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ABSTRACT

Magnetic susceptibility based (7,*-weighted) contrast in MRI at high mag-
netic field strength is of great value in research on brain structure and cor-
tical architecture, but its use is hampered by the low signal-to-noise ratio
(SNR) efficiency of the conventional spoiled gradient echo sequence (GRE)
leading to long scan times even for a limited number of slices. In this work,
we show that high resolution (0.5 mm isotropic) T,*-weighted images of the
whole brain can be obtained in 6 min by utilizing the high SNR efficiency of
echo-planar imaging (EPI). A volumetric (3D) EPI protocol is presented and
compared to conventional 3D GRE images acquired with the same resolu-
tion, amount of T, *-weighting, and imaging duration. Spatial coverage in 3D
EPI was increased by a factor of 4.5 compared to 3D GRE, while also the
SNR was increased by a factor of 2. Image contrast for both magnitude and
phase between gray and white matter was similar for both sequences, with
enhanced conspicuity of anatomic details in the 3D EPI images due to the
increased SNR. Even at 7 T, image blurring and distortion is limited if the EPI
train length remains short (not longer than the T_* of the imaged tissue). 3D
EPI provides steps (speed, whole brain coverage, and high isotropic resolu-
tion) that are necessary to utilize the benefits of high field MRI in research
that employs T, *-weighted imaging.
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INTRODUCTION

Magnetic resonance imaging (MRI) with susceptibility-based contrast at high
magnetic field strength has allowed the visualization of human brain ana-
tomy in vivo with exceptional detail. Variations in magnetic susceptibility
of tissue (manifested as 7,* and frequency variations) yield clear contrast
between different anatomical structures in T,*-weighted magnitude images
both in white matter (e.g. fiber bundles (1)) and gray matter (e.g. basal gan-
glia (2)). The phase of T_* weighted images is even more sensitive to magne-
tic susceptibility variations. Using the phase, it is possible to depict exquisite
details of cortical structure and substructure, including the line of Gennari in
the visual cortex (3—5). The magnetic susceptibility of tissue depends on the
presence and arrangement of, amongst others, lipids, proteins and (non-he-
me) iron in the tissue (6, 7). T,*-weighted imaging at high field is, therefore,
sensitive to the tissue composition at a cellular level, yielding a powerful tool
to study normal and pathological tissue (8—11).

T, *-weighted imaging is conventionally performed using a spoiled gradient
echo (GRE) sequence (12). At the high resolutions employed to image struc-
tural detail (<<1 mm3 voxel volume), however, imaging time is long, even
for a limited number of slices (3). As a result, the imaging volume is typically
limited since full brain coverage requires excessively long scan times of 1 h
or more for a single acquisition. This hampers the practical use of T,*-weigh-
ted imaging for fundamental research of normal physiology or disease. Long
imaging times are also problematic because they increase the possibility of
subject motion during the scan duration resulting in blurring or unusable
images (13). The long imaging times are due to the relatively low signal-to-
noise ratio (SNR) efficiency of the spoiled GRE sequence. For sufficient T*
weighting, a long echo time (TE) is needed, which leads to ‘dead’ time in the
sequence during which no signal is acquired.

In this work, we show that high resolution T *-weighted images of the whole
brain can be obtained in 6 min based on volumetric (3D) echo-planar ima-
ging (EPI) by utilizing the high SNR efficiency of EPI (14). By using a multi-shot
approach with short EPI train lengths, the common artifacts related to EPI
(distortion and blurring) are limited, and images with a considerable gain in
both SNR and coverage as compared to GRE imaging can be obtained within
a given amount of scan time. The contrast in the phase and magnitude 3D
EPI images and the distortion are compared with 3D GRE images, acquired
with the same acquisition parameters in terms of resolution, amount of T_*-
weighting, and imaging duration.
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MATERIALS AND METHODS

Imaging was performed on 8 healthy subjects (4 male, 4 female, age
27 + 4 years) who gave written informed consent, in accordance to the In-
stitutional Review Board of the University Medical Center Utrecht. Images
were acquired using a 7 T MRI system (Philips Healthcare, Cleveland, USA)
with a 16 channel receive coil and a volume transmit coil (Nova Medical, Wil-
mington, MA). Maximum gradient strength and slew rate were 33 mT/m and
166 T/m/s, respectively. For all sequences 3™ order B, shimming was per-
formed using an image based approach with an adapted version of the tool
developed by (15). The amplitude of the RF transmit field (B,) was measured
with actual flip angle imaging in the pulsed steady state (16) in order to as-
sess the spatial variations in the RF transmit field across the brain, using the
following parameters: TR1/TR2/TE 25/125/2.5 ms, flip angle 50°, voxel size
3.8 x 3.7 x 4 mm?®, 20 slices, field of view 240 x 195 mm?. For good T,* con-
trast, the TE of the T *-weighted sequences was chosen to be equal to the
average T,* of white matter at 7 T: 27 ms (17), which is in between the (on
average longer) T,* of cortical gray matter and the (on average shorter) T_*
of the iron containing nuclei of the basal ganglia.

3D EPI protocol

A 3D T, *-weighted protocol was set up with 0.5 mm isotropic resolution
(125 nl voxel volume) and whole brain coverage, with a total scan duration of
less than 6 min. Multi-shot 3D EPI was used with a conventional Cartesian in-
terleaved k-space trajectory. During each EPI shot, the y gradient (left—right
(LR) encoding) was stepped, for a given k_(linearly increasing phase encoding
step in the feet—head direction). The EPI factor was set to 13, leading to an
EPI train length of 23 ms, below the average T,* for gray and white matter
(17). Fat-suppression was applied to avoid possible artifacts that may arise
from a shifted fat signal in combination with sensitivity encoding (SENSE)
with the small receive coils, which have a rapidly varying sensitivity at the
location of the subcutaneous fat. For fat-suppression Spectral Presaturation
Inversion Recovery (SPIR) was applied with a non-selective RF pulse of 110 °
flip angle, 679 Hz BW and a frequency offset of 1.1 kHz. The flip angle of the
imaging sequence was set to a value which was 33% larger than the Ernst an-
gle for gray matter given the TR (see Table 1). This choice was made to partly
compensate for the fact that the actual B, as assessed from the B, maps was
about 80% of the nominal value (20 uT) in the center of the brain, and even
less elsewhere. The Ernst angle was computed using the T, value for cortical
gray matter at 7T, T, = 2132 ms (18). The flip angle was optimized for gray
matter (GM), as GM has a longer T, and thus less signal, relative to white
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matter (WM). The imaging parameters are shown in Table 1.

Table 1: Imaging parameters.

3D EPI 3D GRE 2D EPI 2D GRE
FOV (mm?) 240 x 192 240x 192 |[240x190 |240x 190
Matrix (AP x RL) 480 x 381 480 %384 |300x234 |300x237
Resolution (mm?2) 0.5x0.5 0.5x0.5 0.8x0.8 0.8x0.8
Slice thickness (mm) 0.5 0.5 2 2
Nr slices 300 66 1 1
Coverage (FH direction, mm) 150 33 2 2
Flip angle 19° 13° 15° 15°
TR/TE (ms) 70/27 32/27 70/27 70/27
BW readout direction (Hz/pixel) | 677 203 997 1080
BW phase encoding direction | 41 - 57 -
(Hz/pixel)
EPI factor 13 - 13 -
Repetitions® - - 26 2
Slice-oversampling factor 1.28 1.28 - -
k-space shutter (sampled frac-| 1.0 0.78 1.0 1.0
tion of k-space)
SENSE (LR) 2.3 2.3 1.0 1.0
Fat suppression SPIR None SPIR SPIR
Scan time (s) 350 354 33.3 33.9

FOV: field-of-view, AP: anterior—posterior, RL: left-right, FH: feet—head, TR: repetition time,
TE: echo time, BW: bandwidth, SENSE: parallel imaging acceleration factor (sensitivity en-
coding), SPIR: spectral presaturation by inversion recovery. ? Last repetition is performed
without applying any RF or gradient pulses in order to measure the noise.

3D GRE protocol

As a reference for image quality, a GRE imaging protocol was set up with
the same resolution, TE and scan duration as the EPI protocol (Table 1). The
bandwidth was chosen to obtain optimal SNR for the GRE images, and was
equivalent to that used for the combined time-of-flight/susceptibility weigh-
ted clinical imaging protocols in our hospital (19). Given the scan duration,
coverage for the GRE protocol was maximized by choosing the shortest pos-
sible repetition time (TR), and adapting the flip angle accordingly. Fat sup-
pression was omitted to further shorten the TR within the specific absorp-
tion rate (SAR) constraints. A vendor supplied elliptical shutter in k-space was
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applied with GRE, which means that approximately 22% of the data in the
edges with both high k and high k, values were not sampled. Given the scan
duration, this allows to further increase the coverage with a limited cost in
resolution.

Quantitative comparison between 3D EPI and 3D GRE images

The 3D EPI and GRE images were reconstructed with image homogeneity
correction, using the standard reconstruction software of the scanner. Both
magnitude and phase images were stored. Phase images were high-pass fil-
tered by subtracting a 2" order polynomial fit from the phase data in or-
der to remove large length-scale fields over the whole image. Varying fields
toward the edge of the image were filtered by modeling these fields with
dipole point sources parallel to the main field (B)) and subtracting a least-
squares fit from the phase data, as described in Wharton et al. (20) The 3D
EPI images were compared to the GRE images to assess the image quality
and contrast, for both magnitude and phase.

Figure 1: Magnitude images of the 3D EPI protocol

(A: transverse, B: sagittal, C: coronal orientation), showing the gain in coverage and SNR as
compared to the 3D GRE imaging protocol (D, E and F). Note that the EPl and GRE images are
acquired with the same scan duration and resolution. The dotted lines indicate the perpen-
dicular cross-sections of the different orientations. Some blurring can be seen for the GM
just above the nasal cavity in panel B.
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The contrast between GM and WM in the two sequences was compared for
regions of interest (ROIs) in three different regions (GM vs. WM): cingulate
gyrus vs. corpus callosum, putamen vs. internal capsule, and GM vs. WM in
the primary visual cortex. The contrast in the magnitude images was defined
as the signal of GM divided by the signal of WM. This signal ratio was chosen,
because the conventional measure of contrast, SNR_, - SNR  is directly
affected by the overall difference in SNR between the two sequences. The
contrast in the phase images was quantified as the frequency difference in
Hz, which was obtained by dividing the phase in radians by 2rt TE.

The distortion in the EPI images was assessed by overlaying the outer con-
tour of the GM in the 3D GRE image over the corresponding 3D EPI image.
To remove any contribution from head motion between the scans, the 3D
GRE images were registered to the 3D EPl images with rigid body registration
using the FSL software package (FSL 4.1, FMRIB’s Software Library, Oxford
(21). After registration, the maximum mismatch between the GRE contour
and the EPI image was measured in the phase encoding (LR) direction for
both the lowest and the highest slice in the GRE dataset.

To confirm that the EPI and GRE performance is equivalent if all imaging
parameters are the same, we performed a 2D experiment where the only
difference was the scan duration (due to the EPI factor). The imaging para-
meters are given in Table 1. The noise level was measured by repeating the
data acquisition with the same receiver gain and bandwidth for data sam-
pling, without applying any RF or gradient pulses. The EPI scan was repeated
multiple times in dynamic mode, in order to obtain a steady state signal for
correct comparison of the SNR level between EPI and GRE imaging. The 2D
EPI and GRE images were used to measure the SNR in an ROI covering the
complete brain. The noise level was quantified as the standard deviation in a
corresponding ROl in the image with sampled noise.

RESULTS

The image quality was consistent for all volunteers for both the 3D EPI and
the 3D GRE protocol. The remarkable improvements in both coverage and
SNR that are obtained with the 3D EPI protocol are illustrated in Fig. 1. Note
the clear depiction of the cerebellum, and the clear visualization of the hip-
pocampus in the 3D EPI images. The contrast in both the magnitude and
phase images between GM and WM was similar between 3D EPl and 3D GRE,
as shown in Table 2. Fig. 2 and Fig. 3 illustrate the improved image SNR with
3D EPI, for sample areas in the basal ganglia and the visual cortex. The higher
SNR in the 3D EPI magnitude images yields improved visualization of tissue
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borders, for example between white matter and the putamen, hippocampus
and substantia nigra (Fig. 2). Also the optic radiations are delineated more
clearly as they fuse into the primary visual cortex (Fig. 3). In analogy to the
magnitude images, the higher SNR obtained with 3D EPI yields clearer phase
images, which allows enhanced visualization of subtle details such as the
line of Gennari in the visual cortex (Fig. 3). Artifacts from incomplete phase
unwrapping are similar between both protocols, e.g. posteriorly around the

Figure 2: Detail of transverse 3D EPI vs. 3DGRE images.

Visible are many anatomical structures,including the putamen (Pt) and globus pallidus (GP)
in the lentiform nucleus, the anteriorcommissure (black arrow heads), substantia nigra (long
black arrow), the nucleus ruber (short black arrow) and the hippocampus (white arrow).
Left: 3D EPI magnitude (A) and phase (C). Right: 3D GRE magnitude (B) and phase (D).

Maximum image distortions measured in the 3D EPI images, were
2.2+0.5mmand 1.1 £ 0.2 mm for the slice corresponding to the lowest and
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highest slice in the 3D GRE volume, respectively. The maximum distortion
was usually observed as a very localized distortion (as illustrated in Fig. 4). In
many cases, particularly away from bone/air-tissue interfaces, the distortion
(if present) was less than 0.5 mm (pixel size). An example of the distortion is
given in Fig. 4. In the slices close to the skull base, the border between GM
and WM appeared less sharp in the EPl images, as can be seen in the frontal
area above the nasal cavities in Fig. 1.

Figure 3: Detail of transverse 3D EPI vs. 3D GRE images, showing part of the visual cortex.
Left: 3D EPI magnitude (A) and phase (C). Right: 3D GRE magnitude (B) and phase (D). The
black arrows in the EPI phase image (C) indicate the line of Gennari, and the arrow heads
point to the clear delineation of the optic radiations.

The 2D EPI images had similar SNR (15.8 + 0.6) as the 2D GRE images
(14.9 £ 0.5) (mean * standard deviation across subjects, n = 8), despite the
fact that they were acquired 13 times faster. Hence, the SNR efficiency of the
2D EPI protocol was approximately vV 13 larger than that of 2D GRE protocol,
as expected.

DISCUSSION

The high SNR efficiency of EPI was used to develop a fast 3D T,*-weighted
anatomical imaging protocol, providing whole brain coverage with 0.5 mm
isotropic resolution in less than 6 min. Given a fixed amount of scan time, the
3D EPI protocol yields more than a four-fold increase in coverage (150 mm
vs. 33 mm for 3D GRE imaging), and also higher SNR. The higher SNR allows
enhanced visualization of fine anatomical detail ( Fig. 2 and Fig. 3), while the
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isotropic resolution allows reformatting of the data in any desired orienta-
tion (Fig. 1).

Figure 4: Amount of distiortions on GRE and EPI dataset.

Example data showing the highest and lowest slices of a 3D GRE data set (panels A and C,
respectively) and the corresponding slices in the 3D EPI data set (panels B and D, respecti-
vely). The outer contours of the brain as drawn on the GRE images are superimposed on the
EPlimages to assess the amount of distortion. The arrows indicate the location of maximum
distortion in the phase encoding direction (1.4mm for the highest slice, B, and 2.7 mm for
the lowest slice, D).



WHOLE BRAIN TZ*-WEIGHTED IMAGING | 111

To date, the high SNR efficiency of EPI is almost exclusively used for func-
tional MRI (fMRI), to capture the dynamic signal changes associated with
brain activity. Recently, it was shown that 3D EPI imaging is more efficient
than multi-slice (2D) EPI, in the context of fMRI applications (22). The current
results show that the high SNR efficiency of 3D EPI is also valuable for appli-
cation in structural imaging, an application for which the use of EPl seems to
be underappreciated.

Table 2. Contrast between GM and WM for both 3D EPI and 3D GRE images.
3D EPI 3D GRE 3D EPI phase | 3D GRE phase
magnitude magnitude (Hz) (Hz)
CG vs.CC 1.7+0.2 1.7+0.2 -0.3+0.7 -0.2+0.5
Ptvs. IC 0.8+0.1 0.8+0.1 -2.6+04 -2.410.5
GM _vs. WM 1.2+0.2 1.1+0.1 -3411.0 -35+1.2

CG: cingulated gyrus, CC: corpus callosum, Pt: putamen, IC: internal capsule, GM /WM _:
gray matter/white matter of visual cortex. For magnitude: ratio of gray matter signal over
white matter signal, for phase: difference in phase, expressed as a frequency difference
(using TE = 27 ms).

SNR efficiency, point spread broadening and distortion

The SNR efficiency of the 3D EPI protocol presented here (Table 1) resulted
in a gain in SNR by a factor of 2 relative to the 3D GRE protocol. The relative
SNR was calculated by s = (1 - £)) E, sina / (1 - £,cosa) (23) and the depen-
dency of the SNR on voxel volume (Axyz), number of samples acquired (N,
NN) and bandwidth (BW): SAxyz \/((NXNVNZ)/BW), where £, = exp(- TR/T)),
E, = exp(- TE/7,*) and a is the flip angle.

The main reason why GRE imaging has a much lower SNR efficiency than
EPI, is that GRE imaging performs data sampling only during a fraction of the
‘lifetime of the signal’, 7,*, while EPI samples the signal over a much longer
duration. The limiting factor for imaging speed with EPl is, therefore, the 7*
of the tissue. We chose an EPI factor of 13, leading to an EPI train length of
23 ms, which is just below the 7,* for most brain tissues. Long echo trains
will reduce the efficiency of EPI, because in the extreme case, only noise is
sampled, while shorter echo trains are still sub-optimal. There is a trade-off
between EPI train length and image blurring or point spread widening, due
to T,* decay during the readout. Using an EPI train length equal to the T* of
the imaged tissue, the broadening of the point spread function is less than
5% (24). For longer train lengths, or for tissues with shorter T_*, for example
as may occur in regions with poor shimming such as above the nasal cavities
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(Fig. 1), blurring can become noticeable.

The 3D GRE bandwidth could be reduced to such extent that the SNR ef-
ficiency of the 3D GRE protocol would become equal to that of the 3D EPI
protocol (3). However, the total scan time for whole brain coverage would
still be long, as the increased SNR efficiency obtained in this way cannot be
traded off directly against imaging speed, as is the case for EPI.

The 3D EPlimages showed only limited distortion, with a maximum observed
distortion of 2.5 + 0.5 mm for the lowest slice of the 3D GRE volume. This
might be counter-intuitive, as EPI is well known to suffer from distortion. Ho-
wever, the amount of distortion depends strongly on the echo train length.
With the echo train length used in this study, the BW in the phase enco-
ding direction is 41 Hz, which corresponds to a displacement of 2.5 pixels
(1.25 mm) per 100 Hz off-resonance. In our experience, using image based
shimming at 7 T, the standard deviation of the off-resonance frequency dis-
tribution in the shimmed brain volume is around 60 Hz after shimming. In
regions close to the nasal cavity and petrous bones, distortion will be stron-
gest, and local gradients will lead to an apparently shorter 7,* and hence
to noticeable blurring, which can be problematic for studies involving these
regions.

The lower bandwidth for EPI sequences in the phase encoding direction re-
sults in larger water—fat shifts, which can be a disadvantage. However, be-
cause of the increased TR and the acquisition of multiple lines with each RF
excitation, it is possible to include fat suppression or saturation slabs while
still remaining within the SAR constraints, which are more easily reached at
higher magnetic field strengths.

Implications

7,*-weighted imaging provides valuable information in the study of both
normal brain physiology and disease, as these images reflect brain tissue
microstructure (4, 6, 25, 26). Neurodegenerative diseases in particular are
associated with elevated iron depositions to which 7,*-weighted imaging is
extremely sensitive (8—11). Unfortunately, patients with neurodegenerative
diseases often have difficulties lying still for more than a few minutes, while
7,* weighted imaging is prone to motion artifacts (13). The proposed proto-
col is fast and will, hence, allow increased coverage in acceptable scanning
time, or fast scanning of a limited brain area with lower chance of motion
artifacts. Further reduction in scan time is expected from coils with more re-
ceive elements, which will allow for higher acceleration factors from parallel
imaging. 3D EPI allows fast mapping of phase contrast and can hence con-
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tribute to research on the origins of this contrast (27), as well as to accurate
susceptibility mapping (20). 3D EPI using non-isotropic voxel sizes may prove
beneficial for venography based on susceptibility-weighted imaging (28).

CONCLUSION

Fast 7,*-weighted anatomical imaging with high resolution and full brain co-
verage was obtained with 3D multi-shot EPI imaging. Spatial coverage and
image signal to noise ratio is markedly improved compared to conventional
3D GRE imaging, given a fixed scan time and resolution, while image blurring
and distortion are limited if the EPI train length remains short (not longer
than the 7,* of the imaged tissue). 3D EPI provides steps (speed, whole brain
coverage, and high isotropic resolution) that are necessary to utilize the be-
nefits of high field MRI in research that employs 7,*-weighted imaging.
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