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Background
Time-of-flight (TOF) imaging is clinically 
the most commonly used non-contrast 
enhanced MR angiography (MRA) tech-
nique [1]. In 3D-TOF a slab selective 3D 
steady state gradient echo sequence 
with a TR much shorter than the T1 

1 Maximum intensity projections (40 mm thickness) of a whole brain, multi-slab 3D-TOF 
data set at 7T using a non-optimized protocol, with a resolution of 0.34 x 0.34 x 0.4 mm3. 
Neither VERSE transformation, saturation pulse nor MT pulses were enabled. The importance 
of removing the receive RF coil profile from TOF images can be appreciated by comparing 
Fig. 1A (receive profile not removed) with Fig. 1B–D (receive profile removed). 

relaxation time of static tissue, usually in 
the order of 20-60 ms, is used in combi-
nation with a sufficiently large flip angle 
of typically 20°–40°. Under this steady-
state regime, signal from static ‘back-
ground’ tissue is strongly reduced while 
fully relaxed blood flowing into the excita-

tion slab provides strong MR signal, result-
ing in a positive, suitable vessel contrast. 
Since the initial demonstration at 1.5T 
that TOF angiograms could be obtained 
in a single gradient echo acquisition, 
without image subtraction [2], allowing 
for detecting occlusions and aneurisms 
in the human brain, multiple sequence 
developments have greatly improved 
contrast and image quality in cerebral 
TOF MRA. As a relatively large volume 
coverage is sought with high spatial res-
olution, a multiple overlapping thin slab 
approach [3] has become a standard in 
order to limit, within each imaging slab, 
the progressive attenuation of blood sig-
nal which inevitably occurs with short TR 
repeated excitations. Substantial con-
trast enhancement between unwanted 
static background signal and blood sig-
nal is obtained with magnetization 
transfer (MT) contrast pulses, yielding a 
significant suppression of static tissue 
signal [4] with only a minor impact on 
blood signal. Cerebral TOF imaging also 
has the capability to selectively visualize 
arterial blood vessels, which can be 
achieved by positioning a travelling satu-
ration slab above the imaging slab to 
saturate signal from venous blood flow-
ing in head-foot direction. Alternatively, 
the same approach can be used to selec-
tively visualize venous signal by posi-
tioning the saturation slab below the 
imaging slab.

High fi eld benefi ts
An important characteristic of TOF imag-
ing sequences is that they directly bene-
fit from using MR scanners operating at 
higher magnetic field. This positive 
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these pulses, would yield more than 
300% of the maximum SAR limits 
 (SARMAX). It should be noted that, even at 
3T, MT pulses are not always applied 
because, in some TOF protocols, the com-
bination of relatively high excitation flip 
angle, short TR and saturation pulses may 
already reach the maximum SAR limits.

B1
+ field inhomogeneity

At 7T, where RF wavelength is in the 
order of human head dimensions, com-
plex transmit B1 (B1

+) field interferences 
occur through the brain, resulting in 
strongly inhomogeneous RF excitation 
[14]. The typical pattern obtained with a 
volume coverage transmit head coil con-
sists of strong B1

+ field amplitude in the 
center of the brain and much weaker 
amplitude in the periphery [15]. For TOF 
imaging this spatial pattern tends to 
result in stronger angiographic contrast 
in the brain center and suboptimal con-
trast in the periphery, which can be del-
eterious especially for vessels in the 
periphery, and for smaller vessels with 
slow flow taking their origin in central 
parts of the brain. 

ΔB0, T2* and chemical shift
Additional to SAR and B1

+ inhomogeneity 
issues, imaging at very high field also 
requires dealing with increased suscepti-
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TOF image processing
To better estimate the impact of each RF management component on TOF 
angiograms, the RF coil receive (RX) profile was estimated and removed 
from all native TOF images unless otherwise stated. To estimate the RX 
profile, for each session a single slice small tip angle GRE image was 
divided by the flip angle map and spatially smoothed. The resulting dataset 
was then approximated by a 2D polynomial function to obtain a continu-
ous function and the TOF dataset was divided by this function. After RX 
profile reduction, maximum intensity projections (MIP) were generated 
with 50 mm thickness, unless otherwise stated.

Challenges and limits at UHF

SAR
The specific absorption rate (SAR) often 
is a challenging constraint at UHF 
because achieving a given excitation flip 
angle at higher Larmor frequency 
requires a substantial increase in RF 
power for a fixed combination of RF 
pulse shape and RF pulse duration, with 
increased SAR. This SAR increase makes 
it impossible, at 7T, to apply as-is some 
efficient approaches utilized at 1.5T to 
improve TOF angiogram quality, such as 
saturation and MT pulses that require 
high levels of RF power [8, 11–13]; 
running at 7T a standard TOF protocol 
based on 3T parameters, including both 

impact results from higher signal-to-
noise ratio (SNR) [5] and from longer T1 
relaxation constant in cerebral tissues 
[6] yielding further static tissue steady-
state saturation, thus higher contrast 
between vessel and background signal. 
These field dependent advantages, 
already demonstrated in clinical practice 
when moving from 1.5T to 3T [7], pro-
vide the opportunity to further enable 
smaller vessels conspicuity and vascular 
defects detection when moving up to 7T* 
[8–10]. However, serious challenges 
need to be addressed before the full ben-
efit of imaging at ultra high field (UHF) 
can be realized, especially with regards to 
SAR limits and B1 inhomogeneity.

Data acquisition

Measurements were performed at the Center for Magnetic 
Resonance Research, Minneapolis, on two whole body 7 
Tesla scanners (Siemens Healthcare, Erlangen, Germany), 
each being equipped with a 16-channel B1

+ shimming unit 
with 16 x 1 kW RFAmps (CPC, Hauppauge, USA). One of 
the two scanners was a prototype 16-channel pTX Siemens 
system equipped with its own 16 x 1 kW RFAmps capable 
of generating 16 independent RF pulse shapes to feed the 
16-channel transceiver coil used in this study. Prior to TOF 
acquisition, second order B0 shimming was performed and 
flip angle maps were acquired [32] to adjust RF frequency 
and RF voltage references. TOF images were acquired 
using 3 different parameter sets: 
1) For contrast optimization based on VERSE excitation, 
VERSE saturation and sparse MT pulses, the following 

parameters were used: FOV 220 x 172 x 78 mm3, resolution 
(0.5 mm)3, 4 slabs with 24 mm thickness each, 25% over-
lapp, α = 24°, TR / TE = 33 ms / 3 ms. 
2) For B1

+ shimming and pTX, the following parameters 
were altered: FOV 220 x 172 x 60 mm3, 3 slabs of 24 mm 
thickness, α = 23°, TR / TE = 25 ms / 3 ms (25 / 3.6 ms for 
pTX). In all B1

+ shimming acquisitions, venous saturation RF 
pulses were applied with CP-mode phase setting, but no MT 
pulses were used. In pTX acquisitions, only excitation 
pulses were used (neither saturation nor MT pulses). 
3) Additionally to these (0.5 mm)3 resolution protocols, a 
non optimized (0.34 mm)3 resolution TOF data set was 
acquired without VERSE, without saturation pulses and 
without MT pulses for comparison. All reported SAR values 
were measured by the console and are given in percent of 
the SAR limit (SARmax) defined by the regulatory guidelines.

*The product is still under development and not yet commercially available. 
Its future availability cannot be ensured.



bly induced ΔB0, increased fat/water 
chemical shift and shorter T2* relaxation 
constants. As will be seen, these addi-
tional challenges have a direct impact on 
methods aiming at mitigating B1 heteroge-
neity and reducing SAR, although they 
can, sometimes, be used as an advantage.

Solutions for reducing SAR 
while optimizing TOF contrast
VERSE: SAR reduction for excitation 
and saturation pulses
A common approach at UHF to reduce 

2 Comparison of MIP images generated from TOF images acquired: (2A) without VERSE, 
without venous saturation and without MT pulses, and (2B) with VERSE applied on excita-
tion pulse and venous saturation pulse, together with MT pulse applied prior to the center-
most 10% of the k-space lines. Gray scale windowing was deliberately adjusted toward a 
higher visibility of background signal to better appreciate the impact of using these RF pulse 
strategies. The two bottom rows only differ in their post-processing status: the receive pro-
file of the RF coils was not removed in the lowest row for comparison purpose.

RF power consists of extending RF pulse 
duration while reducing RF amplitude, 
resulting in final SAR proportional to the 
inverse of the RF pulse duration. This 
approach however can only be applied 
up to a certain degree, since unwanted 
T2 relaxation effects may occur during 
excessively long RF excitation and an 
increase in minimum TE may yield unde-
sired T2* weight, especially at UHF 
where T2 and T2* relaxation constants 
are shorter [16]. A well known, similar 
and more efficient approach is the vari-

able rate selective excitation (VERSE) 
[17], which enjoys a regain of interest 
with the fast development of 7T human 
scanners. Here, based on the quadratic 
dependence of RF power on RF pulse 
amplitude, only segments of the pulse 
with an amplitude exceeding a pre-
defined threshold are stretched in time 
to keep RF amplitude below this thresh-
old, allowing for significant RF power 
and SAR reduction with very limited 
increase in pulse duration. Further, RF 
pulse segments with RF amplitude 
below the threshold may be compressed 
to keep the RF pulse duration strictly 
unchanged. 
We implemented the VERSE transforma-
tion for both, TOF excitation and venous 
saturation pulses, setting the excitation 
amplitude threshold to 50%, and the sat-
uration amplitude threshold to 25% or 
30%, of the peak amplitude of the initial 
excitation and saturation RF pulses, 
respectively. Because the VERSE trans-
formation intrinsically lowers the band-
width of some RF segments, the result-
ing profile is more susceptible to 
chemical shift and susceptibility induced 
ΔB0 variations [10]. However, applying 
VERSE on the selective venous satura-
tion RF pulse can have beneficial side 
effects in the context of a large chemical 
shift (~1 kHz) between fat and water 
protons at 7T: with the VERSE venous 
saturation profile centered on the cho-
sen venous saturation slab for water pro-
tons, the corresponding fat proton pro-
file gets shifted in space along the slice 
selective direction. This shift can be 
adjusted to coincide with the TOF imag-
ing slab, strongly attenuating fat signal 
in angiograms [18]. 

Sparse MT pulses: reducing SAR while 
preserving contrast enhancement
MT pulses are well known for their high 
demand in RF power, which even at 
lower field sometimes forbids their 
inclusion in imaging protocols. In order 
to drastically reduce MT induced SAR, 
we implemented a sparse utilization of 
MT pulses, applying them only prior to 
the acquisition of k-space lines close to 
the k-space center. At lower field this 
approach already proved to be an effec-

2A 2B

128   MAGNETOM Flash · 1/2012 · www.siemens.com/magnetom-world

Technology



tive tradeoff between power reduction 
and contrast enhancement [19, 20]. 
Here, at 7T, we applied MT pulses to the 
centermost 10% of the acquired k-space 
lines, allowing for substantial gain in 
vessel to tissue contrast while limiting 
SAR increase to only about 20%.

B1
+ shimming: addressing heteroge-

neous transmit B1 profile 
Transmit B1 (B1

+) shimming (or RF shim-
ming) is an effective method to spatially 
modify the B1

+ field amplitude (thus the 
excitation flip angle profile) by modulat-
ing the amplitude and/or phase of the RF 
input for each channel of a multi-ele-
ment transmit coil [21]. In the present 
study, we used a 16-channel transceiver 
coil similar to [22], powered by 16 x 1 
kW amplifiers with a B1 shimming unit 
capable of channel-wise RF amplitude 
and phase modulation (in this work we 
only adjusted RF phase, not RF magni-
tude). When B1 shimming was not used, 
RF phases were set in a ‘circularly polar-
ized-like’ (CP-like) mode, to approximate 
a volume head coil profile (bright center, 
weak periphery). When applying B1 
shimming, we calculated a set of RF 

B1
+ shimming: methods

We used a 16-channel stripline transceiver coil similar to 
[22] powered by 16 x 1 kW amplifiers in combination 
with a remotely operated phase/gain control unit capable 
of altering the phase and amplitude of the low voltage 
input of each RF amplifier (CPC, Hauppauge, USA). In this 
work, we only adjusted the phase �k (not the magnitude) 
of each transmit (TX) channel k (with k:1e16). The 16 
complex, spatial B1

+ profiles needed for B1
+ shimming 

optimization were acquired using a hybrid approach [31]. 
Firstly, an absolute 3D |B1

+| map was acquired using the 
actual flip angle (AFI) mapping technique [32] with all 
channels transmitting together. Secondly, 16 relative B1

+ 
maps were acquired in the small flip angle regime in 7 
axial gradient echo 2D images. By combining both datas-
ets, complex B1

+ maps were obtained for each of the 16 
individual channels. When applying a set of transmit B1 
phases, the final complex B1

+ field of the 16-channel 
transmit coil is a linear superposition of the 16 complex 
spatial profiles B1,k

+ 

where r represents 

phases generating a much more homo-
geneous excitation profile by minimiz-
ing, in regions-of-interest (ROIs) drawn 
on 7 axial slices, the coefficient of varia-
tion (CV) of |B1

+|, where CV = std(|B1
+|)/

mean(|B1
+|), to the cost however of a 

lower RF efficiency with a reduced B1 
Multi-Channel Interference Index (see 
definition in B1 shimming text box). 

Parallel transmit spoke RF pulses: 
shaping further the excitation profile
A noticeable advantage of ‘parallel trans-
mit’ (pTX) methods [23, 24] over B1 
shimming is the capability to further 
shape the final excitation pattern rather 
than just altering a static transmit B1 
profile. This is typically achieved by com-
bining, in different ways depending on 
the chosen pTX approach, dynamic mod-
ulations of spatial encoding gradients 
together with independent RF pulse 
shapes one each transmit RF channel. 
The so-called ‘selective pTX spoke RF 
pulse design’ consists of applying several 
slice or slab selective pTX sub-pulses 
separated by spatial encoding gradient 
blips. Although the same pulse shape is 
typically used for all channels and all 

sub-pulses, a different magnitude and 
phase is applied for each transmit chan-
nel during each sub-pulse [25, 26]. 
Another advantage of pTX methods is 
that ΔB0 maps can often be included in 
RF pulse calculations to avoid corre-
sponding deviations of the excitation 
profile. 
In order to demonstrate the use of 
16-channel pTX spoke RF pulses for 
improving contrast homogeneity in cere-
bral TOF at 7T, we implemented this 
approach on a prototype 7T human sys-
tem equipped with 16 independent 
transmit channels (Siemens Healthcare, 
Erlangen, Germany). We utilized a 
3-axial slab TOF protocol and we 
designed, for each of these slabs, a 
2-spoke pTX RF pulse, based on 16 com-
plex B1

+ maps and a ΔB0 map measured 
in 3 different axial slices (top, center and 
bottom slices of the slab). The pTX RF 
pulse optimization was performed based 
on the magnitude least squares method 
[27] using the spatial domain formalism 
[28]. For comparison, a single spoke 
acquisition (thus with a single B1 shim-
ming setting) was obtained using a CP-
like B1 setting.

(with k:1e16): 

the spatial position [14]. B1
+ shimming phases were calcu-

lated to minimize the coefficient of variation of B1
+ through 

ROIs drawn on the axial slices. For each set of transmit B1 
phases, the resulting B1

+ efficiency was quantified with a B1 
Multi-Channel Interference (B1MCI) Index obtained by divid-
ing the magnitude of the sum (MOS) of the complex B1,k

+ 
field by the sum of the magnitude (SOM) of the same B1,k

+ 
fields [14, 21, 30]. By definition, the B1MCI Index takes val-
ues between 0 (fully destructive interferences) and 1 (fully 
constructive interferences):
 

Overall, global SAR values are approximately proportional to 
the inverse of the squared B1MCI Index. All computations were 
using nonlinear optimization tools in Matlab (The Mathworks, 
USA).
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pTX 2-spoke RF pulse design: methods
Parallel transmission (pTX) was performed with the 16-channel prototype 
7T system. We designed 2-spoke slab selective RF pulses aiming at achiev-
ing uniform excitation flip angle through the ROIs drawn on 2D gradient 
echo axial images. Different transmit B1 settings were applied during each 
of the two sub-pulses which where separated by a brief gradient encoding 
blip [25]. During the optimization routine, a complex weighting factor 
(amplitude and phase) was calculated for each channel and each spoke, 
based on the spoke location in k-space, on the 16 complex B1

+ profiles and 
on B0 maps for each slice. For each of the three slabs in pTX TOF, three 
slices (top, center and bottom) were used for optimizing the flip angle 
inside ROIs drawn on the latter. The optimization was performed using the 
magnitude least squares method [27] using 2 spokes of 1.5 ms duration 
each. For comparison a single spoke acquisition using a CP-like phase set-
ting was also acquired.

Results
Some of the main potential strengths 
and limitations of TOF angiography at 
UHF are illustrated in Fig. 1, showing a 
0.34 x 0.34 x 0.4 mm3 resolution 3D-TOF 
acquired at 7 Tesla. The non-corrected 
axial thick maximum intensity projection 
(MIP) view shown in Fig. 1A is a 
reminder of the large apparent signal 
amplitude variation, in the form of a 
positive centrifugal gradient, which 
results from the root sum of square of 
the sensitivity profiles with a coil array. 
After removing this receive B1 profile, in 
Figs. 1B–D, a fairly sharp vessel to tissue 
contrast can be appreciated, together 
with intrinsically high SNR in some small 
vessels, both effects being indicative of 
direct imaging benefits at higher fields. 
Some limitations, however, can also be 
readily identified. Indeed, because of 
SAR limitations, neither saturation nor 
MT pulses could be used in this standard 
TOF protocol, which resulted in strong 
venous blood signal (see for example 
the large posterior draining veins) as 
well as limited background signal sup-
pression, and non-saturated subcutane-
ous fat signal. Another confounding fac-
tor, which may be less evidently 
identified at first sight, is the fact that a 
stronger angiographic contrast is 
obtained in the center of the brain, with, 
in average, more limited small vessel 
conspicuity in the periphery. 
In order to facilitate the comparison of 
methodological components developed 
to address these issues in our study, all 
TOF experiments shown in the present 
report (except for Fig. 1) were acquired 
at the same isotropic resolution of 0.5 x 
0.5 x 0.5 mm3. 

VERSE and sparse MT pulses
Figure 2 demonstrates the dramatic 
gains in vessel to tissue contrast that can 
be obtained when including VERSE 
venous saturation pulse and sparse MT 
pulses in the TOF protocol, as shown in 
Fig. 2B, to be compared with Fig. 2A 
where neither standard saturation nor 
standard MT pulses could have been 

3 TOF contrast improvement obtained by applying saturation (SAT) and MT RF pulses, 
quantified by measuring the arterial vessel to background signal ratio (aVBR) in 5 subjects. 
The bottom grid indicates which RF strategies were applied in each case. As expected, no 
noticeable difference was observed when only applying VERSE to the excitation pulse, 
whereas clear contrast gain was obtained with either VERSE saturation or sparse MT pulses. 
Note the synergy observed when both latter pulses are used. 
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included due to SAR limits. Note that the 
gray scale in these images has been 
deliberately adjusted to exaggerate the 
visibility of residual background signal to 
help identifying the discussed effects. 
Beside the evident suppression of 
venous blood signal and a strong attenu-
ation of residual background signal, 
helping better visualizing smaller ves-
sels, it can be seen that the selective sat-
uration pulse also provides, within the 
imaging slab, a significant reduction, up 
to 90%, of the subcutaneous fat signal. 
This effect, obtained by exploiting the 
large water/fat chemical shift, is espe-
cially beneficial when generating maxi-

mum intensity projections. Noticeably, 
the improvement in TOF contrast, 
expressed as the arterial vessel to back-
ground signal ratio (aVBR), does not 
result solely from sparse MT pulses, it 
also results from MT effects induced by 
VERSE saturation pulses [29]. This syn-
ergy is summarized for 5 subjects in Fig. 
3: either VERSE saturation or sparse MT 
pulse increases the contrast by about 
20%, whereas applying both pulses 
improves the contrast by about 50%. On 
the other hand, as expected, applying 
the VERSE transformation on the excita-
tion pulse does not affect the contrast. 
Importantly, the optimized protocol 

(with VERSE excitation, VERSE saturation 
and sparse MT pulses) only generates 
69% of SARMAX, whereas applying stan-
dard excitation, saturation and MT 
pulses would generate about 320% of 
SARMAX.
Despite of these substantial improve-
ments in angiogram quality, one can 
notice that TOF contrast still is inhomo-
geneous in Fig. 2B with, in average, a 
stronger contrast with brighter vessels in 
the center of the brain, and a reduced 
visibility of smaller vessels in the periph-
ery, especially in the anterior and poste-
rior poles of the brain. These effects are 
a direct consequence of the inhomoge-

4 Top two rows: Estimated spatial B1
+ maps obtained before B1 shimming, applying a set of CP-like transmit phases (before), and after B1 

shimming with a set of B1 transmit phases computed to achieve a more homogeneous |B1
+| pattern (after). Bottom two rows: Correspond-

ing B1 Multi-Channel Interference index maps, showing B1
+ efficiency with CP-like transmit phases (before) and with B1 shimming (after).
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neous CP-like transmit B1 field profile, 
and must be distinguished from the 
receive B1 profile bias which, for compar-
ison and demonstration purpose, has 
not been removed from the images 
shown in the lowest row of Fig. 2.
In the next two sections, we will demon-
strate the potential of applying recently 
developed multi channel methods to 
address B1 inhomogeneity issues in TOF 
at 7T.

B1 shimming
A remarkable improvement in |B1

+| 
homogeneity was achieved with B1 
shimming, as demonstrated in Fig. 4 
where the two upper rows show, in 7 
axial slices, the flip angle maps mea-
sured before (CP-like mode) and after 
(homogeneous |B1

+|) B1 shimming (only 
pixels in the ROIs are considered), with 
the coefficient of variation of |B1

+| drop-
ping from 35% to 14%. 
One can appreciate in Fig. 5 the impact 
of using a homogeneous (Fig. 5B, after 

B1 shimming) rather than an inhomoge-
neous (Fig. 5A, CP-like mode before B1 
shimming) excitation profile with the 
TOF sequence. When examining recon-
structions of an axial thin MIP (a thin 
MIP was chosen to help focusing on a 
few vessels within a slab) and of a sagit-
tal MIP (the green marks indicate the 
axial thin MIP range), one can identify, 
with the homogeneous excitation, a 
fairly rich network of smaller vessels in 
the periphery, and possibly smaller ves-
sels with slower flow in the center, that 
were poorly or not visualized when the 
excitation profile was stronger in the 
center and weaker in the periphery. 
(Note that, in Fig. 5, VERSE saturation 
was applied using a CP-like mode B1 pro-
file, and no MT pulse was used).
These fairly spectacular and promising 
results, however, were obtained at the 
cost of a significant loss in RF efficiency, 
a well known phenomenon with B1 
shimming in large ROIs at 7T due to 
large destructive interferences between 

complex B1
+ fields [14]. The source of 

this reduction in effective final |B1
+|, 

despite unchanged input RF power, can 
be appreciated by looking at the corre-
sponding B1 Multi-channel Interference 
(B1MCI) index maps. This index is the 
ratio of the effectively achieved |B1

+| 
(magnitude of the sum of the 16 com-
plex B1

+ maps) over the sum of the mag-
nitude of the 16 |B1

+| maps and, by defi-
nition, ranges between 0% (fully 
destructive B1 interference) and 100% 
(fully constructive B1 interference) [14, 
30]. In Fig. 4, the lower two rows show 
the B1MCI index maps before and after 
B1 shimming, with an average value 
dropping from 46% in CP-like mode 
(with local values of about 90% in the 
center and below 30% in the periphery) 
down to 23% after B1 shimming. As a 
consequence, in order to achieve a given 
nominal flip angle in the center of the 
brain, assuming unchanged pulse dura-
tion, the voltage of the excitation RF 
pulse has to be increased more than two 
fold, which means a more than four fold 
increase in RF power as well as in SAR. 
This emphasizes the fact that applying 
VERSE on the excitation pulse may 
become critical, when applying a homo-
geneous B1

+ shimming solution, in order 
to not exceed SARMAX. 

pTX spoke RF pulses
As can be seen in Fig. 6D, showing flip 
angle maps measured in the center slice 
of each of the three axial slabs, excellent 
excitation flip angle homogeneity was 
achieved with a 2-spoke pTX RF pulse 
within the ROIs used for RF computa-
tion. For comparison (Fig. 6C), flip angle 
maps are also shown using a single 
spoke, with CP-like mode B1 shimming, 
with a traditional bright center and weak 
periphery pattern. 
This is a direct illustration of very satis-
factory results that can be obtained with 
pTX RF pulse design, where the target is 
defined as the final excitation flip angle 
profile, different |B1

+| profiles being 
applied in each sub-pulse (whereas in 
static B1 shimming the target is 
restricted to a single static |B1

+| profile). 
A substantial impact of these pTX 
2-spoke RF pulses on TOF angiograms 

5 15 mm thin axial and 50 mm thick sagittal MIP images from multi-slab 3D TOF data sets 
acquired with different B1

+ phase settings during the excitation RF pulse: (5A) CP-like trans-
mitter phase setting (no B1 shimming) and (5B) after B1 shimming with a set of B1 transmit 
phases computed to achieve a more homogeneous |B1

+|. In both cases, saturation RF pulses 
were applied using a CP-like transmit phase setting. MT was not used in any of the two data 
sets. The green bars in the sagittal MIP images indicate the position of the axial MIP location.
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can be seen on axial and sagittal MIP 
reconstructions (Figs. 6A, B), with a 
remarkably more uniform signal magni-
tude through vessels, especially in the 
periphery (see the anterior and posterior 
poles on the sagittal view). Even though 
in this initial implementation neither 
saturation pulse nor MT pulses were 
enabled in our pTX TOF sequence (thus, 
venous and fat signal were not sup-
pressed), a much more homogeneous 
overall background signal suppression 
was readily achieved, resulting from the 
more uniform excitation pattern through 
each slab. It is important to emphasize 
that the design of the pTX RF pulses 
explicitly includes ΔB0 maps measured at 
the beginning of the scanning session 
and can counteract deleterious effects 
of the latter. Based on these very prom-
ising pTX results, future work will be 
pursued to further constraints RF pulse 
design towards lower SAR and to intro-
duce, in the pTX version of the TOF 
sequence, saturation and MT RF pulses. 

Discussion
Thanks to higher SNR and longer T1 
relaxation constants, TOF angiography 
can greatly benefit from ultra high field 
MR scanners, offering the potential for 
higher spatial resolution imaging, stron-
ger contrast between static tissue and 
vessels, which ultimately may result in 
significantly improving diagnosis perfor-
mances. 
It is well known that imaging at UHF is 
hampered by serious obstacles, such as 
high SAR level and excitation profile dis-
tortion, which are especially challenging 
with imaging modalities, such as TOF 
MRA, that are intrinsically both highly 
sensitive to RF excitation inhomogeneity 
and highly demanding in RF power. We 
initially found that great contrast-
enhancement provided by saturation 
and MT pulses could not be used at 7T 
because SARMAX would be exceeded. 
However, high SAR levels induced by 
sequence components demanding high 
RF power can be greatly reduced by 
using, when possible, VERSE pulse trans-
formation (excitation, saturation pulses) 
or sparse application of preparation 
pulses (MT), while preserving, or even 

increasing, vessel to background con-
trast in cerebral TOF at 7T. 
Furthermore, recent advances in RF 
engineering and corresponding MR 
methods, especially multi-transmit tech-
nology, allow for dramatically improving 
the uniformity of either transmit B1 pro-
file (B1 shimming) or excitation flip 
angle profile (pTX). These are significant 
improvements that may dramatically 
reduce or eliminate the risk of overlook-

ing clinical lesions on UHF images due to 
local defects or strong heterogeneity in 
transmit B1 distribution, especially in the 
periphery of the brain. 

Conclusion
Imaging at UHF holds promises for 
higher spatial resolution and higher con-
trast TOF MRA, with the potential of clin-
ically relevant improved diagnosis per-
formance.

6 Top two rows: Multi-slab 3D-TOF acquired with standard RF excitation pulse with CP-like 
transmit B1 phases (6A) and with a pTx 2-spoke excitation RF pulse design (6B). Note the clear 
improvement in angiographic contrast in (6B), with increased conspicuity of multiple small 
vessels and more homogeneous vessel signal brightness through the slice. Note that neither 
saturation pulse nor MT pulse were enables in the pTx version of the TOF sequence. 
Bottom row: Corresponding measured flip angle maps with CP-like transmit B1 phase (6C) 
and using pTx 2-spoke excitation RF pulse (6D). Note the clear gain in B1

+ homogeneity within 
the ROIs (black line) when applying the 2-spoke RF pulse. 
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Although serious and well known chal-
lenges at UHF include increased SAR and 
image contrast inhomogeneity, our 
results indicate that sequence optimiza-
tion and recent multi-transmit technol-
ogy provide the means to efficiently 
address these handicaps, paving the 
road towards gaining actual clinical ben-
efits from UHF TOF MRA. These positive 
results have to be read in the context of 
a growing number of studies from multi-
ple groups working at 7T [8, 9, 11–13], 
including ours [10], that demonstrate 
clinically relevant findings in MR neuro-
imaging at 7T.
Speed (fast B1 calibration/computation 
within the time window of a clinical 
scan), SAR control, robustness and inte-
gration of these methods within a stan-
dard clinical interface will be critical to a 
successful implementation of these 
technological advances in the clinical 
world.
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