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(57) Abstract: A method of designing a pulse sequence for parallel- transmission magnetic resonance imaging, comprising: a) ac-
quiring, for each member of a cohort, inhomogeneity maps of radio-frequency fields generated within said member; b) computing,
for each member of said cohort, a spatial distribution of flip angles of nuclear spins obtained using said pulse sequences, and ¢) com -
puting a single cost or merit function representative of a ditference between said spatial distributions of flip angles and a target dis -
tribution, and iteratively adjusting design parameters of said pulse sequences to optimize said cost or merit function; said steps b)
and c) being carried out iteratively using a computer A method of performing parallel-transmission magnetic resonance imaging on a
subject using a pulse sequence designed by such a method.
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A METHOD OF DESIGNING PULSE SEQUENCES FOR PARALLEL-
TRANSMISSION MAGNETIC RESONANCE IMAGING, AND A METHOD OF
PERFORMING MAGNETIC RESONANCE IMAGING USING SUCH
SEQUENCES

The invention relates to methods of designing pulse
sequences for parallel-transmission magnetic resonance imaging and of
performing parallel-transmission magnetic resonance imaging using such
pulses. A pulse sequence comprises one or more radio-frequency (RF) pulses
and at least one magnetic field gradient waveform, allowing manipulating the
nuclear spins of a sample immersed in a static magnetic field.

One of the main purposes of ultra high field (UHF) magnetic
resonance imaging (MRI), i.e. MRI using magnetic fields BO of 7T or more, is
to improve spatial resolution, thanks to an increased signal-to-noise ratio
(SNR). However, at UHF, the Larmor frequency of protons corresponds to
wavelengths of a few centimeters or tens of centimeters, i.e. comparable to
the size of anatomical features such as the head. This leads to enhanced non-
uniformities in the radio-frequency (B1) field, and therefore to the appearance
of low-SNR zone across the images, detrimental to diagnosis. Static magnetic
field inhomogeneity (ABO) induces similar problems.

Several tools have been proposed to solve this problem,
including adiabatic pulses, RF shimming and parallel transmission.

Adiabatic pulses (see e.g. [1]) are amplitude and frequency
modulated pulses, which effectively reduce B1 inhomogeneity as long as the
field amplitude is above a certain threshold and that the pulse duration is
sufficiently long. They have been a huge success at low field. However, their
use is limited at ultra-high field because they necessitate long durations, large
peak powers and large energies, thus large specific absorption rates (SAR,
indicative of patient safety), which is problematic for in vivo studies.

RF shimming (see e.g. [2]) uses a plurality of radio-frequency
(RF) coil elements, transmitting the same RF pulse with different complex
weights, to homogenize the B1 field. As explained in [3], several sets of RF-

shimming parameters — optimal for different categories of patient — may be
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pre-computed; during clinical activity, the best suited one of these sets of
parameters is chosen for each given patient. This technique is attractive due
to its simplicity, but in practice it only gives satisfactory results at UHF in very
specific cases.

Transmit-sense parallel transmission, or “pTx”, (see e.g. [4]) is
a much more versatile technique, and so far has proved to be almost
indispensable to tackle the RF and static field inhomogeneity problem at UHF
for SAR-demanding sequences. This technique uses several independently-
driven and spatially separated transmission channels, including respective coil
elements placed around the subject, to simultaneously transmit RF pulses
having different temporal waveforms (usually defined by complex envelopes).
Moreover, a magnetic field gradient waveform, which defines a predetermined
trajectory in k-space, is played at the same time as the RF pulses and/or
between them. The complex envelopes of the RF pulses are designed to
maximize the homogeneity of the nuclear spin excitation (i.e. flip angle) across
a volume of interest, instead of homogenizing the field itself, as in RF
shimming (in some particular case, the aim will be to obtain a flip-angle spatial
distribution as close as possible to non-homogeneous target). The
optimization of the RF pulses is usually carried out under local SAR
constraints; see e.g. [5] and [6]. Document [7] discloses a method for
simplifying the computational burden induced by the consideration of local
SAR constraints.

Despite its effectiveness in homogenizing the nuclear spin
excitation, parallel transmission has remained essentially a research
instrument, and its use in clinical practice is still negligible twelve years after
its introduction. This is mainly due to the fact that its implementation is difficult
and laborious, as it starts with the acquisition of B1 and ABO maps for each
patient (and, concerning B1, for each individual transmission channel), and
follows with a numerical calculation performed on the fly (online) — when the
subject is in the MRI scanner — to optimize the RF pulse depending on the

measured B1 and ABO maps.
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Even using the most effective available approaches, acquiring
B1 and ABO maps ([7], [8]) takes at least 5-7 minutes, to which one must add
the time required to perform the calculations for optimizing the pulses. While
this duration is acceptable for research purposes, this may not be the case for
the clinician who can hardly afford more than about 10 minutes to proceed
with the clinically relevant acquisitions. Moreover, in addition to a lack of
comfort, the patient can have a condition which hardly prevents him from
moving (i.e. Parkinson’s disease). Thus, the application field of pTx is limited
today by the extra-time it requires.

The invention aims at overcoming this major drawback of pTx
MRI. Albeit it applies mainly to UHF MR, its applicability is not limited to this
case. Indeed, in head imaging B1 inhomogeneities become very strong at
about 7 T, but they may already be relevant at much lower fields (5 T or even
3T) for some other body parts, such as the legs.

According to the invention, this aim is achieved by replacing
“tailored” sequences of RF pulses and gradient waveforms, designed for a
specific subject using B1 and ABO maps acquired on it, by “universal”
sequences, optimized for a cohort, i.e. a representative sample of the
population. The RF pulse and gradient waveform design can be performed
with a variety of different metrics and methods, the point being that they are
performed offline and jointly on the cohort, in order to make its action robust
with respect to variations of the RF and ABO maps across subjects. As a
refinement, it is possible to consider different cohorts, and therefore different
“optimal” sequences, depending on morphological features of the subijects,
e.g. the size of their heads. The proposed method hence renders the use of
parallel transmission completely transparent to the user (the clinician),
because the sequence design is performed offline. Most importantly, this
method spares the user the time required for calibration and calculation.

Needless to say, sequences optimized and dedicated to a
particular subject will always be more effective than the proposed universal
sequences or pulses. However, as it will be demonstrated below, “universal”

sequences designed according to the inventive method perform much better
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than a standard/blind approach, i.e. without parallel transmission, and the
differences with a subject-based pulse design can be marginal and not worth
the burden of measuring maps and calculating new RF pulses and new
gradient waveforms. Interestingly, the invention applies both to small-angle
excitation and to large-angle (FA greater or equal to 70° or even 90°)
excitation, and even to inversion pulses (FA=180° or more).

It is worth noting that it had already been noticed that the RF
(B1) and ABO maps measured across the brain of several adult subjects do
not appear to differ substantially, at least visually, despite different head sizes,
sexes and anatomies. More recently, this observation has been confirmed by
using sophisticated metrics [10]. However, these observations were made
within the context of single channel RF transmission, where a single signal is
sent to an electrical resonant structure generating a magnetic RF field inside
the head. Therefore, it is not straightforward to draw conclusion concerning
the much more complex case of pTx MRI, involving several spatially
separated channels transmitting different complex RF waveforms, which thus
interfere, and also a time-varying magnetic field gradient. Moreover, they only
concern the magnitude of the RF field, rather than the resulting excitation (i.e.
flip angle) spatial distribution.

The fact that a same k-space trajectory — and therefore a
“universal” gradient waveform — can lead to a reasonably uniform spin
excitation is particularly counterintuitive. Indeed, different subjects have
different body (and particularly head) sizes and their relevant anatomical
features are at slightly different positions. Therefore it would have been
expected that the effectiveness of a gradient waveform is much more subject-
dependent than the RF part of the excitation sequence.

Reference [14], describing a simplified parallel MRI protocol,
using only two independent transmit channels, briefly mentions the possibility
of using a single RF pulse for a small number of subjects. However, using
universal gradient waveforms is neither disclosed nor suggested. Moreover,
the teaching of this reference only concerns a very special case: dual-channel

transmission and small-angle (5°) excitation.
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Similarly, the “universal” sequences of the invention cannot be
assimilated to the pre-computed set of calibration parameters used in RF
shimming according to reference [3] because i) of the use of the gradient
fields in the inventive method and ii) in RF shimming the set of calibration
parameters is static, while the universal sequences involve different time-
dependent waveforms

An object of the present invention is a method of designing a
pulse sequence for parallel-transmission magnetic resonance imaging, said
pulse sequence comprising at least a magnetic field gradient waveform and a
set of radio-frequency pulses, each pulse of said set being defined by a
plurality of design parameters and being associated to a respective
transmission channel of a parallel-transmission magnetic resonance imaging
apparatus, the method comprising:

a) acquiring, for each member of a cohort of magnetic
resonance imaging subjects, inhomogeneity maps of radio-frequency fields
generated within said member by each of said transmission channels of said
parallel-transmission magnetic resonance imaging apparatus;

b) computing, for each member of said cohort and by taking
the corresponding inhomogeneity maps as inputs, a spatial distribution of flip
angles of nuclear spins obtained by playing said radio-frequency pulses on the
respective transmission channels while applying said magnetic field gradient
waveform, and

c) computing a single cost or merit function representative of
a difference between at least a plurality of said spatial distributions of flip
angles and a target distribution, and iteratively adjusting the design
parameters of said radio-frequency pulses to optimize said cost or merit
function;

said steps b) and c) being carried out iteratively using a
computer.

Said gradient waveforms are also defined by a plurality of
design parameters, step c¢) of the method further comprising adjusting the
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design parameters of said gradient waveform to optimize said cost or merit
function.

- Said cost or merit function may be chosen among: a
normalized root mean square error of the nuclear spin flip angle, averaged on
at least a plurality of members of said cohort, or its reciprocal; a normalized
maximum root mean square error of the nuclear spin flip angle across the
members of said cohort, or its reciprocal; and a monotone function thereof.

- Said step may c) comprise iteratively adjusting said
design parameters to optimize said cost or merit function under power
constraints.

- Said power constraints may include local SAR constraints.

- Said step a) may further comprise acquiring, for each
member of said cohort of magnetic resonance imaging subjects, an
inhomogeneity map of a stating magnetic field within said member; and said
step b) may further comprise taking said inhomogeneity maps as additional
inputs for computing said spatial or statistical distributions of flip angles of
nuclear spins.

- The control parameters of said radio-frequency pulses
may include temporal samples of an amplitude and a phase of each pulse.

- The method may be applied to magnetic resonance
imaging of human heads in a static magnetic field having amplitude of at least
3 T, preferably of at least 5 T and even more preferably of at least 7T.

The method may be applied to high-flip angle excitation, i.e.
said target distribution of flip angles may include, in a region of space, flip
angles of at least 70°, and preferably of at least 90°.

Another object of the invention is a method of building a
database of pulse sequences for parallel-transmission magnetic resonance
imaging, the method comprising:

e providing a plurality of magnetic resonance imaging
subjects;

e grouping said subjects into a plurality of cohorts
according to at least one morphological feature; and
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e for each of said cohorts, designing a respective
pulse sequence by a method according to the invention.

Another object of the invention is a method of performing
parallel-transmission magnetic resonance imaging of a subject using a pulse
sequence designed by a method according to the invention, wherein the
subject does not belong to the cohort considered for designing the pulses.

Yet another object of the invention is a method of performing
parallel-transmission magnetic resonance imaging of a subject, comprising:

e providing a database of pulse sequences, built
according to the invention;

e associating the subject to a cohort used for building
said database on the basis of at least one morphological feature, a
pulse sequence corresponding to said cohort ; and

e performing parallel-transmission magnetic
resonance imaging using said pulse sequence.

Additional features and advantages of the present invention
will become apparent from the subsequent description, taken in conjunction
with the accompanying drawings, which show:

- Figure 1, a schematic representation of a parallel-
transmission magnetic resonance apparatus suitable for carrying out the
invention;

- Figure 2, a flow-chart of a method according to the
invention;

- Figures 3 and 4, the flip angle histograms for six subjects
forming a cohort, obtained using a same “universal” sequence, including a set
of RF-pulses optimized for said cohort;

- Figure 5, the flip angle histograms for the six subjects
forming the cohort, obtained using a same sequence, including a set of RF-
pulses, optimized for one of the members of the cohort;

- Figure 6, parallel magnetic-resonance images (with
inverted contrast) of the head of six subjects not belonging to the cohort,
obtained by conventional (non pTx) MRI using circularly-polarized RF pulses,
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pTx using a “universal” sequence according to the invention and pTx using a
sequence with “tailored” RF pulses according to the prior art.

Figure 1 is a very simplified representation of a parallel-
transmission MRI scanner, suitable for carrying out the invention. Reference
M designate a magnet for generating a strong (e.g. 7T) static magnetic field
BO oriented along a “longitudinal” direction z which, in the case of figure 1, is
horizontal. The magnet is cylindrical and hollow, to allow the insertion a
subject (typically a human being) or of a body part thereof (e.g. the head).
Additional magnets, called gradient coils (reference GC), are disposed outside
the main magnet M and can be driven to generate slowly (i.e. not at radio-
frequency) varying magnetic fields exhibiting intensity gradients along three
orthogonal spatial dimensions. On the figure, only a pair of gradient coils is
represented, allowing the generation of a gradient along a single spatial
dimension. A plurality of radio-frequency coil elements are arranged at the
periphery of the internal volume of the main coil M; in the example of figure 1
there are 8 of them: RFC1, RFC2, RFC3, RFC4, RFC5, RFC6, RFC7, RFCS.
The coil elements are part of respective transmission channels, also including
non-represented devices such as amplifiers, which are independently driven
by a signal processor SP to emit respective RF pulses which, in general, have
a same carrier frequency (at the Larmor frequency) and different, time-varying
amplitudes and phases, which may be defined by a complex envelope. The
signal processor also drives the gradient coils GC to generate gradient
waveforms. The (non homogeneous) RF field B1 is generated by the RF caoill
elements; the ensemble formed by the RF coil elements is sometimes called a
(RF) coil.

According to the invention, the complex envelopes of a set of
RF pulses, comprising one pulse for each transmission channel of the
scanner, may be stored in a database to which the signal processor SP has
access. This set of pulses is “universal”, meaning that it is designed — using
the method that will be described below — to fit a large number of subjects,
rather than being tailored for a specific subject as in the prior art.
Advantageously, the database may also store “universal” gradient waveforms.
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According to a particular embodiment of the invention, the
database stores the envelopes of a plurality of sets of pulses and possibly a
plurality of gradient waveforms (i.e. a plurality of different sequences),
optimized for different classes of subjects clustered according to at least a
morphological feature (e.g. people having different head sizes). One of these
set of pulses/sequences is chosen to be played by the transmission channels
of the scanner, depending on the relevant morphological features of the
subject.

Figure 2 illustrates the steps of a method of designing MRI RF
pulses according to an embodiment of the invention.

First of all, a plurality of subjects forming a cohort, i.e. a
representative subset of a population of interest, is selected. For example, a
cohort may be composed of adult people or, more specifically, of people
whose head has a size within a predetermined range. The cohort should
advantageously comprise at least 5, and preferably at least 10 subjects. In the
following, N will designate the number — always greater than 1 — of subjects
forming the cohort. As mentioned above, in some embodiments several
cohorts corresponding to different types or categories of subjects may be
considered — e.g. a cohort of babies, one of children and one or more of adults
with different morphological characteristics.

Then (step a) B1 — and preferably also ABO — maps are
acquired for each member of the cohort. Several methods are known in the art
for carrying out this step, see e.g. [7], [8]. It is important to note that, for each
member of the cohort, several B1 maps have to be acquired — one for each of
the N¢ transmission channels of the scanner. Thus, if also ABO maps are
acquired, step a requires N(Ns+1) independent measurements. This may
require a significant time, but the measurements are performed “off-line”, i.e.
prior to the beginning of clinical examinations, and the members of the cohort
may be healthy volunteers rather than patients.

Step b of the method involves computing the nuclear spins flip
angles (FA) for the N members of the cohort.
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A RF pulse may be defined by a finite number of design
parameters. These may be temporal samples of the complex envelope,
Fourier coefficients of said envelope, coefficients of an analytical expression
etc. Moreover, a magnetic field gradient waveform is played alongside the RF
pulses. In an embodiment of the invention, the magnetic field waveform is
predefined and fixed, and only the design parameters of the RF pulses are
adjusted to optimize the excitation homogeneity. In an alternative
embodiment, both the RF pulses and the gradient waveform (and therefore
the k-space trajectory) are optimized; therefore, the gradient waveform is also
expressed using adjustable design parameters. For carrying out step b of the
method for the first time, it is necessary to assign — e.g. randomly —
initialization values to these design parameters.

Let us consider the case where nuclear spin excitation is
performed non-selectively (i.e. over all the volume of interest) using the so-
called “kT-points” technique [11] wherein gradient pulses define a broken line
trajectory in k-space formed by (usually straight) segments linking discrete
points (the “kT-points”), and wherein square RF sub-pulses are emitted in
correspondence to said points (i.e. after each gradient pulse).

Let the volume of interest be decomposed into N, (e.g.
Ny=12,000) voxels, each characterized by a respective value of the spin flip
angle. Let Nkt (e.g. Nkr=5) be the number of kT points, e.g. symmetrically
located around the centre of the k-space; as each radio-frequency pulse is
constituted by Nyt square sub-pulses played at fixed times, its waveform can
be defined by Nyr complex amplitude values. Let N. (e.g. N.=8) be the
number of transmit channels, e.g. coil elements RFC1 — RFCS8 on figure 1.

In this case (see [5]), the flip angle can be expressed, in the
small tip angle approximation, by:

FA = Ax

where:

- FA is a Ny-element column vector, whose elements

represent the flip angle of respective voxels;
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- X is a p-element column vector, with p=N¢-Nyr obtained by
concatenating the waveforms (each comprising Nyt samples, see above) of
the N. RF pulses forming a RF pulse set;

- A is a Nyxp complex-coefficient matrix called the spin

dynamics matrix, whose coefficients are given by:

Am,(j-DNc+n = iSBln(Tm)exP(i(Tm,kj))GXP iyABO(r ) \T — (j — 1 T,
2

where:

- ‘" is the imaginary unit;

- Imisthe position vector of the m-th voxel;

- B1n(rm), expressed in uT (microteslas), is the B1 (radio-
frequency) field generated, at maximum power, by the m-th channel at the m-
th voxel; this is obtained during step a of the method;

- ] is the index of the kT-point, and k; the corresponding
point in the k space, obtained by computing the time-reversed integral of the
magnetic field gradients played during excitation;

- {.,.» designates scalar product;

- vy is the gyromagnetic ratio;

- ABO(rm), expressed in T (Teslas), is the inhomogeneity of
the static magnetic field BO at the m-th voxel; this is also obtained during step
a of the method;

- T is the total pulse duration;

- T, is the duration of each RF sub-pulse — e.g. 0.08 ms for
a target flip angle of 9° or 0.5 ms for a target flip angle of 180°;

- Normalization constant s is the flip angle obtained for a
sub-pulse of duration T and with a RF amplitude of 1 pT.

The generalization to other kinds of pulse sequences is
straightforward. Alternatively, if the flip angle is too large, the small tip angle
approximation breaks down and a full numerical integration of the Bloch
equation is necessary.

At the end of step b, N flip-angle maps — i.e. spatial

distributions — are obtained, one for each subject of the cohort. These are



10

15

20

25

30

WO 2017/060142 PCT/EP2016/073138

12

used, in step ¢, to compute a “global” cost function, representative of the
difference between all of said spatial or statistical distributions of flip angles (or
at least a plurality of them) and a target distribution. In the simplest — and most
common — case, the target corresponds to a uniform excitation of nuclear
spins. In a preferred embodiment of the invention, the cost function may be
obtained from the normalized root mean square errors (NRMSE) of the
individual FA maps for the members of the cohort. For example, the cost
function may be defined as the average NRMSE across the cohort, or the
worst (i.e. highest) one, or a monotone function thereof. It is important to note
that a cost function defined as — or depending on — the highest FA NRMSE
across the cohort is representative of all the FA statistical distributions as it
carries a relevant piece of information about all of them — i.e. that their
NRMSE does not exceed its value.

Then, the design parameters of the RF pulses, and preferably
of the gradient waveforms, are iteratively adjusted for minimizing the cost
function, which involve re-computing the FA distributions for all the members
of the cohort. As it is usual in the art of MRI, optimization is preferably carried
out under power (peak power, average power, local SAR...) constraints. As
mentioned above, document [7] discloses an efficient method for imposing
local SAR constraints.

lterative optimization is carried out using conventional
methods, e.g. active-set, and is stopped after a predetermined number of
iterations or when a stopping condition is met (e.g. maximum NRMSE below a
threshold value).

The RF pulses and the gradient waveforms obtained at the
end of the iteration are robust, meaning that they are suitable to be used, with
good results, for subjects not belonging to the cohort.

It will be easily understood that the cost function may be
replaced by a merit function — e.g. the reciprocal of the maximum NRMSE - in
which case the optimization consists in maximizing said merit function. The

two approaches are perfectly equivalent.
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The method was tested at NeuroSpin/CEA between March
2015 and July 2015. It made use of an 8 channels parallel transmission coil
designed and built in the laboratory. The heads of six volunteers (5 men, 1
woman) were scanned at 7 T under identical conditions to acquire their
respective B1 and ABO maps. Their heights (weights) varied between 1.65 m
(50 k@) and 1.85 m (106 kg). An active-set algorithm (described in [5]) was
then applied offline to design two separate RF pulses: one inversion pulse
(nominal value 180°) and one small flip angle pulse (nominal value 9°), so that
they could be inserted in an MPRAGE sequence, which is a standard T1-
weighted sequence aimed at providing anatomic details [13]. Both pulses
were designed under explicit SAR and power constraints to make sure the
waveforms were safe and could be played by the scanner. The pulses were
non-selective and made use of the kT-points parameterization [11, 11 bisg].
The k-space trajectories were also optimized simultaneously with the RF
degrees of freedom, still using an active-set algorithm. The cost-function
consisted of calculating the NRMSE for each subject in the database and
taking among them the highest value (worst-case).

Figure 3 and Figure 4 show the calculated histograms of the
small and large flip angle distributions respectively, throughout the brain,
resulting from the application of a sequence based on a universal set of
pulses. The algorithm was able to get roughly uniform performance across the
six subjects (9.3% < NRMSE < 11.6% for the small flip angle, 5.7 % < NRMSE
< 9.7 % for the large flip angle). Although the demonstration was carried out
using the RF pulse design method based on the active-set technique [5], it
could be applied with other methods, the point of the invention being to
perform the calculations offline on a number subjects constituting a cohort, in
order to return robust, subject-independent solutions.

It is also worth pointing out that if the universal RF pulses and
gradient waveforms were designed by taking into account only one subject in
the cohort, they would not have worked that well on the other ones. This is
illustrated on figure 5, showing FA histograms for the small flip angle case and
for the six subjects using a set of pulses optimized for subject #2. As
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expected, the NRMSE on subject #2 is improved, but it is at the detriment of
the NRMSE on the other subjects. The same phenomenon occurs in the large
flip angle regime. The same figure also shows that a set of pulses tailored to
one particular subject will always perform better than a universal set of pulses,
which is not surprising. The gain, as demonstrated experimentally below,
however can be marginal. For comparison with lower field strengths, 11.6 %
worst NRMSE (see Fig. 3) is already better than the inhomogeneity typically
encountered in human brain MRI at 3T (~13 %), where RF inhomogeneity is
not deemed a serious issue in head imaging.

Once the universal pulse set was designed to work robustly
across all subjects contained in the database, it was applied on six additional
subjects, #7 to #12 (4 men, 2 women, height: 1.69-1.80 m, weight: 54-82 kgq),
at the same 7T field strength and using the same RF coil. The volunteers were
inserted in the magnet and, for each of them, the MPRAGE sequence was
implemented with the universal pulses, like in ordinary MRI routine exams not
utilizing parallel transmission, i.e. without the knowledge of the specific B1 or
ABO maps. After that first sequence, the field maps were still acquired and fed
to the optimization program in order to generate RF pulses optimized for each
particular subject, and to compare the results. Lastly, a standard Circularly
Polarized (CP) mode was applied to each subject to assess the technical
advantage provided by the invention over the conventional approach used in
clinical routine. Some of the results are reproduced on figure 6 (on these
figures, contrast has been inverted for the sake of clarity). More precisely,
sagittal slices are represented for subjects #9 and #12, axial slices for
subjects #7 and #11 and coronal slices for subjects #8 and #10. Arrows
indicate region where the CP pulse provide particularly unsatisfactorily results.
It can be seen that the “universal” pulses perform much better than the CP
pulses, and provide results which may be hard to distinguish from those
obtained using “tailored” pulses. In particular, the contrast between gray and
white matter is restored. The most noticeable differences are visible in the
cerebellum, and temporal lobes.
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CLAIMS

1. A method of designing a pulse sequence for parallel-
transmission magnetic resonance imaging, said pulse sequence comprising at
least a magnetic field gradient waveform and a set of radio-frequency pulses,
each pulse of said set being defined by a plurality of design parameters and
being associated to a respective transmission channel (RFC1 — RFC8) of a
parallel-transmission magnetic resonance imaging apparatus, the method
comprising:

a) acquiring, for each member of a cohort of magnetic
resonance imaging subjects, inhomogeneity maps of radio-frequency fields
generated within said member by each of said transmission channels of said
parallel-transmission magnetic resonance imaging apparatus;

b) computing, for each member of said cohort and by taking
the corresponding inhomogeneity maps as inputs, a spatial distribution of flip
angles of nuclear spins obtained by playing said radio-frequency pulses on the
respective transmission channels (RFC1 — RFC8) while applying said
magnetic field gradient waveform, and

c) computing a single cost or merit function representative of
a difference between at least a plurality of said spatial distributions of flip
angles and a target distribution, and iteratively adjusting the design
parameters of said radio-frequency pulses and of said gradient waveform to
optimize said cost or merit function;

said steps b) and c) being carried out iteratively using a

computer.

2. A method according to any of the preceding claims
wherein said cost or merit function is chosen among:
- a normalized root mean square error of the nuclear
spin flip angle, averaged on at least a plurality of members of said cohort, or
its reciprocal;
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- a normalized maximum root mean square error of
the nuclear spin flip angle across the members of said cohort, or its reciprocal;
and

- a monotone function thereof.

3. A method according to any of the preceding claims,
wherein said step ¢) comprises iteratively adjusting said design parameters to

optimize said cost or merit function under power constraints.

4. A method according to claim 3, wherein said power
constraints include local SAR constraints.

5. A method according to any of the preceding claims,
wherein said step a) further comprises acquiring, for each member of said
cohort of magnetic resonance imaging subjects, an inhomogeneity map of a
stating magnetic field within said member; and said step b) comprises taking
said inhomogeneity maps as additional inputs for computing said spatial or
statistical distributions of flip angles of nuclear spins.

6. A method according to any of the preceding claims,
wherein the control parameters of said radio-frequency pulses include
temporal samples of an amplitude and a phase of each pulse.

7. A method according to any of the preceding claims,
applied to magnetic resonance imaging of human heads in a static magnetic
field having amplitude of at least 3 T, preferably of at least 5 T and even more
preferably of at least 7T.

8. A method according to any of the preceding claims
wherein said target distribution of flip angles includes, in a region of space, flip
angles of at least 70°.
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9. A method of building a database of pulse sequences for
parallel-transmission magnetic resonance imaging, the method comprising:
e providing a plurality of magnetic resonance imaging
subjects;
5 e grouping said subjects into a plurality of cohorts
according to at least one morphological feature; and
e for each of said cohorts, designing a respective
pulse sequence by a method according to any of the preceding claims.

10 10. A method of performing parallel-transmission magnetic
resonance imaging of a subject using a pulse sequence designed by a
method according to any of claims 1 to 8, wherein the subject does not belong
to the cohort considered for designing the pulses.

15 11. A method of performing parallel-transmission magnetic
resonance imaging of a subject, comprising:

e providing a database (DB) of pulse sequences, built
using a method according to claim 9;

e associating the subject to a cohort used for building

20 said database on the basis of at least one morphological feature, a

pulse sequence corresponding to said cohort ; and
e performing parallel-transmission magnetic

resonance imaging using said pulse sequence.
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