAM MR, the latter method was found to be compromised by lower
SNR. The main progress of the present work is the development of a
modified technique that offers diagnostic image quality in clinically
feasible scan times, while retaining the insensitivity to magnetic field
inhomogeneity. For example, in comparison to the results obtained by
DW STEAM MRI with Cartesian encoding,® that is, 25 sections at
104 mm® resolution (voxel sixe) and 330 seconds measuring time,
the current fast DWT protocol offers a 4-fold reduction in measuring
time as well as extended volume coverage with twice as many scctions,
that is, 55 sections at 9.0 mm* resolution within 84 seconds. In addition,
visual inspection of the DW images shown in Figures 3C, 4C, and 5C
from the study of Khalil et al® further confirms the current achieve-
ments in image quality as characterized by gray/white matter contrast
and spatial acuity. Quantitative estimates indicate a 2.5-fold SNR im-
provement from 36 (single brain section®) to 87. Similarly, the high-
resolution DWI protocol simultaneously yields a 2-fold smaller voxel
size and a 2-fold faster acquisition, that is, 54 sections at 4.7 mm® res-
olution within 168 seconds. These results represent a major advance-
ment in DW STEAM MRI that renders the method an altermative
clinical choice to EPI-based DW MRI. This is further confirmed by
the preliminary study of 2 patients.

At this stage, the main obstacle to clinical applicability of the
novel DW STEAM MRI technique is the high computational demand
and corresponding long reconstruction time. However, previous experi-
ence with similar problems for real-time MRI indicates that substantial
accelerations may be obtained by an implementation of the algorithm
on a multi-GPU server integrated into the commercial MRI system.

FIGURE 4. Left, Non-DW image; middle, mean DW image; and right, ADC map of the brain of (top) a patient with a diffusion-restricted lesion in the
posterior limb of the right internal capsule, consistent with a subacute lacunar stroke, and (bottom) a patient with a frontal diffusion-restricted
epidermoid cyst containing fluid compartments (dark in the mean DW image) as well as jelly-like tissue (bright). Experimental parameters as in Fig, 3.

432 | www.investigativeradiology.com

© 2017 Wolters Khiwer Health, Inc. All rights reserved.

Copyright © 2017 Wolters Kluwer Health, Inc. All rights reserved.



Investigative Radiology e Volume 52, Number 7, July 2017

Diffusion-Weighted STEAM MR/

Possible extensions of the current method toward multidirec-

tional diffusion encoding and fiber tractography at higher spatial reso-
lution are straightforward and should be promising in brain regions
such as the optic nerve, which are contaminated by air-tissue suscepti-
bility differences.?’ Further advantages are (o be expected for organ sys-

tems outside the brain, for example,
. - . a2
MRI studies of the lumbar spine”

to improve previous DW STEAM

122 or to overcome artifact-prone

single-shot EPI-based approaches to DW MRI of the prostate.*

In conclusion, undersampled radial STEAM acquisitions with

regularized nonlinear inverse reconstruction offers improved DW MRI
without susceptibility artifacts. The achievable resolution and image
quality allow for rapid whole-brain studies within less than 3 minutes
and demonstrate clinical feasibility. While initial patient studies are
promising, more widespread clinical applications require accelerated
computation and online reconstruction.
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