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Abstract

Cerebral 3D time of flight (TOF) angiography significantly benefits from ultra high fields, mainly
due to higher SNR and to longer T relaxation time of static brain tissues, however, SAR
significantly increases with Bg. Thus, additional RF pulses commonly used at lower field strengths
to improve TOF contrast such as saturation of venous signal and improved background
suppression by magnetization transfer typically cannot be used at higher fields. In this work we
aimed at reducing SAR for each RF pulse category in a TOF sequence. We use the VERSE
principle for the slab selective TOF excitation as well as the venous saturation RF pulses.
Additionally, MT pulses are implemented by sparsely applying the pulses only during acquisition
of the central k-space lines to limit their SAR contribution. Image quality, angiographic contrast
and SAR reduction were investigated as a function of VERSE parameters and of the total number
of MT pulses applied. Based on these results, a TOF protocol was generated that increases the
angiographic contrast by more than 50% and reduces subcutaneous fat signal while keeping the
resulting SAR within regulatory limits.
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Introduction

Time of flight (TOF) imaging is the most commonly used non-contrast enhanced MR
angiography technique (1). In 3D TOF MR angiography a slab selective 3D steady state
gradient echo sequence with a TR much shorter than the T4 relaxation time of static tissue is
used. A sufficiently large flip angle, typically 20°-40° (2), is applied to suppress MR signals
of static tissue, whereas fully relaxed inflowing blood entering the excitation slab provides
strong MR signal, resulting in a positive vessel contrast suitable for maximum intensity
projection (MIP) reconstruction. TOF angiography has been shown to substantially benefit
from high magnetic field of 7T, because of increased signal-to-noise ratio (SNR) (3) and
longer T, relaxation times (4). However, for a given flip angle the specific absorption rate
(SAR) of an RF pulse increases with B (5), which may preclude the use at 7T of lower field
protocol parameters.
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Clinical TOF protocols at By < 3T already apply relatively high average RF power levels for
several reasons. First, a short TR is used in combination with a relatively high flip angle.
Second, the background signal suppression is routinely improved with Magnetization
Transfer (MT) preparation pulses (2,6,7) that require high RF power. Third, to selectively
image the intracranial arteries while reducing venous contributions, RF power-intensive
spatial saturation pulses are used to saturate e.g. venous signal in the sagittal sinus. Because
of these SAR constraints, TOF angiograms at 7T (8-13) were often obtained with
suboptimal TR or excitation flip angle, and with venous saturation and MT pulses that were
either absent, applied less frequently (9,12) or limited to narrow slabs of tissue using
reduced bandwidth pulses (11), all tradeoffs that limit the capability of suppressing residual
tissue background and venous blood signals.

The aim of this study was to implement SAR reduction strategies to use both venous
saturation and MT pulses in TOF MRA protocols at 7T. For this purpose, the variable-rate
selective excitation (VERSE) principle (14) was used to design excitation and saturation RF
pulses, and a sparse excitation scheme was used to apply MT RF pulses (15). The impact of
By inhomogeneity and fat chemical shift on VERSE RF pulse excitation profiles at 7T was
also investigated.

Experiments were performed on a whole body 7T system (Siemens Medical Solutions,
Germany) equipped with either a whole body gradient or a head gradient coil, using a
homebuilt 16-channel transceiver head coil similar to (16) powered with 16x1 kW RF
amplifiers (Communication Power Corporation, USA). Healthy volunteers, who signed a
consent form approved by the Institutional Review Board (University of Minnesota), were
imaged in supine position. Using initial cerebral scout images the patient table was moved to
position the Circle of Willis approximately at iso-center of the gradient coil.

VERSE RF pulse design

A VERSE RF pulse design algorithm, similar to the original proposal (14), was
implemented in a TOF sequence using the manufacturer’s programming tools (IDEA
VB15). A standard RF pulse &, (), available within the IDEA framework, was chosen as
the starting point for the VERSE algorithm. The complex-valued RF pulse and the
corresponding scalar gradient waveform g() calculated by the sequence were defined for M/
samples of duration A ¢(RF dwell time) with 7€ [1,2,....,]. For simplicity, both & (r) and
g(n) are assumed to be defined with same AVand A ¢values, thus with same duration 7= N/-
At Gradient ramps before and afterthe RF pulse are not considered through the manuscript,
thus the gradient amplitude during a standard RF pulse is constant with g(s) = g. A VERSE

RF pulse b () and the corresponding VERSE gradient waveform gV (1) with slew rate s¥
(n) are then calculated based on b () and g(n), fulfilling four constraints:

TV=T, @
|gv(”)| < 8max» 2)
|s" )] < smax. ®
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Here 7Y denotes the duration of the final VERSE pulse, gmax, Smax and bmax denote the
maximum gradient, slew rate and RF amplitude, respectively. Smax is set to a value of
100mT/m/ms and bmay is Set to a fraction x of the maximal RF amplitude of the initial
pulse: bmax = x - max[ by (n)]. The x values utilized in our simulations and experiments were
100%, 50%, 33% and 25% for excitation RF pulses (xgxc), and 25% for saturation RF
pulses (xsaT). The value of gmay is determined in order to keep the total RF pulse duration
constant (Eq. 1). The VERSE RF pulse design essentially consists of stretching (shrinking)
in time the segments of the initial RF pulse having high (low) amplitude, while RF and
gradient amplitude are simultaneously decreased (increased) inversely to maintain the zeroth
b, moment (i.e., the flip angle). To satisfy hardware constraints, RF and gradient waveforms

are finally re-sampled on equidistant time raster with dwell times of Atkvpzlus for VERSE

RF pulses and Ath]O,us for VERSE gradient waveforms. More details of the algorithm can
be found in (17).

Initial and VERSE excitation RF pulses, both having a duration of 1536ys, are shown
together with the corresponding gradient waveforms in Fig. 1 for xgxc= 100% (no VERSE),
xexc=50% and xgxc=25%. Under ideal conditions, the excitation pulses generate a
rectangular shaped excitation profile. We refrained from using tilted optimized non-
saturating excitation (TONE) RF pulses (18) to better estimate profile distortions resulting
from ABg. The same VERSE algorithm was applied to the venous saturation pulse targeting
a 40mm-thick travelling slab, placed cranially to the excitation slab. The initial RF pulse
shape was identical to Fig. 1 with a duration of 3584 us for VERSE and non-VERSE RF
pulse. Further details on RF pulse-related parameters are given in Table 1.

Excitation and saturation RF pulse profiles

Simulations—The impact of By inhomogeneities on VERSE RF excitation profiles was
investigated with numerical simulations of the Bloch equations. Transverse magnetizations
after RF excitation were calculated using MATLAB (The MathWorks Inc., USA). In a first
series of simulations, the value of xgxc was fixed to 25%, and the resonance frequency
offset (Afy¢) was varied: —1kHz, OHz, +150Hz or +300Hz. (-1kHz approximates the fat
chemical shift (~3.5ppm) at 7T). In a second series, Afys was set to 300Hz while the
VERSE algorithm was applied with a xgxc value of 25%, 33% or 50%. All other simulation
parameters are listed in Table 1.

Distortions of the resulting VERSE excitation profiles in the presence of a frequency offset
were characterized by three parameters: average slope, slab center shift and side-lobe
amplitude. The average slope of the slab profile was calculated from a linear fit to the slice
profile using data points only within an interval of £5mm around the slab center. Results are
expressed as percentage of signal variation over the 10mm interval, relative to the signal
amplitude at the slab center. The expected slab center position was determined based on the
FWHM boundaries of the initial (ideal) profile, and the signal amplitude at these boundaries
was used to calculate the slab center position of the distorted profile. The corresponding slab
center shift was calculated relative to the ideal profile. The maximum side-lobe amplitude
was normalized to the profile intensity at the center of the ideal slab. Numerical simulations
were also performed to calculate longitudinal magnetization profiles when applying VERSE
to saturation RF pulses with xga1=25%.
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Phantom and In-Vivo Experiments—Slab excitation profiles were measured for
excitation RF pulses designed with xgxc=25%, using identical RF pulse parameters as in
numerical simulations, with a modified version of the 3D TOF sequence allowing for
imaging a larger FOV than the excitation slab along the slab direction. Prior to applying this
TOF sequence, a multi-slice ABg map (dual gradient echo images, TE1/TE2=5.0/6.0ms)
was acquired after second order By shimming, and a 3D magnitude transmit By (B1+) map
was obtained using the Actual Flip Angle (AFI) technique (19). For in-vitro experiments,
excitation profiles were measured in a doped phantom (3.75g NiSO,4 + 5g NaCl per 1000g
H»0; measured T1=80ms) with imaging parameters listed in Table 2. The imaging FOV
along the slab direction was set to 72mm, i.e. three times the nominal 24mm excitation
thickness of the axial slab, to visualize profile side-lobes and to avoid aliasing. To remove
spatial transmit and receive variations of the RF coil from the profile, an additional 3D
acquisition was obtained using identical imaging parameters except for a non-selective RF
excitation, and a large FOV of 240mm in slab direction to avoid aliasing. Saturation effects
were reduced by using a phantom with a short T4 together with a relatively small flip angle
(20°) and a TR~=T4 (80ms). The total acquisition time for the 3D dataset was 41min. The
difference between measured and simulated profiles was quantified by root mean square
error (RMSE).

In-vivo excitation profiles were obtained in the human brain. To reduce the acquisition time
while limiting the impact of long T, relaxation times (about 1220ms/2132ms/4200ms in
gray-matter/white-matter/CSF at 7T (4)), acquisitions were performed at a lower spatial
resolution (cf. Table 2) and with a smaller flip angle (8°). For further analysis of profile
distortions resulting from ABg inhomogeneities, two 3-by-3 pixel ROIs were defined: one in
the frontal lobe, above the nasal cavity where ABy is typically ~1ppm, the other in the center
of the brain, where the transmitter frequency was calibrated. Average profiles along the slab
direction were calculated for both ROIs.

TOF acquisition

3D TOF data sets were acquired as multiple, partially overlapping thin slabs merged during
image post-processing (20). Prior to TOF measurements, ABg and B+ maps were acquired
and the transmitter frequency was set to the Larmor frequency in the center of the brain,
based on the measured ABg maps. The transmitter voltage was calibrated for the nominal
flip angle at the Circle of Willis. Different TOF acquisitions, described below, were
performed to investigate the impact of using VERSE excitation pulses, of applying VERSE
venous saturation pulses and of including sparse MT pulses. Based on these results, a trade-
off was determined to acquire high contrast, multi-slab TOF angiograms within acceptable
SAR limits.

Impact of kKgxc in the presence of ABg—To study in-vivo the impact of xgxc on the
signal at slab overlaps, TOF datasets were acquired using three different xgxc values for
VERSE excitation RF pulse design: 100% (no VERSE), 50% and 25%. Neither venous
saturation nor MT was enabled for this acquisition. Because errors in the excitation slab
profile can especially alter image quality at slab junctions, the inter-slab overlap, usually set
to 25% (default value) to ensure smooth transitions through slabs, was reduced to 15% to
better identify profile errors close to slab edges. Imaging parameters for this acquisition
were: TRITE=27ms/2.7ms, a=20, FOV=220x172x65mm?3, 3 slabs of 24mm thickness,
0.6mm isotropic voxels.

Impact of VERSE saturation pulses—Four different TOF acquisitions were compared

to investigate the impact of applying VERSE on saturation pulses: /) TOF sequence with
initial excitation pulses (no VERSE) and without venous saturation pulses, /) VERSE
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applied on excitation pulses (xgxc=50%) but no saturation pulses were used, /7/) VERSE
applied on excitation and saturation pulses (xgxc=50%, xsaT=25%), /) same acquisition as
fifbut with reversed polarity of saturation slab selection gradient (together with opposite
sign of transmitter frequency offset). The latter acquisition was performed to investigate the
effects of the saturation RF pulses on fat signal within the imaging slab. Other imaging
parameters are summarized in the rightmost column of Table 2 except that only one slab was
acquired to reduce the acquisition time. In five subjects the venous signal suppression was
quantified by calculating a venous vessel-to-background-ratio (vVWBR), i.e. the ratio of the
average signal in the sagittal sinus and the average signal from static background tissue
surrounding the sinus.

Impact of MT pulses—MT pulses were applied sparsely, i.e. only on Nyt central k-
space lines out of Nt total lines. In this study the ratio Np1/NtoTt was increased from 0%
to 36% and the highest Nyt value was determined based on the maximum acceptable SAR.
No venous saturation was applied; imaging parameters were identical to Table 2 (rightmost
column) but with one slab. To optimize the TOF contrast, an arterial vessel-to-background
ratio (aVBR) was determined as a function of Ny t/NtoT by dividing the average signal in
the basilar artery close to the Circle of Willis by the average signal from the surrounding
background tissue. For comparison, aVBR was also calculated in other protocols, either with
VERSE saturation pulses enabled (xga1=25%), or without saturation andwithout MT
pulses.

TOF Tradeoff—Based on the results of the previous measurements a TOF protocol was
defined, using the acquisition parameters listed in Table 2 (rightmost column), and including
VERSE excitation, VERSE saturation and sparse MT pulses. For contrast comparison, this
protocol was acquired with two different settings: /) without VERSE, without saturation
pulses and without MT pulses, 7/) with VERSE excitation/saturation pulses and with sparse
MT pulses. In the latter case Nyp1/NtoT Was set to 10% using 17 and 38 k-space lines in
slab selection (SL) and phase encoding (PE) direction. The acquisition time for this high
resolution protocol was 14min 36s. All SAR values are given in units of the maximum
acceptable limit (SARpmax) as provided by the system software.

Excitation and saturation VERSE RF pulse profiles

In general, with decreasing xgxc or increasing ABg VERSE excitation profiles show an
increased average slope, slab center shift and side-lobe amplitude (Fig. 2a+b). With
xexc=25%, a 300Hz frequency offset generates an excitation profile with a slope of 45.5%,
a side-lobe amplitude of 21.9% and a slab shift of 11.1%. By comparison, without VERSE
(xexc=100%) there is no slope trend, the side-lobe amplitude is 2.3%, and a 4.9% shift of
the slab center is seen (Fig. 2a). The excitation profile for fat signal (-1kHz offset) shows a
strongly distorted, asymmetric shape with the maximum signal peak shifted by —13.7mm
from the original slice center (Fig. 2b).

Similar distortions are observed for the longitudinal magnetization profile of a venous
saturation RF pulse with a target slab thickness of 40mm, as shown in Fig. 2c for
xsaT=25%. As expected, both the slope and the center slab shift vary as a function of the
resonance offset. Note that the gradient polarity determines the relative shift direction of the
saturation profile for fat protons, i.e., either towards or away fromthe TOF imaging slab.
This shift can be used to intentionally overlap the fat saturation of the venous saturation
pulse with the TOF imaging slab to suppress fat in the final TOF images (21). This is
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illustrated in Fig. 2c where the fat saturation is strongest at -59mm from the center of the
venous saturation slab.

Experimental and simulation profiles for VERSE RF pulses were in good agreement, as
illustrated in Fig. 2d where measured (in a phantom) and simulated profiles are shown for
xexc=25% in the absence of significant ABq (<0.1ppm). An RMSE between simulation and
experiment of 0.7% was found for the total acquisition window, and of 0.5% within the
slice. The same reference voltage was used for all subjects, with a mean flip angle value
measured within the Circle of Willis of 24.1°£1.4° (minimum 22.7°, maximum 26.2°) for a
nominal flip angle of 24°. SAR generated by excitation and saturation pulses is dependent
on xgxc and xsat: applying the VERSE principle neither to saturation nor to excitation
would yield SAR values at 119% of SAR\ax for a protocol given in Table 2 (TOF
protocol). By contrast, using VERSE with xgxc=50% and xsa7=25% (as used in our TOF
tradeoff protocol), results in 49% of SARpmax. In-vivo slice profiles are demonstrated in
Fig. 3 for two ROIs: one positioned in the frontal lobe where strong off-resonances between
245Hz and 48Hz occur, one positioned close to the center of the brain, where the off-
resonance is between —9.0Hz and —2.7Hz. For the ROI in the frontal lobe with large offset
frequencies the slice profiles agree qualitatively with the simulations and the phantom
experiments even though a highly heterogeneous ABg distribution is present over the slab.
The impact of ABy on multi-slab TOF images acquired with VERSE pulses is especially
noticeable in the sagittal MIP images at the junctions between adjacent slabs (Fig. 4). Note
that a reduced slab overlap was used intentionally to visualize the slab boundaries, which
resulted in dark stripes between adjacent slabs (‘venetian blind” artifact). Slab edges were
most distorted at the lowest xgxc value (25%) in regions with high ABg (frontal lobe above
the nasal cavity, white arrows). This dependence on xgxc is further emphasized in the line
plots obtained from the source images at the same location (dashed line): noticeable
distortions are observed with xgxc=25%, whereas no significant alterations are seen with
xexc=50% compared to xgxc=100%.

Based on these findings, in all subsequent TOF acquisitions a value of xgxc=50% was
chosen. For venous saturation pulses, however, xsa Was set to 25% because venous slab
profile accuracy is not as critical as TOF slab profile accuracy. Additionally, the spatially
shifted fat suppression profile generated by VERSE saturation may overlap with the
excitation slab, resulting in improved MIP image quality, and the large SAR reduction
allows for applying sparse MT pulses, which further contribute to a better image quality.

Contrast enhancement within SAR limits

Figure 5 compares 3D TOF datasets obtained with a) no VERSE excitation and no
saturation, b) with xgxc=50% and no saturation, ¢) with xgxc=50% and kga1=25%, d)
with same parameters as in ¢ but with reversed polarity of the saturation slab selection
gradient (and transmitter frequency offset). The comparison of Fig. 5a with Fig. 5b shows
that VERSE excitation does not reduce the image quality: the mean aVBR of the 5 subjects
was 6.07+0.53 for xgxc=50% and 6.26+0.54 for xpxc=100%. At the same time, the
corresponding relative SAR reduction to 58%, even though relatively limited, provided more
flexibility for further usage of saturation (or MT) pulses.

VERSE saturation pulses effectively suppressed venous signals for example in the sagittal
sinus (Figs. 5¢ and 5d). Here, the mean vVBR, determined in 5 subjects, was significantly
reduced from 3.72+0.17 without saturation to 0.29+0.03 with xsa7=25%. Furthermore, fat
signals were strongly reduced within the imaging slab when the correct gradient polarity was
chosen (Fig. 5d), consistent with the spatial shift observed in the fat saturation profiles
simulated with VERSE saturation pulses (Fig. 2c). At the slab center the fat signal reduction
was larger than 80%, whereas no fat suppression was observed with opposite gradient
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polarity (Fig. 5¢). Note that in the latter case signals from brain tissues (instead of signals
from fat) in areas of large AB variations were partially saturated, as for example in the
inferior part of the frontal lobe (Fig. 5¢). In addition to the saturation of venous blood and
fat, a visible reduction in background signal was obtained improving the contrast from
aVBR = 6.07+0.53 without saturation to 7.59+0.73 with VERSE saturation.

On coronal and sagittal views of 3D TOF datasets, signal aliasing in slab direction was seen
with VERSE excitation pulses and without saturation pulses (Fig. 5b, white arrows),
identified as fat signals excited outside the imaging slab. The chemical shift between water
and fat is only 2.2mm when xgxc=100% is used, thus with 25% oversampling (8mm) in the
slab direction no aliasing artifact is seen without VERSE excitation (Fig. 5a). Interestingly,
the aliased fat signal was strongly reduced in Fig. 5d due to the shifted fat saturation slab
with VERSE saturation. As demonstrated in Fig. 6 and Table 3 additional gains in aVBR
can be obtained with sparse MT pulses. Figure 6 shows aVBR (circles) as a function of
NmT/NToT With xgxc=50% and without saturation pulse. It can be seen that aVBR first
increases from about 6 to 7.25 in the range of 0% to 10%, and then only gradually for Nt/
N1oT1>10%. Simultaneously, the relative SAR of the MT pulses (dashed line) increases
linearly with Nyp1/NtoT, theoretically reaching up to 204% of SARpax for Nyt/
NToT1=100%. Therefore, a value of Ny t/Nto71=10% was used in all further in-vivo
measurements with MT. Table 3 (rightmost column) summarizes the mean aVBR over all 5
subjects for different combinations of excitation, saturation and MT pulses. The use of
VERSE excitation pulses alone does not significantly alter aVBR, but with VERSE
saturation or sparse MT aVBR increases by approximately 19% or 21%, respectively. With
both saturation and sparse MT, aVBR reaches values of 9.40+1.03, an increase of about
50% compared to the initial TOF settings.

The overall improvement when VERSE excitation, VERSE saturation and MT are
simultaneously applied is seen in the MIP images in Fig. 7. Background and fat signals are
reduced, especially in the brain periphery, smaller vessels become visible, and bright venous
signal is effectively suppressed. This combination of contrast enhancement would not have
been possible without the implementation of substantial SAR reduction strategies, as can be
seen in Table 3, showing that using saturation and MT pulses with the initial TOF sequence
(no VERSE) would yield 319% of SARpAX-

Discussion

Increasing spatial resolution in cerebral MRA can have a significant clinical impact, as it
allows detecting lesions or anomalies of brain vessels of very small diameter. This provides
a strong rationale to investigate cerebral TOF at ultra high field where gains in SNR and
longer tissue T, relaxation times may help improving spatial resolution and vessel depiction.
However, due to SAR limitations at higher field, sequence components that substantially
improve TOF contrast and are commonly utilized at 1.5T and 3T have been omitted, or
utilized at a suboptimal level, in TOF studies reported so far at 7T (8-13). Our results
indicate, that indeed such contrast enhancement modules in their native form would generate
about 319% of SAR\ax in our 7T TOF protocol. In this study, we aimed at reducing SAR
for each RF pulse category in a TOF pulse sequence that includes, as in lower field
protocols, venous saturation and MT. Most of the components used in this work to increase
TOF contrast have been individually investigated at lower field (6,7,14,15,21,22). However,
to our knowledge, is has not been reported that VERSE applied on single slab selective RF
saturation pulses in TOF can be used to limit SAR while providing simultaneously venous
saturation above the imaging slab, fat saturation within the imaging slab and MT for
enhanced background suppression.
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For excitation and saturation pulses, SAR was reduced by applying the VERSE principle. It
was important to investigate at 7T the impact of ABg on the slice profile quality. Based on
simulations and experiments, excitation and saturation profile distortions induced by
VERSE in the presence of off-resonance spins were characterized by a global spatial shift,
larger side-lobes and overall ramp shaped profiles. All these effects were inversely
dependent on the maximum allowed B, amplitude, controlled by the factor xgxc (or xsaT),
which determines how aggressively the VERSE algorithm is applied to reduce SAR. Severe
distortions of the excitation profile may cause signal drops at junctions of overlapping slabs,
as seen in Fig. 4, and may reduce signal homogeneity in vessels traversing the slab,
depending on blood velocity. In addition, side-lobes may cause aliasing artifacts. For TOF
MRA applications, excitation profiles were satisfactory as long as VERSE excitation pulses
were designed with xgxc=50%.

In clinical applications, TONE pulses with ramp shaped excitation profiles are often used to
reduce arterial blood saturation through the imaging slab. In this work however, only RF
pulses with rectangular excitation profile were used to obtain a better estimation of
excitation profile alterations when using VERSE pulses. Similar profile alterations however
have been reported with VERSE TONE RF pulses at 7T (23).

With VERSE, saturation pulse side-lobes resulting from off-resonance offsets impair neither
venous saturation nor image quality as long as they do not reach into the imaging slab.
Ramps and spatial shifts may in principle alter the effectiveness of the venous saturation, but
this effect was found to be moderate as long as a sufficiently large mean saturation flip angle
was maintained. Thus, VERSE saturation pulses designed with xsa1=25% provided
satisfactory quality.

From an SAR level perspective, applying VERSE on saturation pulses resulted in larger
total SAR reduction than on excitation pulses, as expected, given the typically high RF
power demand for saturation pulses. This, together with the sensitivity of the VERSE
excitation profile to ABy, could be seen as a reason to apply VERSE only to saturation
pulses and not to excitation pulses. However, there are situations where the additional SAR
reduction from the VERSE excitation pulses can provide an extra degree of freedom. For
example, it has been shown that B; shimming can improve TOF contrast homogeneity (24).
Homogeneous B shimming solutions, however, tend to result in higher RF power, thus
higher SAR, for a given flip angle.

Note that the TOF protocols were limited by SAR, not by RF amplifiers. The maximum total
RF peak power was always below 400W; it is thus anticipated that with a single transmit
channel head coil, a 8kW amplifier would be sufficient, even considering losses on the
transmit RF path. Regarding the saturation pulses, SAR reduction could in principle be
obtained by lowering the saturation flip angle, thus the RF voltage. For example a saturation
flip angle of 45° instead of 90° may provide sufficient venous blood suppression. However,
at 7T Bq+ profiles in the head typically present large spatial heterogeneities. In this study,
flip angles through the brain could vary as much as between 12° and 90° for a nominal value
of 60°. Reducing the overall saturation RF power in this case may not provide satisfactory
saturation in locations of low B+ magnitude. (Note that a somewhat weaker fat suppression
observed in the frontal part of the head is possibly the result of a weaker local B1+).

Another, well known alternative to reduce SAR consists of prolonging RF pulses to the cost
of increasing minimum TR and TE. In this work, however, we demonstrated that even under
the more demanding constraint of constant minimum TR, TOF contrast enhancement can
successfully be obtained at 7T without reaching SAR limits. We found that the shortest
possible TR with saturation and MT pulses (TR=33ms), together with a flip angle of 24°,
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provided a satisfactory tradeoff between TOF contrast and acquisition time. To reduce SAR
with longer pulses at a similar spatial fat chemical shift, saturation pulses without VERSE
would require a 3.1 times longer duration.

Because of the large fat chemical shift at 7T, the profile of VERSE excitation pulse also
shows a spatial shift for fat protons along the slab direction (Fig. 2b). This causes the
aliasing artifacts from fat in Fig. 5, despite the 25% image slab oversampling (8mm) along
the slab direction. Cerebral TOF MIP angiograms are not directly impaired by these
artifacts, because aliased subcutaneous fat signals are still restricted outside brain tissues.
Furthermore, this fat artifact was suppressed by up to 90% by the shifted fat profile of
VERSE saturation pulse with correct slab selective gradient polarity. Additional control on
the location of maximum fat signal suppression is obtained by adjusting the distance
between imaging and saturation slabs. In this work we used an inter-slab distance of 10mm,
resulting in fat suppression peak localized at 5mm below the imaging slab, a combination
that provided strong attenuation of fat aliasing artifacts while preserving efficient vein
suppression. Finally, the fat saturation profile can also be tailored by adjusting saturation
slab thickness and/or xgaT.

As seen in Fig. 5, venous saturation RF pulses do not only reduce signals from venous blood
and aliased fat, they also significantly enhance the arterial contrast due to an increased
background suppression that results from MT properties of saturation pulses. This effect has
been reported by Miyazaki (22) with a slab selective MT pulse reducing background signals
without affecting inflowing arterial blood spins. In our experiments the ratio of background
signal with saturation to background signal without saturation amounted to 0.778+0.074,
whereas the corresponding ratio of signal intensity within the arterial vessel remained
unchanged.

Besides the magnetization transfer component of saturation pulses, the addition of sparse
MT pulses significantly increased the angiographic contrast, as previously reported at lower
field (15,25). However, even after the large SAR reduction obtained when applying VERSE
on excitation and saturation pulses, MT pulses could only be applied to a small fraction of k-
space without exceeding SARpax. As shown in Fig. 6, the main contrast improvement was
obtained with MT applied to 10% of the k-space lines (a level at which SAR increases about
20%). Increasing the fraction beyond 10% only modestly improved the angiographic
contrast, at the cost of substantial increase in SAR. Interestingly, the contrast improvement
from sparse MT pulses and from the MT component of the saturation pulses appear to add
up, as seen in Table 3, resulting in 50% higher angiographic contrast when using both
VERSE saturation and sparse MT pulses compared to the initial TOF sequence.
Corresponding enhanced visibility of smaller vessels can be visually appreciated in Fig. 7.

In summary, enabling VERSE for excitation (xgxc=50%) and saturation pulses
(xsaT=25%) reduced SAR by a factor of more than 2.3 in a 3-slab TOF 7T protocol at
0.49x0.49x0.50mm? resolution. Simultaneously the artery-to-background contrast ratio was
improved and signals from veins and subcutaneous fat were attenuated. The SAR reduction
allowed for implementing sparse MT pulses (10% of k-space lines) for additional
background suppression, with the total SAR amounting to 69% of SAR\ax; this number
preserves some flexibility for clinical situations where higher SAR levels may be reached
for a given protocol (e.g. larger RF coil load).
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1B, (t)| [norm. to 1]

Figurel.
Top: Initial gradient waveform and RF excitation pulse shape. Middle and Bottom:. Gradient
waveforms and RF excitation pulse shapes after applying VERSE with maximum RF
amplitude reduced to xgxc=50% (middle) or xgxc=25% (bottom) of the initial RF pulse
maximum amplitude. Note that the left vertical scale was reduced from [0-1] (top) to [0—
0.5] (middle and bottom) for better visualization.

----- Gradient ——B,
1} I L} I L)
1.0 F« =100% T
T 1 T T T i
: Kk = 50%
04 F _
02F A 1 '
0.0 F . ' .
-k =25% T
0.4 F7777 ‘.“ . )
0.2 .‘ . '
0.0 L \ R \

time [us]

1024

Magn Reson Med. Author manuscript; available in PMC 2013 July 01.

0
1536

Page 12

Gradient amplitude [mT/m]



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Schmitter et al. Page 13

transv. magnetization [a.u.] £

O
~

transv. magnetization [a.u.]

it
)

0.5

04

0.3

0.2

0.1

0.0

&
N
1
N
g
1
—
D
1
[¢)

o -
0]
—
»
N
g
w
N
1
©
o

)
~

L B L B B L B B A S L A
KEXC=1OOO/O
_KEXC=50%

—_
o

0.8

© 6 oo oo
A N O N M O

longit. magnetization [a.u.]

LI B L B L B B B B B B B

06

o
~—

LU N S B S B S B R B B B N B B B B N R |

-—
o

°© o ©
> o o

©
[

LI B B B B L B B B L B L

transv. magnetization [a.u.]

©
o

IR O T T T TN T S S i AN I

M

simulated
—— measured ]

PEFEEN EFEET A AT B RS ST RS B P
32 24 -16 -8 0 8 16 24 32 32 -24 -16 -8 0 8 16 24

z position [mm] z position [mm]

Figure 2.

a) Simulated excitation profiles, in presence of a fixed frequency offset of 300 Hz, obtained
for the initial RF pulse and for VERSE pulses designed with different values of RF
amplitude threshold xgxc. b) Simulated slice profile for VERSE pulses, designed with a
fixed RF amplitude threshold xgxc of 25%, in the presence of different frequency offsets.
The offset of —1 kHz was used to simulate fat excitation profile (~3.5 ppm chemical shift at
7 T). ¢) Simulated saturation profile showing the longitudinal magnetization for xga1=25%
and different frequency offsets. d) Measured excitation profile in a phantom with
xexc=25% and corresponding simulated profile without frequency offset including TR and
T, of the phantom measurement.
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Left In-vivo slice profiles for an ROI located in an area with large ABg distortion (ROI 1)
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and for an ROI located in an area with no significant ABg variation (ROI 2). Right. ABg
field maps in sagittal (top) and axial (bottom) views. The black squares indicate the location
of the two ROIs. The horizontal dashed line on the sagittal view signals the location of the
axial map that coincides with the lower edge of the excited slab (i.e. abscissa position ~=

=12 mm on left plots).
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Figure4.

Sagittal thin MIP images (15 mm thickness) generated from a TOF acquisition using a slab
overlap reduced to 15%. The top image was acquired without using VERSE, the middle and
bottom image were acquired with VERSE (xgxc=50% middle, xgxc=25% bottom). The
white arrows indicate areas of large ABg distortion. The bottom diagram shows a line plot
along the slab direction (Z axis) at a position indicated by the white dotted line. Note, that
the line plot was generated from native images, rather than from MIP images, for better
visualization.
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Figure5.

Native TOF images acquired with (a) and without (b) applying VERSE on the excitation
pulse, in the absence of venous saturation pulse. In (c) and (d) a VERSE saturation pulse
(xsaT=25%) was used in addition to VERSE excitation. The polarity of the gradient (and
correspondingly of the RF frequency) applied during the saturation pulse was reversed in (d)
by comparison to (c).
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30

Measured arterial vessel-to-background ratio (mean +/— error derived from standard
deviation by error propagation through 5 subjects) and corresponding SAR (expressed in
percent of SARpax) generated by the MT pulses as a function of the number of MT pulses,

given in percent of NtoT.
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Figure7.

Maximum intensity projection (MIP) images of multi-slab 3D TOF data sets acquired with:
a) the initial TOF sequence without saturation pulse and without magnetization transfer
pulses, and b) the modified TOF sequence using VERSE excitation, VERSE saturation and
magnetization transfer pulses. The transversal MIP images are full projections through the 4
slabs, the sagittal and coronal MIP images are projections obtained over a 40 mm thickness.
The corresponding imaging parameters are listed in Table 2. In the last column, transversal
MIP images were obtained after correcting the acquired data for receive sensitivity induced
signal variations. The product [B1+ x proton density] was estimated by dividing smoothed
small flip angle GRE images by the AFI map. A 2D polynomial fit of the latter ratio was
then used to divide TOF data before generating the MIP images.
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Imaging parameters for different acquisition modalities. Note that the set of imaging parameters in the
rightmost column was used in multiple combinations of excitation, saturation and MT pulses, and with

Table 2

different levels of VERSE pulse design.

Sequence Excitation profile Excitation profile TOF in-vivo
Parameters in phantomJr in-vivo'

FOV x,y,z 160x160x72 mm3 220x165x72 mm3 220x172x78 mm3
Resolution: 2.50%2.50%x0.50 mm3 3.43x3.43x1.00 mm?3 0.49%0.49x0.50 mm?3
Slab Thickness 24 mm 24 mm 24 mm

Slabs 1 1 4 (or 1¢)

TR/ TE [ms] 80 ms/2.8ms 80ms/2.8 ms 33ms/3ms
alpha (nominal) 20° 8° 24°

Slab oversampling | 300% 300% 125%

Slab overlap - - -25%

GRAPPA 1 1 3

Partial Fourier - 6/8 (phase only) 6/8 (slab only)

fa modified 3D TOF sequence was used to measure the excitation profiles with larger imaging FOV along the slab axis

’tonly one slab was used when investigating the impact of applying VERSE on SAT pulses
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Table 3

Page 21

arterial vessel-to-background ratio (aVBR) and averaged SAR values determined by the scanner for the TOF
(see Table 2, right column) using a reference voltage of 60 V. The aVBR calculated within two ROIs within/
next to the basilar artery was averaged over 5 volunteers.

Excitation
KEXC

Saturation
KsAT

MT
Nmt/Ntot

SAR
(% of SARmax)

avVBR

100%

100%

100%

319%

100%

100%

115%

100%

18%

6.3+ 0.5

50%

11%

6.1+0.5

50%

10%

31%

76+0.7

50%

25%

49%

75+0.8

50%

25%

10%

69%

94+1.0
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