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ABSTRACT

Introduction: At ultrahigh field, local susceptibility induced hyperintensities are pronounced in brain areas close to air-tissue boundaries in the inferior frontal lobe
and temporal lobes on T1w MPRAGE images. Resulting from incomplete inversion, these artefacts can introduce biases in brain volumetry and erroneously suggest
the existence of local tissular anomaly. We propose a straightforward approach to eliminate these artefacts by applying a shift (Afig) to the center frequency of the
adiabatic inversion pulse while widening the bandwidth of the latter by shortening the pulse duration (Atyg).

Methods: An MPRAGE sequence was customized allowing to change the duration (standard: 10,240 ps) and center frequency of the hyperbolic secant inversion RF
pulse (IR). All measurements were performed on a 7 T whole body scanner (Siemens, Erlangen, Germany). 13 healthy volunteers (7 female and 6 male, average age
(SD) = 38 + 15yrs) were recruited for the study, 3 of which were scanned for protocol optimization and the rest for performance evaluation. ABO was mapped
through the brain with a gradient echo sequence. The effects of Afir and At;g were studied separately and jointly to determine optimal parameter combinations to
achieve the largest spatial extent of complete inversion throughout the brain.

Results: Applying a positive Afjg restored inversion efficiency in the inferior frontal and temporal lobes, but also introduced undesired hyperintensities in the anterior
temporal lobes. Widening the bandwidth alone could also partially reduce hyperintensities in the frontal area but with a limited efficiency. By simultaneously
applying a positive Afijg of 300 Hz and shortening Atjg by 40%, these artefacts were eliminated across the whole cerebrum.

Conclusion: A robust elimination of susceptibility induced hyperintensities near air-tissue boundaries in Tlw MPRAGE 7 T brain images is demonstrated. This

technique only requires limited MR sequence modifications.

1. Introduction

Ultrahigh field MRI at 7 T, with higher intrinsic signal to noise ratio
and a broader distribution of longitudinal relaxation times through
brain tissues [1], enables very high resolution T1-weighted anatomical
images of the human brain, allowing for the visualization of certain
brain structures that could not be well delineated at standard clinical
field strength (<3 T) [2-4]. However, at 7 T, strong local susceptibility
can induce large static field variation (ABy) in brain areas close to air-
tissue boundaries, resulting in incomplete inversion in MPRAGE
(magnetization-prepared rapid gradient-echo) [5] acquisition, mani-
fested as local hyperintensities with a loss of T1 contrast in the T1lw
images, most frequently seen in the medial inferior frontal and tem-
poral lobes. These artefacts, which could not be retrospectively cor-
rected for, can be a significant source of bias in brain structure analysis
such as cortical thickness determination [6] and voxel-based morpho-
metry [7], in studies dedicated to local brain areas such as the gyrus
rectus which has been found to be associated with depression [8,9], as
well as in establishing clinical diagnosis on cortical malformation.

Several approaches can be considered to mitigate local

susceptibility induced hyperintensities in TIW MPRAGE images, in-
cluding, as proposed earlier by Wiggins [10], shifting the center fre-
quency of the adiabatic inversion pulse by 200 Hz. The drawback of this
approach is that it may induce undesired hyperintensities in brain areas
subjected to local frequency offsets with opposite polarity. Alternatively,
it has been proposed to improve the inversion efficiency in the presence
of large static field inhomogeneities by altering the inversion adiabatic
pulse design [11,12]. However, with the latter approach, developed
mostly to target cerebellum and brain stem, unsatisfactory results have
been reported regarding the mitigation of hyperintensities in the in-
ferior frontal cortex [11]. Another group of methods aiming at directly
reducing BO inhomogeneities are using advanced shimming techniques
[13]; but these approaches typically require cutting edge hardware and
resources that are not readily available to many end users.

In this study, expanding on Wiggins' earlier approach which was
found insufficient when applied alone, we demonstrate a straightfor-
ward approach to eliminate these artefacts by combining frequency
offset and bandwidth widening onto the hyperbolic secant inversion
pulse of a standard MPRAGE sequence.
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Table 1
The combinations of frequency shift (Afig) and duration (At;r) of the inversion
pulse applied on the three subjects for protocol optimization.

Pulse Combination 1 ~ Combination 2 Combination 3 ~ Combination 4
parameter
Subject 1
Afir (Hz) 0 125 180 250
Atir (us) 10,240 10,240 10,240 10,240
Subject 2
Afir (Hz) 0 300 300 300
Atir (us) 10,240 10,240 8192 6144
Subject 3
Afir (Hz) 0 0 300
Atir (us) 10,240 6144 6144

2. Methods

2.1. Hardware

All image acquisitions were performed on a 7 T whole body scanner
(Siemens, Erlangen, Germany) equipped with a single-channel transmit
and 32-channel receive head coil (Nova Medical, Wilmington, MA) and
a S720 gradient coil that includes four 3rd order term BO shimming
coils additionally to the 2nd order.

2.2. Study design and subject recruitment

A standard MPRAGE sequence was customized to allow for: 1) ap-
plying a shift Afig to the center frequency, and 2) changing the duration
Atg (standard: 10,240 ps) of the hyperbolic secant inversion pulse.
Widening the bandwidth BWg was achieved by shortening Atz while
increasing the voltage of the inversion pulse to preserve adiabatic in-
version.

The study was divided into two parts. In the first part, three healthy
subjects were recruited to determine an optimal parameter combination
of Afig and Aty for the customized MPRAGE sequence. Three types of
changes to the protocol were applied. First, Afig was added in-
crementally to examine its impact on the inversion efficiency across the
whole brain. Second, Atz was shortened to test the impact of a wider
bandwidth. Finally, Afig and Atz were changed simultaneously to de-
termine the optimal combination. The combinations of Afjg and Aty
tested on different subjects are listed in Table 1. In one subject, the

a)
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optimized Afir was further shifted by + 60 Hz to evaluate the robust-
ness of the technique against different AB, distributions.

In the second part, 10 additional healthy subjects were recruited to
evaluate the performance of the parameter combination determined in
the first part. Informed consent approved by a local IRB was obtained
from all the subjects recruited for the study.

2.3. Imaging parameters

For all recruited subjects, standard BO shimming up to the 3rd order
spherical harmonics was applied, using vendor standard adjustment
routine, to reduce static field inhomogeneities. ABO maps were then
obtained using a vendor-provided gradient echo field mapping se-
quence (TE1/TE2 = 4.08 ms/5.10ms, TR = 800ms, bandwidth =
1502 Hz/pixel, pixel size = 1.7 x 1.7 mm?, FoV = 190 x 218 mm?, slice
thickness = 1.7 mm, 86 slices). The customized MPRAGE sequence was
used with the following parameters: TR/TI/TE = 3100 ms/1500 ms/
3.5ms, flip angle = 6°, FoV =230 x 210 x 256 mm®, voxel size =
0.6 x 0.6 X 0.6 mm>, TA = 6:51 min, GRAPPA X 2. The specific ab-
sorption rate (SAR) was continuously monitored by the console. To cor-
rect for receive B1 field bias [14], proton density weighted (PDw) images
were acquired with the same parameters but without inversion pulse (TR/
TI = 2160 ms/0 ms, TA = 4:55 min) and with a flip angle of 4°.

2.4. Image evaluation

B0 maps were visually examined on the console during each scan-
ning session, particularly for brain areas known to be subjected to large
local AB,. To better assess the distribution of AB,, the BO maps gener-
ated by the console were exported on an external computer where they
were unwrapped [15] and masked, using a brain mask derived from the
magnitude images of the first echo using BET brain extraction [16].

Tlw MPRAGE images were coregistered to PDw images using
SPM12 (http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) before
generating the ratio images T1lw/PDw. Both T1w and ratio images were
visually examined to evaluate artefact reduction across the whole brain
for all subjects. To further quantify the artefact elimination, we per-
formed the following analysis on the ratio images.

1) For each subject, a region of interest (ROI) was drawn and used as a
mask to extract the upper part of rectus from an axial slice posi-
tioned right above the sinus area.

2) The normalized histogram of the values of Tlw/PDw signal
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Fig. 1. a) BO map (in Hz) of brain areas with large ABy; b) the histogram of AB, for all recruited subjects (top), with the distribution of voxels with large AB, zoomed

in and displayed at the bottom.
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Af = 125 Hz Afig = 187 Hz Afg = 250 Hz

Fig. 2. The effects of applying Afir alone on the inferior frontal lobe (top, ABo > 0) and anterior temporal lobes (bottom, AB, <« 0) shown on the T1w/PDw images. By
increasing Afiy alone, the hyperintensity on the areas with AB, > 0 is reduced with more structural information revealed. However, undesired hyperintensity starts to
appear on the areas with ABy < 0 when Afy is increased to 187 Hz and becomes stronger when Afig reaches 250 Hz. The red arrows indicate the brain areas with the
artefacts. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

a). A = 0 Hz b). Afig = 300 Hz ¢). Afi = 300 Hz d). Af = 300 Hz
At = 10240 us At = 10240 us At = 8192 us At = 6144 us

Fig. 3. The effects of b) applying Afir alone and c)-d) both applying Afjz and changing Aty of the adiabatic inversion pulse on the artefact reduction compared to a)
the original parameters from MPRAGE in inferior frontal area (top, ABy>> 0) and anterior temporal lobes (bottom, ABy <« 0) shown on the T1w/PDw images. The
hyperintensities seen on the frontal lobe in a) and temporal lobe in (b) are largely reduced in ¢) and eliminated in d). The red arrows indicate the brain areas with the
artefacts. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

intensity within the mask was generated. 3. Results
3) For the first group of subjects tested to optimize the parameters, the
ROIs were first drawn on the images without hyperintensity. The BO maps crossing brain areas with large frequency offset are shown
masks were then applied on the images with and without hyper- in Fig. 1(a) for a typical subject. Positive frequency offsets are observed
intensity. in the inferior frontal lobe and the posterior inferior temporal lobe
while negative offsets are seen in the anterior inferior temporal lobe.
The value T1w/PDw provides a normalized measurement of T1lw The histograms of AB, (in Hz) within the brain from all subjects are
signal regardless of receive coil sensitivity [14], providing histograms plotted in Fig. 1(b) (top). A clear asymmetric distribution between
that are comparable across all subjects. positive and negative offset becomes visible when zooming in on a

histogram including only voxels with relatively large AB,
(JABo| > 200 Hz) (bottom chart, same figure).
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b). Afr = 0 Hz
Aty = 6144 us

c). Afig = 300 Hz
Atz =6144 us

Fig. 4. The effects of b) changing At;z alone and c¢) both applying Afir and changing At;z on the artefact reduction compared to a) the original parameters from
MPRAGE in inferior frontal area (AB, > 0) shown on the T1w/PDw images. Residual hyperintensity is still visible in a) but vanishes in b) and c). The red arrows
indicate the brain areas with the artefacts. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

a). Afg =300 Hz
Atg = 6144 us

b). Afg =240 Hz
Atg = 6144 us

c). Afig = 360 Hz
Atg = 6144 us
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Fig. 5. The robust elimination of the hyperintensities with different Afiy in inferior frontal area (top, ABy > 0) and anterior temporal lobes (bottom, ABy < 0) shown
on the TIw/PDw images. No difference in image quality is observed among the three scenarios with different Afir. The red arrows indicate the brain areas with the
artefacts generally shown with standard Afig and Atjr. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

The effect of shifting Afjz on the brain regions with large AB, could
be seen in Fig. 2 In the medial inferior frontal area right above the sinus
(top row), where AB, > 400 Hz, local susceptibility induced hyper-
intensity was reduced when increasing Afig. Even when Afig = 250 Hz,
residual hyperintensities were still observed, but increasing further Afjg
would not have yielded acceptable solutions because, at the same time,
signal hyperintensities became apparent in the infero-anterior part of
the temporal lobe where the average AB, amplitude is not as high as in
the frontal lobe but is of opposite polarity (Fig. 2, bottom row).

The efficacy of widening the inversion pulse to improve artefact
reduction when applying Afijg > OHz can be appreciated in Fig. 3.
Signal hyperintensities that appear in the temporal lobe (bottom row)
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when only applying Afig = 300 Hz were partially mitigated when
shortening Atig by 20% and completely disappeared when shortening
Atig by 40%. In this particular subject, residual hyperintensity in the
frontal area (top row) were still observed when only applying
Afir = 300 Hz, but were ultimately eliminated after also shortening Aty
by 40%. The actual peak voltage delivered to the inversion pulse, when
shortened by 40%, varied between 500V and 540V (the maximum
available peak voltage was 540 V). Further widening of the inversion
pulse was not considered, as it would have required inversion pulse
voltage exceeding safety limits imposed by the console. The SAR
reading on the console was below 40% for all MPRAGE acquisitions.
Shortening Atig by 40% by itself can largely reduce signal
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hyperintensities in the inferior frontal area, as can be seen in Fig. 4, but
with some local brightness still observed. The latter disappeared when
also applying Afig = 300 Hz. An optimal parameter combination was
empirically found to be Atjg = 6144 ps and Afig = 300 Hz. It should be
clarified here that according to our experience with in vivo Tlw
MPRAGE and B0 mapping acquisitions at 7 T, local frequency offsets in
the gyrus rectus and/or the infero-temporal lobe can in some subjects
reach very high values. As a result, the value of Afjz considered optimal
was conservatively chosen to be relatively high (300 Hz) to eliminate
signal hyperintensity in the frontal and temporal lobes for even in those
particular subjects.

Anticipating the fact that even larger ABO offsets could be observed
in a larger population, the robustness of the proposed approach was
tested by shifting Afig by = 60 Hz. As shown in Fig.5, no visible dif-
ference in image quality was observed compared with the pre-
determined optimal parameter set.
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Across all subjects scanned with Atjg = 6144 us and Afig = 300 Hz,
signal hyperintensities commonly seen in the inferior frontal and tem-
poral lobe with the native MPRAGE sequence were not identified. While
in one subject a very small amount of residual hyperintensity persisted
at the bottom of rectus gyrus, the corresponding AB, map revealed a
local BO field deviation exceeding 800 Hz, which was not observed in
other measured data sets. The signal intensity distribution from T1w/
PDw ratio images plotted as the normalized histograms restricted to a
masked brain area from rectus gyrus of each subject are shown in Fig. 6.
An example of the selected brain area is displayed in Fig. 6(a) and (b)
for the signal with and without applying the corrected acquisition to
address hyperintensities, respectively. The image without hyper-
intensity was acquired with Atg = 6144 us and Afig = 300 Hz. The
histograms from these two data sets are shown in Fig. 6(c). As can be
seen from (b) and (c), a secondary peak corresponding to signal hy-
perintensity is centered on a range of Tlw/PDw values contained

d) histogram of masked
brain areas from all subjects
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Fig. 6. The histograms of T1w/PDw values from rectus gyrus area. An example of the ROI defined for generating the mask is shown on an image a) without and b)
with hyperintensity. The masks from a) and b) are identical as the images are from the same subject. The corresponding histograms of pixel values are displayed in c)
for the case with (blue) and without (red) hyperintensity. Histograms generated with the same method for all subjects with At;x = 6144 us and Afig = 300 Hz are
displayed in d). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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between 1 and 1.5 (blue line). This can be explained using the similar
principles described in ref. [14]. With our parameter settings (FA = 4°
for PDw images and FA = 6° for T1w images), in an extreme case where
one considers the inversion pulse being completely absent, the unit-less
signal ratio of Tlw/PDw approaches 1.5 using a small flip angle ap-
proximation. Therefore, the spins that are experiencing an incomplete
of absent inversion have a ratio values on the histogram between the
values of 1.0 and 1.5. In the absence of correction, these pixels are
sufficiently numerous to form a secondary broad peak. After applying
the change in Atjg and Afjg, the ratio values of these voxels (red line)
fall back into the expected range of ratio values in brain tissues in the
presence of inversion pulse, i.e. lower than 1. For all the subjects tested
with the optimized parameter set, the vast majority of the ratio values
were smaller than 1.0, closely coinciding with the distribution of voxels
plotted with the red line, i.e. without hyperintensity, shown in (c).

4. Discussion

In this study, by shifting the central frequency of the inversion pulse
during the magnetic preparation stage by 300 Hz and shortening the
pulse duration by 40%, the hyperintensities in brain tissues commonly
observed in T1w MPRAGE images were largely mitigated and, in most
cases eliminated without causing additional incomplete inversion in
brain areas with large AB, of the opposite polarity.

The BO measurements in this study showed that the majority of
brain voxels experienced AB, values within + 200 Hz after static BO
shimming, in accordance with what was reported in an earlier study
[17]. However, local brain areas with larger positive AB, (> 300 Hz),
located at the bottom of frontal and temporal lobe, were observed in all
subjects. A much smaller number of voxels experienced large negative
AB, values, as shown in Fig. 1b), although with a maximum AB, am-
plitude smaller than that in areas with positive AB, values. This
asymmetric frequency pattern of AB, explains why a positive shift of
the central frequency has to be applied to the inversion pulse, given the
fact that the bandwidth of the latter could not be indefinitely widened,
as demonstrated by the partial inversion failure still observed in the
frontal area when only shortening the inversion pulse.

It should be mentioned that other methods exploiting multi-channel
transmission, such as universal pulses [18], can successfully eliminate
these artefacts, however, the vast majority of clinical studies rely on
single channel transmit RF coils, incompatible with these approaches.
Our proposed solution, with a straightforward implementation, serves
as a more practical candidate for these studies.
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