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FULL PAPER

SAR and Scan-Time Optimized 3D Whole-Brain
Double Inversion Recovery Imaging at 7T

Eberhard D. Pracht,1* Thorsten Feiweier,2 Philipp Ehses,3 Daniel Brenner,1

Alard Roebroeck,4 Bernd Weber,5 and Tony St€ocker1,6

Purpose: The aim of this project was to implement an ultra-high

field (UHF) optimized double inversion recovery (DIR) sequence
for gray matter (GM) imaging, enabling whole brain coverage in

short acquisition times (�5 min, image resolution 1 mm3).
Methods: A 3D variable flip angle DIR turbo spin echo (TSE)
sequence was optimized for UHF application. We implemented

an improved, fast, and specific absorption rate (SAR) efficient
TSE imaging module, utilizing improved reordering. The DIR
preparation was tailored to UHF application. Additionally, fat

artifacts were minimized by employing water excitation instead
of fat saturation.

Results: GM images, covering the whole brain, were acquired in
7 min scan time at 1 mm isotropic resolution. SAR issues were
overcome by using a dedicated flip angle calculation consider-

ing SAR and SNR efficiency. Furthermore, UHF related artifacts
were minimized.

Conclusion: The suggested sequence is suitable to generate
GM images with whole-brain coverage at UHF. Due to the
short total acquisition times and overall robustness, this

approach can potentially enable DIR application in a routine
setting and enhance lesion detection in neurological diseases.

Magn Reson Med 79:2620–2628, 2018. VC 2017 International
Society for Magnetic Resonance in Medicine.
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INTRODUCTION

The double inversion recovery (DIR) sequence was first
described by Redpath and Smith (1) to perform gray matter
(GM) imaging in the human brain. The most common DIR
application is lesion detection in multiple sclerosis (2–6).
In contrast to fluid attenuated inversion recovery imaging
(7) the DIR sequence not only minimizes partial volume
effects from CSF signal but also from white matter. Despite

the potential benefits, the DIR method has not been widely
used for several reasons: After the initial magnetization

preparation only approximately 10% of the equilibrium
magnetization is left for imaging, reducing the remaining
image SNR significantly (8). Furthermore, to selectively
excite GM, long inversion times are needed. The DIR prep-
aration time takes approximately 4 s, which leads to a low
imaging sensitivity (which we defined as: SNR/

ffiffiffiffiffiffiffiffiffi
TAQ

p
).

One potential solution to shorten scan time is the applica-
tion of TSE imaging sequences with long echo trains. How-
ever, this induces blurring in the resulting images due to
T2 relaxation and increases the specific absorption rate
(SAR). Taken together, the overall imaging sensitivity of

DIR acquisitions is low. Thus, large volume coverage (i.e.,
whole brain imaging at high image resolution) is very time
consuming, rendering the routine use of this method
impractical.

Several optimizations to the DIR sequence were proposed
over the last years to improve SNR and reduce scan time:
To enable whole brain coverage, multi-slice and multi-slab

approaches were proposed (9,10). However, only after the
development of 3D non-selective variable flip angle (vFA)-
TSE imaging (11,12), DIR imaging became feasible in a rou-
tine setting. This technique offers the possibility to elimi-
nate most of the aforementioned problems. Compared to the

standard TSE approach, vFA-TSE acquisitions produce less
SAR and achieve higher image quality due to an improved
point spread function (PSF) (12–14). In combination with
improved reordering schemes (14,15) the total scan time
can be reduced. To benefit from the increase in signal to
noise ratio at ultra-high field (UHF), DIR imaging has been

performed at 7T (16–18). However, despite the higher SNR,
several drawbacks prevent the routine application of DIR at
7T: Longer tissue T1 relaxation times reduce the overall
scanning efficiency, and larger B0 and B1 inhomogeneities
degrade image homogeneity and quality. Furthermore, the

increase of RF power deposition with field strength and the
prolonged longitudinal relaxation times cause lengthy repe-
tition times. Another UHF related issue is the increase of
the fat/water signal ratio with the field strength (16) as the
T1 of fat is less field strength dependent. Compared to 3T,
the fat/water signal ratio of DIR acquisitions increases

approximately by a factor of two at 7T. This leads to severe
aliasing artifacts if parallel imaging is used. These artifacts
are particularly pronounced in GM imaging due to the low
signal contributions of GM compared to the fat signal.
As shown by Madelin et al., a standard fat saturation is inef-

fective at 7T due to B0 and B1 inhomogeneities (16).
The authors used a fat selective inversion instead and dem-
onstrated that it is more efficient; however, at the expense
of increased SAR.
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In this work, we present an optimized DIR imaging

approach for UHF, based on a 3D vFA-TSE imaging

sequence. We combined and optimized existing methods

in order to reduce UHF related problems: To decrease

SAR, improve the PSF and image quality we implemented

an extended phase graph (EPG) optimized TSE imaging

module (11,12). The excitation of each flip angle train is

performed using a water excitation to decrease fat artifacts

in the resulting images (19,20). Moreover, we utilize

improved reordering schemes to minimize scan time and

customize T2 contrast in the acquired images (15). To miti-

gate image artifacts induced by B0 and B1 inhomogeneities,

we optimized the DIR preparation module and replaced

the standard inversion pulses with pulses tailored for

UHF applications (21). Furthermore, we automated the

inversion time calculation by integrating it into the signal

calculation.

METHODS

The refinement of the DIR-sequence consists of the fol-

lowing three basic steps:

1. Implementation of an improved, fast and SAR efficient

TSE imaging module
2. Utilization of improved reordering schemes
3. Optimization of the DIR preparation

TSE Imaging Module

For image acquisition, a customized 3D non-selective

vFA-TSE module was implemented which acquires prede-

fined signal shapes along the echo trains (Fig. 1). The cal-

culation of the vFA trains is based on the EPG algorithm

(22). The (normalized) target signal shape, f ðnÞ, is chosen

to follow an exponential decay (decay rate l) with an

initial plateau. Preceding the plateau five dummy echoes

(Nd ¼ 5) are acquired, prepending an exponential signal

decay before the plateau (decay rate ld):

f ðnÞ ¼
e�ðn�1Þpld=Nd ; 0 < n � Nd

e�ðNd�1Þpld=Nd ; Nd < n � Nc

e�ðNd�1Þpld=Nd e�ðn�NcÞpl=ðNp�NcÞ Nc < n � Np

8>><
>>:

[1]

where Np denotes the number of refocusing pulses per echo

train and Nc the center echo number. This shape offers a

good compromise between image SNR and image blurring,

as it creates a narrow PSF (11). The five initial refocusing

pulses are used to prepare the magnetization close to the

static pseudo steady state (23) in order to reach higher initial

signal amplitude. Figure 2 depicts target signal shapes and

the corresponding PSFs for different decay rates (the first

exponential decay is set to zero in the Figure for clarity).
The flip angles of the refocusing pulses are optimized

iteratively to produce a signal response with the prede-

fined target shape along the echo train. The first refocusing

angle is given as an input parameter in the EPG simulation.

The corresponding EPG echo amplitude (F�1ð1Þ, following

the notation in (12)) is calculated and then the next flip

angle is determined by finding the root of

CðanÞ � jF�1ðnÞ � F�1ð1Þf ðnÞj; n ¼ 2; . . . ;Np [2]

where F�1ðnÞ denotes the amplitude of the nth echo. If the
difference between the calculated echo amplitude,
F�1ðnþ 1Þ, and the target signal, F�1ð1Þf ðnÞ, is larger than
a given tolerance the flip angle calculation is aborted and
started again using a smaller first refocusing angle. This
approach is similar to a previously published and estab-
lished method (24) and is closely related to Mugler’s signal
shaping algorithm (25). In contrast to Mugler’s isochromat
averaging method we utilize the EPG algorithm, because it
is less computationally demanding and easier to imple-
ment. This procedure can be considered as a brute force
version of Hennig’s recursive 1-ahead algorithm (12) and
yields similar flip angle trains. The maximum possible
signal level for a given target shape is obtained by applying
a binary search to the first flip angle (searching in the
interval between 0� and 180�). The iteratively calculated
flip angle train which applies the maximum possible
first flip angle yields the maximum SNR for the given target
shape.

The computation of the inversion times TI1/TI2 is also
integrated into the EPG based flip angle calculation algo-
rithm. For simplicity, instantaneous inversion is assumed
and all transverse EPG states are neglected during the DIR
preparation interval (T2 � TI1;2) and only the Z0-state
(unmodulated longitudinal magnetization (12)) is consid-
ered, because longitudinal magnetization regrowth (i.e., T1

recovery) occurs only in this state (recovering magnetiza-
tion is necessarily unmodulated).

The repetition time TR of the DIR sequence is defined
as the sum of the inversion preparation times (TI1þTI2),
and the acquisition time for one TSE echo train (includ-
ing a relaxation delay TD at the end of the echo train),
see Figure 1. Solving the Bloch equation for the z-
component of the magnetization yields:

MzðTI1 þ TI2Þ ¼ M0 þ E2½E2MzðTRÞE1 þ EM0E1 � ð1þ EÞM0�
[3]

using

E1;2 ¼ e�TI1;2=T1 [4]

where M0 denotes the equilibrium magnetization, T1

reflects the longitudinal relaxation time, and E denotes

FIG. 1. Schematic timing diagram of the optimized DIR-sequence.

After the DIR preparation a binomial water excitation pulse is
applied for fat suppression. The excitation pulses are separated
by t such that the fat component precesses 180� (resulting in a

net flip angle of zero degrees for the fat component). The echo
train is acquired using the shortest possible echo spacing (ESP)
to avoid signal loss due to T2 decay. The refocusing angles are

calculated to generate echoes with predefined signal amplitudes
for gray matter. After a relaxation delay TD the next inversion

pulse of the following TR is played out.

3D DIR at 7T 2621



the inversion efficiency of the inversion pulses. Mz(TR)
equals the Z0 state of the EPG simulation, which
describes the unmodulated longitudinal magnetization

state of the vFA-TSE imaging module after TR. For E ¼ 1
and TR	 T1 the solution turns into Equation [1] of the

Redpath publication (1).
For GM imaging, inversion times have to be adjusted

to suppress CSF and white matter signal simultaneously.

Hence, the longitudinal magnetization components of
the undesired tissue components (gray and white matter)

have to equal zero after the DIR preparation
(MzðTI1 þ TI2Þ¼! 0), leading to:

E2 ¼ M0=ðð1þ EÞM0 � E2MzðTRÞE1 � EM0E1Þ [5]

Using Equation [4] it follows:

TI2 ¼ �T1ln ðE2Þ [6]

¼ �T1ln ðM0=½ð1þ EÞM0 � E2MzðTRÞE1 � EM0E1� [7]

The desired inversion times TI1 and TI2 are derived via
numerical optimization by finding the root of:

CðTI1Þ ¼ TIWM
2 � TICSF

2 [8]

As the magnetization is not fully recovered after one TR,

MzðTRÞ evolves and changes the following TRs. For that
reason dummy TRs were included until MzðTRÞ reached

a steady state (usually three dummy repetitions were
sufficient).

An alternative (graphical) approach to solve this prob-
lem is given in the original publication by Redpath and

Smith (1).
To be able to reduce SAR independent of the sequence

timing and contrast, a mechanism was implemented

which allows to recalculate the echo train with reduced
flip angle amplitudes, while simultaneously preserving

the shape of the target signal. The first refocusing flip angle
of the echo train (which was determined by the binary

search) is reduced by a factor R (a1;red ¼ R 
 a1) and the
remaining refocusing pulses are recalculated for the

prescribed target shape. The rationale behind the applied

procedure is to keep more magnetization longitudinal

along the echo train, to store it there (T1	 T2), and prevent

further decay as time passes along the echo train. Note that

recalculation with R<1 results in a new flip angle train

which still exactly matches the shape of the prescribed tar-

get signal but with a lower signal level. This is superior to

decreasing the transmitter reference voltage, which would

change the target signal shape and therefore the PSF. The

relative SAR applied during one SAR optimized vFA-TSE

train (R<1) compared to the SNR optimized echo train

(R¼ 1) was calculated similar to (26):

SARrel ¼
100%

Np


XNp

i¼1

aR<1
i

aR¼1
i

� �2

[9]

where Np denotes the number of refocusing pulses. Due to

the quadratic relationship of SAR with flip angle, SAR

drops significantly when reducing the refocusing angles.

The SAR percentage decrease is larger than the SNR loss

due to the aforementioned longitudinal storage of magneti-

zation. In addition, to keep SAR as low as possible, a water

excitation was implemented in order to eliminate fat sig-

nal contributions (see Fig. 1). The implemented method is

based on 1–1 binomial pulses and uses a 45� – t – 45� com-

posite pulse such that the fat component precesses 180�

during the interval between the pulses (19). The sequence

timing is not affected for the binomial excitation, as the

minimum echo spacing is limited by the readout interval.

The water excitation method was compared to the

spectrally selective fat suppression method proposed by

Madelin et al. (16).

DIR Preparation

Standard hypersecant (HS1) inversion pulses are less

homogeneous at UHF due to B0 and B1 variations over the

FOV. Hence, parts of the longitudinal magnetization in the

brain are not properly inverted. To overcome this issue,

HS6 pulses were implemented to improve inversion

FIG. 2. Signal shaping simulations.
Top left: Calculated flip angle train for

gray matter (target signal depicted in
red). Top right: Resulting gray matter
signal (compared to the theoretical

signal evolution of a TSE sequence
employing 180� pulses, dashed). The

initial exponential decay into the pla-
teau (five dummy pulses) is omitted.
Bottom: Signal evolution for different

target signal shapes in k-space and
image space. Flatter signal envelopes

(smaller decay rates l) of the
modulation transfer function (MTF) in
k-space yield a narrower point spread

function (PSF). This results in less
blurring, but lower SNR in image

space.

2622 Pracht et al.



homogeneity (27). These pulses are designed to produce

high inversion homogeneity over a specified bandwidth

using a reduced peak power. Our implementation is based

on the work of Tesiram et al. (21), using the following

pulse parameters: 10.24 ms duration, 2 kHz bandwidth, 6

1.2 kHz frequency sweep, 0.3 kHz (� 7 mT) peak ampli-

tude, 99% desired inversion efficiency, and 10% maxi-

mum inversion error. To fine-tune the inversion

homogeneity (especially in low B1 brain regions) the peak

power of the HS6 pulses was increased manually until sat-

isfying inversion homogeneity over the whole brain was

achieved. If SAR limitations were violated, the SAR reduc-

tion technique mentioned earlier was applied until SAR

restrictions were met (by reducing the first refocussing flip

angle manually and recalculating the echo train).

In Vivo Experiments

All experiments were acquired on a 7T whole-body

research system (Siemens Healthcare GmbH, Erlangen,

Germany; Magnet: Agilent, Oxford, UK) using a head

array coil (32Rx/1Tx, Nova Medical, Wilmington, MA).

The MR scanner is equipped with a gradient system

allowing maximum gradient amplitude of 70 mT/m and

a maximum slew rate of 200 T/m/s. Imaging was per-

formed in five healthy volunteers. The study protocol

was approved by the local ethics committee, and subjects

gave informed consent prior to undergoing MR examina-

tion. At the beginning of each imaging session, a shim

over the whole head up to the 3rd order was applied to

homogenize the main magnetic field. Afterwards, com-

bined B0 and B1-mapping was performed using 3DREAM

(28) a three dimensional variant of the DREAM sequence

(29). Subsequently, GM imaging was performed. To

speed-up the DIR acquisition, an improved linear reor-

dering scheme was implemented (15). It allows to omit

the corners of k-space (ky–kz plane), which is also known

as elliptical scanning (30). In contrast to standard linear

view ordering the echo train length is not restricted to

the number of partitions. Applying both, elliptical scan-

ning and partial Fourier acquisitions simultaneously, the

total scan time can be reduced by approximately 20%. If

additionally parallel imaging is employed (acceleration

factor RPI¼ 2 � 2) the total acquisition time of the imag-

ing module can be accelerated by a factor of approxi-

mately eight compared to a non-accelerated acquisition

(RPI¼ 1) employing standard linear reordering. Imaging

parameters for all 7T acquisitions were: Number of refo-

cusing pulses Np¼ 150, repetition time TR¼11,000 ms

(TR and Np were adjusted to maximize the imaging sen-

sitivity (which we defined as: SNR/
ffiffiffiffiffiffiffiffiffi
TAQ

p
), 1 � 1 �

1 mm3 resolution, matrix size 256 � 248 � 160 (whole

brain coverage), TI1/TI2¼ 3257/627 ms, 2D-GRAPPA

with a reduction factor of RPI¼4 (2 � 2). The T1 brain

tissue relaxation times used for the TI calculation at 7T

were set to: GM: T1¼1780 ms, white matter: T1¼ 1230

ms, and CSF: T1¼ 4300 ms (31). For the EPG signal

shape computation, the GM tissue T2 relaxation was set

to T2¼ 55 ms (32). The duration for the non-selective

refocusing and inversion pulses was 700 ms and 10.24

ms, respectively. Total scan time was 6:58 min.

To assess the inversion efficiency of the HS6 pulses an

inversion recovery turbo-flash series (TI¼10, 300, 600,

900, 1200, 1800, 2400, 3000, 4000, 5000 ms) was

acquired in one volunteer (the inversion sensitivity is

subject independent). The signal time series was fitted to

the following equation (using non-linear least squares

minimization):

S TIð Þ ¼ S0ð1� ð1þ EÞe�
TI
T1Þ [10]

where E denotes the inversion efficiency and S0

describes the signal intensity without inversion. For the

flip angle of the inversion pulses (needed for the EPG

signal calculation) follows:

aINV ¼
arccos �Eð Þ

p

 180

�
[11]

For all acquisitions, the transmitter voltage was adjusted

to cortical GM (the calculation was based on the

acquired B1 maps). GM was chosen rather than the

global mean across the brain in order to optimize the flip

angle train (and therefore the PSF) to this region. The

cortex is highly folded and thus benefits most from a

narrow PSF.
To investigate the SAR dependency on the flip angle

reduction factor, GM images with R¼1, 0.95, and 0.9

were acquired. The remainders of the sequence parame-

ters were kept identical. The scans comparing the differ-

ent fat suppression techniques (no fat suppression vs. fat

selective inversion vs. water excitation) were acquired

with a flip angle reduction factor of 0.9, to stay within

SAR limits for the fat selective inversion technique (the

method inducing the highest SAR). The comparison of

the HS1 and HS6 inversion preparation was performed

using the same sequence parameters. Additionally, for

comparison of the field strength dependence (inversion

efficiency and scan sensitivity) a scan at 3T (MAGNE-

TOM Skyra, Siemens), 32 channel head array coil) was

acquired for one volunteer using identical sequence

parameters to the 7T acquisitions, but with tissue T1

relaxation times matched to 3T: GM: T1¼ 1300 ms,

White matter: T1¼ 890 ms, and CSF: T1¼ 4300 ms (31).

Additionally, the repetition time was changed to

TR¼ 10000 ms and the number of RF pulses to Np¼ 235

(in order to maximize the imaging sensitivity). The T2 in

the signal shaping algorithm was set to T2¼110 ms (33).

The change in relaxation times resulted in lower inver-

sion times: TI1/TI2¼ 3073/588 ms. The GM SNR calcula-

tions were performed using the pseudo multiple replica

method described by Robson et al. (34).

RESULTS

Using the average T1 brain tissue relaxation times at 7T

(T1WM/T1GM � 1200/1800 ms) for the inversion time cal-

culation of the DIR preparation did not suppress white

matter and CSF signal in the in vivo scans sufficiently.

Inclusion of the measured HS6 inversion efficiencies

EWM � 0.76, EGM � 0.9, ECSF � 0.99) into the signal model

solved this issue and yielded corrected inversion times

(TI1/TI2¼3257/627 ms). A representative axial slice of a

3D DIR at 7T 2623



DIR GM acquisitions at 7T (using the EPG optimized flip

angle and inversion time calculation) are shown in Figure

3c. Signal from white matter and CSF was completely sup-

pressed. No significant image blurring, induced by T2

relaxation during the echo train acquisition was observed.

For the 3T measurement the implemented inversion time

calculation worked as expected without compensation for

the inversion efficiency (EWM¼ EGM¼ ECSF¼ 1).

Fat Suppression

Aliasing artifacts originating from fat (Fig. 3, left) severely

compromise image quality at 7T. Application of fat sup-

pression techniques significantly reduced these artifacts

(while the GM signal remains unaffected, Fig. 3, middle

and right). However, the SAR increased significantly for

the chemical shift based inversion method (16), because of

the application of an additional inversion pulse per repeti-

tion. Furthermore, signal suppression was slightly

affected. Contrarily, for the water excitation based acquisi-

tion (Fig. 3, right) the total SAR per acquisition slightly

decreased (due to the separation of the 90� pulse into two

45� pulses). The fat suppression of the water excitation

efficiency was comparable to the inversion method.

SAR Reduction

When the SAR limits for a given parameter set were

exceeded, the flip angle trains were recalculated using the

described SAR reduction technique. The top row of Figure

4 shows the simulated flip angle trains and signal enve-

lopes with (flip angle reduction R¼0.9) and without

(R¼ 1.0) the SAR reduction technique. The remainders of

the imaging parameters were kept identical. The applica-

tion of this technique effectively decreased the total SAR

down to 70%, while the image SNR remained at approxi-

mately 90% of the initial signal level. The bottom right

plot of Figure 4 depicts the signal amplitude and SAR

change for different reduction factors. The imaging results

(see Fig. 5) confirmed the theoretically predicted ones:

SAR was reduced significantly, while the image SNR

decreased only by approximately 10% (the depicted SAR

FIG. 3. Gray matter images of a healthy subject at 7T: a: No fat suppression applied, severe aliasing fat artifacts compromise image
quality (red arrows). b: Fat suppression based on frequency selective inversion (20) almost completely removes these artifacts, but sig-

nal suppression is slightly affected (red arrow). c: The application of a SAR efficient water excitation results in a similar degree of fat
suppression.

FIG. 4. Example SAR simulation

results. Top: Flip angle calculation
(left) and resulting signal evolution
(right) with and without applied SAR

reduction technique. Bottom: Signal
intensity and relative SAR of an

refocusing train (inversion pulses not
included) for different flip angle
reduction factors (calculated using

equation 9). The SAR decreases sig-
nificantly with the reduction factor,

while the image SNR only drops by
10%.

2624 Pracht et al.



values in Fig. 5 are given as displayed by the scanner).

Image blurring and contrast remained the same with and

without the SAR reduction technique, as the same signal

shape and sequence parameters form the basis for all flip

angle calculations.

Magnetization Preparation

Figure 6 shows the impact of B0 and B1 inhomogeneities

on GM acquisitions at UHF. Compared to 3T acquisitions

the image intensity was more inhomogeneous, due to

imperfect magnetization inversion. If standard hyperse-

cant (HS1) inversion pulses were used, severe signal drop-

outs occurred in the GM images at 7T. Furthermore, due to

the use of a local head transmit coil, loss of transmitter

sensitivity in caudal brain regions occurred (at the level of

the cerebellum). Application of the HS6 pulses reduced

these signal dropouts in GM and the image intensity

appeared more homogeneous over the whole imaging vol-

ume. Some of these remaining dropouts could potentially

FIG. 5. Application of the SAR reduction technique. Left: DIR acquisition without flip angle amplitude reduction. Middle, right: Measure-

ments with SAR-reduction (R¼0.95 and R¼0.90). The global SAR (calculated by the scanner) drops down to 69% of the original value,
while the SNR remains at 88% (for a reduction factor of R¼0.90).

FIG. 6. Comparison of standard and optimized inversion preparation at 7T. At 3T the standard inversion is sufficient (left) to achieve

complete inversion over the whole brain volume. Whereas at 7T signal drop outs occur when standard HS1 pulses are applied (middle, red
arrows). The substitution to HS6 pulses increased the inversion efficiency and reduced the signal dropouts over the imaging volume (right).

3D DIR at 7T 2625



be reduced by further increasing the peak power of the
HS6 pulses. The average GM sensitivity after applying the
whole optimization procedure was by a factor of approxi-
mately 1.5 higher at 7T. Theoretically, the sensitivity
increases by a factor of approximately 1.7.

DISCUSSION

This work demonstrates that it is possible to obtain whole
brain GM images at 7T with an isotropic resolution of
1 mm in scan times below seven minutes. Furthermore, we
show that the image contrast of the proposed method is
highly customizable. The DIR sequence remains sensitive
to high-field specific issues—prolonged tissue T1 relaxa-
tion, B0 and B1 inhomogeneities, SAR limitations and a
dominant fat signal—which were all accounted for with
appropriate sequence modifications.

Traditionally, the major limitations for DIR imaging at
UHF are SAR constraints which prolong the acquisitions
beyond clinically acceptable times. To solve this issue,
we implemented repeats in the flip angle computation
which reduces refocusing angles when SAR restrictions
for a given parameter set are not met. Recalculating the
flip angle train, while simultaneously keeping all other
imaging parameters identical, allows one to significantly
reduce SAR and maintain the image contrast with only
10% SNR loss. Thus, shorter repetition times can be
applied without violating SAR constraints. An alterna-
tive approach to decrease SAR would be to increase the
duration of the refocusing pulses. However, prolonging
the pulse duration would lead to an increase in the inter
pulse delay (which would reduce the imaging sensitiv-
ity) and decrease the pulse bandwidth.

Due to the short TR, full magnetization relaxation is
not achieved at the end of the repetition time, resulting
in a TR dependent longitudinal magnetization before
each DIR preparation. To optimize and correct the signal
suppression for the unwanted tissue types for short repe-
tition times (TR < 5 T1), we integrated the TI calculation
of the DIR preparation into the flip angle simulation.

Because of large B0 and B1 inhomogeneities at UHF
adiabatic hypersecant inversion pulses (27) are less effi-
cient and the magnetization is not homogeneously
inverted over the imaging volume. The spatially modu-
lated inversion efficiency gives rise to spatially modu-
lated signal attenuation and dropouts over the FOV. This
issue was already addressed in the past by several
research groups (27). They proposed various inversion
pulse designs customized to UHF imaging. We chose
HSn pulses, as they are easy to implement and achieve
sufficient inversion efficiency for the present purpose.
For the given work we found HS6 pulses to be a very
good compromise between off-resonance performance,
peak power and time averaged power requirements. Dou-
bling the peak power maximized the inversion homoge-
neity in the cerebellum (low B1 region). In this case, the
theoretical inversion efficiency of the HS6 pulses
remains still at 99% due to the doubled peak power
(assuming 50% of the maximum B1 in the cerebellum).
Thus, the limited ability to perform a homogeneous
inversion in the cerebellum is caused by the rapid coil
sensitivity drop in these areas. Hence, the inversion is

primarily limited by the capped available peak ampli-
tude of the amplifier (but also by SAR).

However, assuming complete inversion did not yield
the expected results of perfect signal suppression. Signif-
icant white matter and CSF signal remained in the GM
images. An additional T1 quantification approach, based
on an inversion recovery turbo-flash sequence showed
that reduced inversion efficiency is the reason for this
discrepancy. Longitudinal white matter (E � 0.76) and
GM (E � 0.9) magnetization are not properly inverted at
7T due to this reduced inversion efficiency. Inclusion of
the inversion efficiencies into the signal calculation
model reduced the calculated inversion times and solved
this issue. This effect is present in hypersecant (HS1), as
well as HSn inversions (n>1) at 7T but not found at 3T.
Norris et al. (35) investigated this phenomenon and
found a T2 dependence of the inversion efficiency. How-
ever, an inversion efficiency of 0.76 in white matter
would need a T2 of approximately 10 ms according to
these simulations. Considering this, an additional mech-
anism has to further decrease the inversion efficiency.
The underlying additional mechanism causing the
reduced inversion efficiency is related to magnetization
transfer, which was already observed and described by
van Gelderen et al. (36). Magnetization transfer results in
a clear deviation from single exponential relaxation at
short TI. Hence, the accelerated recovery at short TI
leads to an apparent inversion efficiency with E < 1. The
effect is field strength and inversion pulse type depen-
dent and more prominent in white matter (due to high
myelin content). An advantage of the apparent inversion
efficiency is a concomitant shortening of the required
inversion times, which is reducing the scan time
additionally.

To further decrease scan time, we implemented
improved reordering schemes (14). By applying elliptical
scanning, parallel imaging, and the aforementioned SAR
reduction technique, it is possible to reach clinically
acceptable scan times. However, if parallel imaging is
used to shorten the scan time, aliasing fat artifacts con-
taminate the images and degrade image quality. This
effect was already investigated by Madelin et al. (16).
They showed that a standard fat saturation is not suffi-
cient at 7T and used a fat selective inversion instead.
The major drawback of this solution is the large increase
in SAR due to an additional inversion pulse per TR.
Hence, we chose a water excitation instead to suppress
the intense fat signal. By splitting the 90� excitation
pulse into two 45� pulses, the SAR is even slightly
decreased (due to the reduced B1 peak power). The
resulting fat suppression level is comparable to the fat
selective inversion, removing the fat artifacts completely.
Even better fat suppression could be achieved using lon-
ger spectral selection pulses (1-2-1 or 1-3-3-1 pulses).
However, this would lead to an increase in echo spacing
and reduce imaging sensitivity. It is important to note
that the shimming procedure has to be applied over the
whole head to obtain homogeneous fat suppression. If
only the brain volume is shimmed, an incomplete sup-
pression of the fat signal originating in the skull occurs
as a consequence (as the water excitation is sensitive to
off-resonances).
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For the acquired sequence protocol a theoretical gain
in SNR for GM at 7T of approximately 1.7 would be
expected (calculated using the flip angle simulation rou-
tine, considering the shortened T2 at 7T, and assuming a
linear increase in M0 from 3T to 7T). The average GM
sensitivity gain at 7T of 1.5 was close to the theoretically
predicted one. The slightly decreased sensitivity gain
and the remaining signal intensity variations over the
FOV are most likely induced by deviating flip angles
(based on the spatially varying B1 field) in the TSE echo
trains. Therefore, it still remains an open question if DIR
based lesion detection at 7T has equal sensitivity as com-
pared to 3T. Regions with homogeneous B1 and B0 in 7T
DIR images should deliver a better, or at least the same
delineation due to the comparable SNR and sensitivity at
7T. However, even if all the improvements are included,
the 7T images still lack homogeneity compared to lower
field strength. For instance, the non-uniform B1 field
results in reduced signal intensity in the temporal lobes,
and the theoretically predicted SNR gain for 7T (vs. 3T)
is not achieved. The aforementioned intensity modula-
tions over the imaging volume reduce contrast and ham-
per the detection of pathologies and lesions (18).
Moreover, the sensitivity of the DIR method is still low
compared to other structural MR imaging methods.
Visser et al. developed a modified DIR preparation mod-
ule, which combines the standard DIR preparation with
a T2 preparation module (MP-DIR preparation, (17)).
This module reduces T1 weighting during the magnetiza-
tion preparation period (leading to shorter inversion
times) and yields enhanced GM signal intensity. This
approach seems promising, as the higher signal intensity
combined with the shorter inversion times lead to an
increased sensitivity. However, SAR restrictions force to
prolong the total acquisition time, reducing or even
removing the sensitivity gain.

Possible future improvements include the utilization
of an adiabatic excitation pulse that could increase SNR
and further reduce signal dropouts caused by B1 inhomo-
geneities at the expense of SAR. A more homogeneous
excitation/refocusing could be obtained by exploiting
multi-channel transmit techniques such as kT-Points (37)
or by the spatially resolved EPG (38). To accelerate imag-
ing further compressed sensing techniques (39) could
additionally be exploited (40). Future work will also be
directed to assess the potential in a clinical research
setting.

CONCLUSION

We show that high resolution (1 mm3), 3D whole brain
DIR imaging in short scan times (� 7 min) is possible at
7T. We introduced several improvements to the DIR
technique, such as an EPG optimized TSE imaging mod-
ule, an efficient fat suppression technique, and an opti-
mized inversion preparation. Compared to a standard
DIR-TSE sequence (employing 180� refocusing pulses,
HS1 inversion, standard linear reordering) these modifi-
cations reduce SAR significantly, decrease image blur-
ring, and increase overall image quality. Furthermore,
we show that a large scan time reduction is possible
while still maintaining sufficient SNR.
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