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(57) Abstract: A nuclear magnetic resonance apparatus (1) acquires nuclear magnetic resonance data from a sample (3) by emitting
sequences of radiofrequency pulses (12) consisting, each, of a preparation pulse sequence (14) for bringing the nuclear magnetization
of the sample (3) into a desired state, and a subsequent excitation pulse sequence (15) for exciting the nuclear magnetization of the
sample (3) , and by accumulating, during accumulation periods (16) which follow the respective sequences of radiofrequency pulses
(12) , the response signals (13) emitted by the sample (3) in response to the excitation pulse sequence (15) ; the preparation pulse
sequence (14) is composed of a succession of at least two elementary sequences (17) arranged in succession and composed, in their
own turn, of respective inversion pulses (18) for inverting longitudinally the nuclear magnetization of the sample (3), followed by
respective idle delays (19), during which no radiofrequency pulses are emitted, having respective durations (Di) such as to impose
a desired course on the longitudinal relaxation of the nuclear magnetization of the sample (3) .
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PULSE SEQUENCE FOR ACQUIRING NUCLEAR MAGNETIC RESONANCE

DATA AS A FUNCTION OF THE LONGITUDINAL RELAXATION

TECHNICAL FIELD

The present invention concerns with a method for
acquiring nuclear magnetic resonance data from a sample
and, in particular, a sequence of radiofrequency pulses
which permits to acquire nuclear magnetic resonance
data as a function of longitudinal relaxation of the
nuclear magnetization of various components of the
sample. The method for acquiring nuclear magnetic
resonance data presented in this invention finds
advantageous, though not exclusive applications in
measurements based on the techniques of nuclear
magnetic resonance spectroscopy (NMR Spectroscopy), of
nuclear magnetic resonance relaxometry (NMR
Relaxometry), and ofAmagnetic resonance imaging (MRI),
which the following description will be referred to

without, due to this, loosing in terms of generality.

BACKGROUND ART

As known, nuclear magnetic resonance techniques
are widely used to measure chemical and physical
characteristics of a sample of any kind of substance,
biological or non-biological, by exploiting the
interaction between external magnetic fields and the

nuclear magnetization of appropriate nuclides present

PCT/IB2006/001839
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in the sample which results from the linear combination
of magnetic moments of the individual nuclides of the
sample itself.

In general, to carry out a nuclear magnetic
resonance measurement on a sample means to acquire data
according to a procedure composed of the following
phases:

- preparation of the nuclear magnetization of
the sample, which sometimes entails the emission of at
least one preparation sequence of radiofrequency
pulses;

- excitation of the nuclear magnetization of
the sample, which entails the emission of an excitation
sequence of radiofrequency pulses for bringing the
nuclear magnetizations of the nuclides into a plane
transversal to the external magnetic field and thus
permits their detection;

- accumulation of the transient response
signals, which are known as free induction decays
(FID's), emitted by the sample in response to the
excitation; and

- evaluation of the accumulated response
signals.

The oscillation frequency of the radiofrequency
pulses must be substantially close to the so-called
'Larmor frequency' of the nuclides of the sample
(resonance condition).

The evaluation of the accumulated response signals
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depends upon the type of the employed preparation and
excitation pulse sequences and upon the type of the
employed magnetic resonance technique.

The nuclear magnetic resonance spectroscopy
concerns with chemical investigation of a sample
through the analysis of nuclear magnetic resonance
spectra of the nuclides present therein and it is
principally used for chemical and structural analysis
of molecules in solutions. In particular, the transient
response signals are analyzed by means of Fourier
transform, obtaining one-— or more-dimensional
radiofrequency spectra which exhibit and correlate
among themselves the nuclides present in various
chemical groups of the molecules.

Nevertheless, in case of very complex samples such
as protein solutions, biological fluids, blood plasma,
urine, etc., the nuclear magnetic resonance spectra
become nearly unmanageable due to the overlap of a
multitude of components with comparablé intensities.
Indeed, there exist acguisition procedures which
foresee sequences of radiofrequency pulses capable of
selecting spectral components of the sample according
to various <chemical groups but which fail‘ to
discriminate such components, for example, accordiné to
the 1location of the chemical groups in specific
molecules.

The nuclear magnetic resonance relaxometry

concerns with chemical and/or physical investigation of
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a sample by measurements of the relaxation times of the
sample nuclear magnetization. In general, the nuclear
magnetic resonance relaxometry is applied in samples
with low molecular mobility such as solid and semi-
solid materials, and on complex samples such as porous
rocks impregnated by liquids, foodstuffs, biological
tissues, etc. The measurement of relaxation times is
done analyzing the relaxation curves which show the
temporal evolution of the nuclear magnetization of the
sample. The latter are represented by graphs which plot
signal amplitudes for a number of scans of an employed
pulse sequence with a variable temporal parameter. In
the case of complex samples, the difficulty of the
analysis consists in the fact that such a curve is a
superposition of many components with an almost
continuous distribution.

It is customary to analyze the relaxation curves
by numerical methéds of Laplace transform inversion
which, however, are not always capable of providing
numerically stable results due to elevated sensitivity
to experimental noise.

The magnetic resonance imaging, instead, permits
to generate images of internal parts of investigated
objects. Notoriously, this technique is used in medical
applications where the object to be investigated is a
human body. It 1s also widely wused, however, in

applications 1linked to other environments, such as
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petrophysics, food industry, archeometry, diagnosis of

monuments, etc.

An MRI data acquisition procedure provides, apart
from the use of a traditional excitation pulses
sequence, for the use of a pulse sequence of three
different magnetic field gradients which linearly vary
along the three spatial directions. The transient
response signal is acquired in the form of points of a
grid, whose  two-dimensional or - three-dimensional
Fourier transform allows to build an image of the
sample in terms of spatial density of the nuclides. By
weighing the density images as a function of the
different relaxation times of the nuclear magnetization
of the nuclides in the sample, it is possible to modify
the contrast of the image.

Due to the complexity of the sample, invasive
measures have often recourse to, such as physical
separation of various parts or infiltration, into the
parts of interest, of contrast agents which modify the
relaxation times. In medical applications, two example
of these measures are known: the sampling of a tissue
(biopsy) and its following analysis by means of in
vitro nuclear magnetic resonance; and the intravenously
introduction into human body of contrast agents which
reduce relaxation times of parts of internal organs, of
tissues and of the blood. Unfortunately, once the
invasive operation has been carried out made, the

system remains modified for a considerable lapse of
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time, thus interfering with the possibility of carrying
out a number of subsequent analyses.

DISCLOSURE OF INVENTION

The purpose of the present invention is to provide
a method for acquiring nuclear magnetic resonance data
from a sample, and a nuclear magnetic resonance
apparatus implementing such a method, which will be
free of the drawbacks described above.

According with the present invention there is
provided a method for acquiring nuclear magnetic
resonance data from a sample, as defined in Claim 1, or
in any one of the Claims which depends directly or
indirectly on the Claim 1.

According with the present invention ‘there is
further provide nuclear magnetic resonance apparatus,
as define in Claim 14.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be now described with
reference to the enclosed drawings, which illustrate a
non-limiting example of embodiment thereof and in
which:

- Figure 1 shows a block diagram of a nuclear
magnetic resonance apparatus;

- Figure 2 shows schematically a temporal progress
of a generic preparation pulse sequence transmitted by
the apparatus of Figure 1 according to the present

invention and a corresponding response signal of the
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sample received by the apparatus of Figure 1.

- Figure 3 shows an example of a preparation pulse
sequence according to a third preferred embodiment of
the present invention;

- Figure 4 shows a logarithmic diagram which
expresses an example of the sample response obtained by
a determined parameter setting of the preparation pulse
sequence of Figure 3;

- Figure 5 shows a logarithmic diagram which
expresses a further example of the sample response
obtained by a further parameter setting of the
preparation pulse sequence of Figure 3;

- Figures 6 and 7 show an experimental
verification of the effectiveness of the preparation
pulse sequence of Figure 3

- Figure 8 shows an example of a preparation pulse
sequence according to a fourth preferred empbodiment of
the present invention;

- Figure 9 shows a logarithmic diagram which
expresses an example of the sample response obtained by
a determined parameter setting of the preparation pulse
sequence of Figure 8;

- Figure 10 shows a logarithmic diagram which
expresses an further example of the sample response
obtained by a further parameter setting of the

preparation pulse sequence of Figure 8;
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- Figure 11 shows an example of a preparation
pulse sequence according to a fifth preferred
embodiment of the present invention;

- Figure 12 shows a logarithmic diagram which
expresses an example of the response obtained by a
determined parameter setting of the preparation pulse
sequence of Figure 11; and

- figure 13 shows a logarithmic diagram which
expresses an example of the response obtained by a
further parameter setting of the preparation pulse
sequence of Figure 11.

BEST MODE FOR CARRYING OUT THE INVENTION

In Figure 1, the reference number 1 designates, as
a whole, a nuclear magnetic resonance apparatus
comprising a magnet 2 designed to generate a static
magnetic field between its two poles , between which an
housing (not shown) is provided for a sample 3 to be
analyzed; a radiofrequency generator 4 designed to emit
radiofrequency pulseé at a frequency close to the so-
called “Larmor Frequency” of the nuclides of interest
of the sample 3 (resonance condition) in order to
excite the nuclear magnetization of the said sample 3;
a radiofrequency receiver 5 which can be tuned so that
to receive nuclear magnetic resonance transient
response signals emitted by the sample 3 in response to

the excitation; a probe 6, for example of the type of
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an induction coil or of the type of a resonant cavity,
located by the housing of the magnet 3; and a
separator unit 7 which connects in a known manner the
probe 6 to the radiofrequency generator 4 and to the
radiofrequency receiver 5 in order to isolate the said
radiofrequency generator 5 from the radiofrequency
generator 4 during the transmission of pulses.

The nuclear magnetic resonance apparatus 1
comprises, in addition, a data buffer 8 for
accumulating the response signals in digital format; a
memory 9 for storing a library of sequences 10, where
sequence of operations for the acquisition of nuclear
magnetic resonance data are programmed; a control unit
11, which is known as “pulser”, connected to the
radiofrequency generator 4, the radiofrequency
generator 5, the data buffer 8 and the memory 9for
coordinating the activity of said devices according to
the sequence of operations programmed in the library of
sequences 10 in order to excite the magnetization of
the sample 3 and to receive and accumulate the response
signals originating from the sample 3. Moreover, the
control unit 11 is connected to a computer lla in order
to make it possible to download the contents of the
data buffer 8 for subsequent evaluations and to program
the library of sequences 10.

Each of the sequence of operations programmed in
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the 1library of sequences 10 comprises operations
corresponding to the transmission, by the
radiofrequency generator 4, of at least one sequence of
radiofrequency pulses 12 (Figure 2), and other
operations corresponding to the reception, by the
radiofrequency receiver 5, and the accumulation, by the
data buffer 8, of a relative transient response signal
13 (Figure 2) enmitted by the sample 3 in response to
the excitation caused by the radiofregquency pulse
sequence 12.

According to the present invention, as illustrated
in Figure 2, the preparation pulse sequence 14
comprises a determined number N, particularly equal to
2, of elementary sequences 17 arranged in succession
and containing respective inversion pulses 18 followed
by idle intervals 19, which have respective durations
J; independently programmable, whose index “i” assumes
integer values comprised between 1 and N.

By an inversion pulse 18 one intends any
radiofrequency pulse capable to produce an overall
nutation by 180° (indicated by T in Figure 2) of the
nuclear magnetization of the sample 3 with respect to
the equilibrium situation or, in other words, a total
longitudinal inversion of the nuclear magnetization.
This category of pulses contains, for example, a simple

pulse causing a nutation of 180°, or a so-called
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“composite” pulse composed, for example, of three
successive pulses, of which the central one is in
quadrature phase with respect to the first and the last
one and which induce respective nutations of 90°, 180°
e 90°. According to a known notation, such a composite
inversion pulse i1s indicated as follows:

{904—-180,~904}

For the sake of simplicity the exposition, in the
following we will consider an inversion pulse 18 as
being composed of a simple pulse with nutation angle of
180°, without any loss of generality due to this
simplification. An elementary sequence 17 can be
therefore indicated‘as

{180x - 01}, (1)

so that the preparation pulse sequence 14
according to the present invention can be represented
in the following way:

{1804—81-180,-8,—...-180,-3y} . o (2)

Every elementary sequence 17 therefore causes a
longitudinal inversion of the nuclear magnetization of
the sample 3, followed by an idle delay 19 of duration
d1i, during which each component of the nuclear
magnetization of the sample 3, henceforth indicated
generically as M, evolves according to a known
exponential law

M(t) = Mo - [Mo — M(0)]-exp(-t/T1), (3)

towards an equilibrium nuclear magnetization value
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Mg: the parameter T; 1s known as “longitudinal
relaxation time” of the nuclear magnetization M.
Considering that, in practice, the inversion of
the nuclear magnetization M is imperfect, one defines
an effectiveness 1 which i1s smaller than unity and
typically assumes values between 0.75 and 0.95.
Normalizing the relaxation law (3) with respect to the
field-dependent equilibrium nuclear magnetization My,
including m and applying the modified equation (3) to
the successionl of N elementary sequences 17, one
obtains that at the end of the preparation pulse
sequence 14 every normalized nuclear magnetization
component m will be longitudinally modulated according

to the function

m(r,01,62,..,0y) =1=[1+1-m(r,6,02,...,0n-1) ]- €Xp(—+Sn)

N-1
=1——(1+77)-{Z(—77)".exp(—r %é}ﬂ (4)

=0 i=N-n

where r denotes the “relaxation rate” which 1is
equal to 1/T;.

For every value of N it is in general possible to
obtain at least one linear combination Fy of a number
NF of repetitions of (4), differing among themselves in
the values of at least one of the delays 08;i, such that
the said linear combination can be factored into two
terms, one dependent only on the inversion
effectiveness mn and the other only on the relaxation

rate r. In this way, the linear combination Fy assumes
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the characteristics of a “filter” on the nuclear
magnetization of the sample 3 in terms of the
relaxation rate r, whose pass—band has a profile which
can be modified choosing suitable values of the delays
8i. In other words, the linear combination Fy defines a
“filter function” which permits to select freely a band
of longitudinal nuclear magnetization components on the
basis of their relaxation rates r or, equivalently,
their longitudinal relaxation times Tj.

In actual use, the acquisition of nuclear magnetic
resonance data starts with the transmission éf a
preparation pulse sequence 14 according to (2) at the
end of which the longitudinal nuclear magnetization is
modulated according to (4). At this point one applies
an excitation pulse sequence 15 which Dbrings the
nuclear magnetization from the initial state given by
(4) to a final state in which it can be detected by the
radiofrequency receiver 5. Finally, during the
accumulation period 16, the sample 3 emits the
transient response signal which is detected by the
radiofrequency receiver 5 and accumulated in the meméry
buffer 8.

The sequence of radiofrequency pulses 12 is
repeated for a number K of scans in order to reduce the
effects of instrumental and pulse imperfections,

alternating cyclically combinations of radiofrequency
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phases of the pulses according to a pre-defined phase
cycle composed of NP phase combinations. In other
words, the sequence of NP phase combinations 1is
repeated K/NP times. The correct phase cycle 1is
determined for each employed excitation pulse sequence
15 following known methods.

To implement the generic filter function Fy, the
sequence of radiofrequency pulses 12 is repeated for a
number oof scans equal to the product of K by NF,
repeating the K scans for each of the NF combinations
of the delays & which define the required filter
cycle.

According to the first preferred form of the
implementation of the present invention, the filter
cycle is nested within the phase cycle. In other words,
one passes from one combination of pulse phases to the
next one only after the completion of the repetitions,
or scans, required by the filter cycle. The
accumulation sequence consists in summing or
subtracting the consecutive response signals 13
pertinent to the filter cycle according to the linéar
combinations which define the filter function Fy. This
way to proceed is best indicated in cases where one
wants to make sure that there are no variations in the
sample while varying the said delays 8&;.

According to a second embodiment of the present
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invention, the filter cycle is carried out externally
with respect to the phase cycle. In other words, for
every of the NF scans which differ by the value of at
least one of the delays &;, one executes consecutively
all the K scans foreseen by the phase cycle. In this
case, the linear combination which gives rise to the
filter function Fy 1s carried out a-posteriori with
respect to accumulation sequence based merely on the
phase cycle.

In order to remove the effects of instrumental and
inversion pulse 18 imperfections, as an alternative to
the phase cycle, 1t 1is possible to use a sequence of
field gradient pulses, traditionally known as
“homospoil pulses”, each of which is applied just after
a respective inversion pulse 18. Moreover, the
durations of the gradient pulses should be somewhat
randomized in order to prevent the formation of so-
called “echoes”. The imperfections of the inversion
pulses 18, being essentially link to the generation of
spurious perpendicular components of nuclear
magnetization, are efficiently neutralized by the de-
phasing effect of the gradient pulses.

According to a third embodiment illustrated in
Figure 3, the preparation pulse sequence 14 is composed
of two elementary sequences 17 (N=2) and indicated as

{1804 - 81 — 180y - 082}. (5)
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At the end of the preparation pulse sequence 14
indicated by (5) every longitudinal relaxation
component will be modulated by (4) which, for N=2,
becomes

m(r,8;,8) = 1-(1+n) rexp(-rd) - [1-n-exp(-rd1)]1. (6)

To obtain the filter function F,, i.e., filter
function Fy as explained above written for N=2, one
needs to execute two scans (NF=2) of the pulse sequence
12 in which the respective preparation pulse sequences
14 set-up according to (5) have two different values of
the delay 8i, indicated by &” e &° and one combines
two respective versions of the function (6) according
to the scheme

Fp(r, 8,85 8) = m(r,8%8) -~ m(r, 8" 8) =

= 1-(1+n) - £2(r,8:%, 8:%, 82), (7)
where the function f;, expressed as

£,(r,8,%,8:%,8;) = exp(-rd2) - [exp(-r8*) —exp (-rd:") ]

defines the profile of the filter function F; and
can be freely varied by selecting suitable values of
the delays &%, 8" e 8.

Figure 4 shows, using a logarithmic-scale diagram,
an example of the effect of parameter settings on the
profile f, of the filter function F,, as given by (7),
of the high-pass filter type (in terms of the
relaxation rate r) obtained with the parameters &;=0,
§;2=0 and &;® which, for the respective curves traced in

Figure 4, left to right, assumes the values 0.1, 0.01,
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0.001 and 0.0001.

Figure 5 illustrates, instead, an example of the
effect of parameter settings on the profile £f; of the
filter function F,, as given by (7), df the type band-
pass obtained with 8,=0.1, 8&:*=0 and §;® which, for the
respective curves traced in Figure 5, top to bottom,
assumes the values 1, 0.1 and 0.01.

As anticipated above, to define an appropriate
phase cycle it is necessary to consider the employed
excitation pulse sequence 15.

As an example, consider a preparation pulse
sequence 14 according to (5), followed by an excitation
pulse sequence 15 consisting of a single excitation
pulse with nutation angle of 90° and followed by an
accumulation period 16. Using known notation, the
complete pulse sequence composed 1n this way can be
written as

{180, - &; - 1805 — &2 - 904 — Accyl}. (8)

Using known methods of determination of proper
phase cycles, based on the observation of response
signals 13 emitted 1in response to all possible
combinations of pulse phases of the preparation pulse
sequence 14 as well as those of the excitation pulse
sequence 15, it 1is possible to find the optimal
combination of phases for both the preparation pulse

sequence 14 and the excitation pulse sequence 15
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indicated in (5), i.e. one which suppresses all
instrumental imperfections as well as all undesired
signal components.

In particular, considering a sequence of
radiofrequency pulses 12 containing three pulses P1, P2
and P3 with a generic nutation angle, the phase cycle
suitable for instruments with radiofrequency receivers
5 not in quadrature turns out to consist of four scans
according to the notation

{Ply,x,x,-x — 01 = P2.y,x,x,-x — O2 -

= P3x,-x,x,-x — ACCy,-x,x,-x}/ (9)

and the phase cycle suitable for instruments with

quadrature radiofrequency receivers 5 turns out to
consist of eight scans according to the notation

{Ply,x,-x,~xy,y,~yo-y = 01 = P2-y x,%,-x,-y,y,y,-y — 02 —

- P3X/_XIXI“XIY/"YIY/‘Y - ACCXI“X:X:‘X/Y/“)/:Y:‘Y}' (10)

Applying the phase cycle according to (9) and a
filter cycle according to the filter function F»; given
by (7) to the sequence (2), one obtains the following
combined cycle of sequences

{180, — 8 - 1804 - & — 904 - Accy};

{180, 818 - 1804 - 83 — 90y - Acc-y};

{180«

82 - 1804 - 8 — 90y - Acc.y};

{1804 - 8 — 1804 — 62 - 90y = Accy};

I

{180_, - 8% - 1804 — 8 — 90x - Acc};

{180_4 - 8;® - 1804 - 8, — 90_x = Acc}; e
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{180_4 — 8.° - 1804 - 8 - 904 - Acckl}.

Figures 6 and 7 finally show the experimental
verification of the effectiveness of the preparation
pulse sequence 14, implemented according to (5), using
the phase c¢ycle according to (9) and the filter
function according to (7). In the particular case, the
verification was «carried out under the following
conditions:

o 0,=0;

e the sample has a single longitudinal
relaxation time of 13.4 ms;

+ the filter function F, given by (7) is
applied wvarying a value A upon which, in
turn, depend &* e 8:°; and

¢ the filter function F, given by (7) is
normalized with respect to its maximum value
obtained for sufficiently large &;°.

Figure 6 shows the filter function F, with §;°=A
and 8:;%=0, and Figure 7 shows the filter function with
§.2=4-A/3 e 8.®=2.A/3. In both Figures 6 and 7, the value
of A 1s expressed in seconds.

According to the fourth preferred embodiment
illustrated in Figure 8, the preparation pulse sequence
14:is composed of three elementary sequences 17 (N=3)
as indicated by

{1805 - & - 1804 - 82 = 1804 — 33}. (11)
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At the end of the sequence, each longitudinal
component of the nuclear magnetization of the sample
will be modulated according to (4) which, for N=3,
becomes

m(r,8:,8,,83) = 1-(1+m) -exp(-rds) -

c[1-n-exp (-rdy) + MPrexp(-r(8:1+82))]1. (12)

To obtain the filter function F3, i.e., a filter
function Fy as described above and written for N=3, one
executes four scans (NF=4) of the radiofrequency pulse
sequence 12 in which the respective preparation pulse
sequences 14, implemented according to (11), differ by
two values of the delay 8:, indicated as 8;* and &%, and
two values of the delay &, indicated as 8" and §8,°, and
the respective versions of function (12) are combined
following the scheme

F3(r, 61AI 8lB/ 62Ar 62}3/ 83) =

= [m(r, 8" 8" 83) - m(r,8:%8.°83)]1 -
- [m(r, & 8", 83) - m(r,8°8"83)]1 =
= nz' (1+T]) 'f3(r161A161B/62Ar52B/63)/ (13)

where the function f3, given by
f3(r,8:%, 8:%, 8%, 82°,83) = exp(-rds) -
- [exp (-r8,°) ~exp (-r8") ] -
- [exp (-r8,%) —exp (-r&:*) 1,
defines the profile of the filter function F3 and
can be freely varied by selecting suitable values of
the delays 8:%, 852, 8", 8" and §;.
The filter function F3, unlike the filter function

F,, is a function of second order in terms of the
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relaxation rate r, i.e., the filter function F3 1is
proportional to r? instead of to r, for small values of
the relaxation rate r.

Figure 9 illustrates, using a logarithmic-scale
diagram, an example of the effect of parameter settings
on the profile f3 of the filter function F3, build
according to (13), of the high-pass filter type (in
terms of the relaxation rate r) obtained with the
parameters 6&:=0, &°=0, &°=0 while &"* = §* assume for
the respective curves traced in Figure 9, left to
right, the values 1, 0.1, 0.01 and 0.001.

Figure 10 shows, instead, an example of the effect
of parameter settings on the profile f3 of the filter
function F; as of (13), of the type band-pass obtained
with 83=0.1, &,°=0, &,°=0 while &,* = & assume the values
1 (top curve in Figure 10) and 10 (bottom curve in
Figure 10).

Following the same procedure as the one used for'
preparation pulse sequences 14 build according to (5),
it is possible to set up an optimal phase cycle also
for preparation pulse sequences 14 build according to
(11) or, alternatively, use a sequence of gradient
pulses. For what regards the filter cycle, one applies
also the same considerations as those brought up for
the preparation pulse sequence of (9).

According to a variant on the fourth embodiment

described above one can design a filter function F3 of
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second order by combining versions of function (12)
corresponding to just three scans (NF=3) or the
radiofrequency pulse sequence 12, in which the
preparation pulse sequences 14 build according to (11)
use respective pairs of values of the pair of delays &
and &, denoted as &* and &%, &° and &%, &° e 5,° and
the same value of the third delay, according to the
scheme

F3(r,8.,6°,87,8°,85) = Kr.m(r,8°,68",83) +

+ KP.m(r,5°,6°,65) +
+ k%.m(r,8°,6°,65),

where the coefficients k*, k® e k must satisfy the
following condition:

K-exp (-rd”) + kKP-exp (-ré) + kC-exp (-r&°) = 0.

According to a fifth preferred embodiment
illustrated in Figure 11, the preparation pulse
sequence 14 is composed of four elementary sequences 17
(N=4), and in particular of two preparation pulse
sequences 14, build as in (3), applied 1in succession
(“cascade”, and can be written as

[180,~6; —1804-02 —1804x—03 ~180x—04}, (14)

At the end of the preparation pulse sequence 14
build according to (14), each component of the
longitudinal relaxation will be modulated as defined in
(4) which, for N=4 and 6,=0,, becomes

m(r,8;,683,8,) = 1-(1+7n) -exp(-rdz) - [1-1-exp (-rds)+

+1° - exp (-r (83+02) ) -1’ cexp (-r (6:+63+62) ) ] . (15)
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To obtain the filter function Fy, i.e., a filter
function Fy as described above and written for N=4, one
executes two scans (NF=2) of the radiofrequency pulse
sequence 12 in which the respective preparation pulse
sequences 14, implemented according to (14), contain
distinct combinations of the values of the delays &;
and &3, obtained by permutations of two values,
indicates as &% and &:;°, and combines the respective
versions of the function (15) according to the scheme

Fy (r/é‘lAlﬁlB/ 52) =

[m(r/5lA/51A/52) - m(r/51A161B152)] -

[IH (rlé‘lB/5lA/52) - m(rlalB/5lB/§2)] =
7’ (1+m) < £4(5:%,6°,62) , (16)

I

where the function f,;, written as
£4(6%,8.°,62) =
(exp (-18;) - [exp (-rdi”) ~exp (-r8i%) ] 17,

defines the profile of the filter function Fy
which can be freely modified by choosing suitable
values of the delays &%, &°, and 6,. It follows that
the filter function F,, like the filter function F3, is
of second order in terms of the relaxation rate r.

Figure 12 shows, using a logarithmic-scale
diagram, an example of the effect of parameter settings
on the profile £, of the filter function F4, build
according to (16), of the high-pass filter type (in
terms of the relaxation rate r) obtained with the
parameters 06:=0, 5,2=0.1 and 5% which assumes for the

respective curves traced in Figure 9, left to right,
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the values 1, 0.1, 0.01, 0.001 and 0.0001.

Figure 13 illustrates, using again a logarithmic
graph, another example of the effect of parameter
settings on the profile f4 of the filter function Fy
defined by (16) which, however, has a third-order
behavior achieved by means of a suitable combination of
specific versions of (15) corresponding to a certain
number of scans of the radiofrequency pulse sequence 12
and satisfying a condition which links between
themselves the combination coefficients.

Following the same procedure as the one used for
preparation pulse sequences 14 build according to (5),
it is possible to set up an optimal phase cycle also
for preparation pulse sequences 14 build according to
(14) or, alternatively, use a sequence of gradient
pulses. For what regards the filter cycle, one applies
also the same considerations as those brought up for
the preparation pulse seqguence of (5).

From what has been described so far, in particular
with reference to Figures 4, 5, 9, 10, 12 and 13 one
readily observes that the pass band, in terms of the
relaxation rate r, of the generic filter function Fy
which can be assigned, in the above described way, to
the generic preparation pulse sequence 14 formed by a
number N of inversion pulses 18 according to (2) can be
modified varying the durations & of the intervals

between consecutive inversion pulses 18 and exhibits an
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increasing selectivity with increasing number N. In
particular, the generic preparation pulse sequence 14
composed of number N inversion pulses 18 according to
(2) permits to obtain a multitude of filter functions
Fy up to the (N-1)-th order and defined by the
respective sets of the durations ;.

The evident analogy with digital frequency filters
widely wused in electronics makes 1t possible to
identify the preparation pulse sequences 14, defined
according to (2), as a new category of longitudinal
relaxation T4 filters denotes as “Parametrically
Enabled Relaxation Filters with Double or multiple
Inversion”, the contraction of which leads to the

acronym “PERFIDI”.

The use of preparation pulse sequences 14 as
defined by (2) turns out to be advantageous in all the
widely wused nuclear magnetic resonance techniques
since, applying a particular preparation pulse sequence
14 defined by (2) to any traditional excitation pulse
sequence 15, one selects only those components of
sample 3 whose longitudinal relaxation times T; fall
into a band defined by the filter function Fy and its
parameters given by the durations 6; simplifying
nuclear magnetic resonance measurements of complex
samples 3, such as heterogeneous mixtures, porous
systems, tissues, biological fluids, etc.

With advantage, in nuclear magnetic resonance

spectroscopy it 1s possible to carry out different
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measurements selecting each time different subsets of
longitudinal relaxation times T; and obtaining spectra
of Larmor frequencies which are sufficiently simple to
be extrapolated and analyzed by means of Fourier
transform. For example, applying a preparation pulse
sequence 14 with two inversion pulses 18 according to
(5) to the traditional sequence COSY, it is possible to
produce, by means of a 2D Fourier transform, a series
of qualitatively distinct bi-dimensional spectra, each
of which corresponding to a single fraction of
relaxation components selected by means of a suitable
setting of the parameters of the filter function Fj.
With advantage, in nuclear magnetic resonance
relaxometry, it is possible to carry out different
measurements selecting each time different subsets of
longitudinal relaxation times T; which permit to
unravel the quasi-continuous distribution of relaxation
components which would be obtained from a traditional
measurement of a complex sample. 3. For example,
applying a preparation pulse sequence 14 with two
inversion pulses 18 according to (5) to the traditional
sequence CPMG for the measurement of perpendicular
relaxation times T,, one selects the various relaxation
components according to their respective longitudinal
relaxation times T;, whose perpendicular relaxation
times T, are then measured by the traditional sequence
CPMG. This simplifies enormously the determination of

correlation's between the longitudinal (Ty) and
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perpendicular (Tz) relaxation times which would be
otherwise extremely difficult to obtain.

With advantage, in magnetic resonance imaging,
with a particular reference to the medical field, it is
possible to carry out different measurements selecting
each time different subsets of longitudinal relaxation
times T; which permit to produce a multitude of images
of the analyzed subject which carry qualitatively
different information content. Keeping in mind that,
for example, tumoral tissues differ from healthy ones
particularly in their longitudinal relaxation times Ty,
the importance of such a discrimination is crucial.
Moreover, since the image contrast is strongly related
to the 1longitudinal (T7) and perpendicular (T2)
relaxation times, it is possible to limit or avoid
introduction of contrast agent into the subject's body.
Alternatively, the preparation pulse sequences 14
according to (2) can be used in synergy with the
contrast agent and accentuate its effectiveness.

Finally, the use of preparation pulse sequences 14
according to (2) appears advantageous with respect to
known pulse sequences capable to discriminate between
relaxation components on the basis of the perpendicular
relaxation time T, since imperfections related to the
generation of the inversion pulses 18 are easlier to
control, by means of phase cycling techniques or by
sequences of homospoil pulses, than imperfection

related to impulses with 90° nutation angles.
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CLAIMS

1.- A method for acquiring nuclear magnetic
resonance data from a sample (3), the method
comprising:

- emitting‘at least one sequence of radiofrequency
pulses (12) comprising a preparation pulse sequence
(14) to prepare the nuclear magnetization of the sample
(3), and a consecutive excitation pulse sequence (15)
to excite the huclear magnetization of the sample (3);
and

- accumulating, during a subsequent and respective
accumulation period (1lo0), a response signal (13)
emitted by the sample (3) in response to the excitation
pulse sequence (15);

the method beipg characterized in that the
preparation pulse seguence (14) comprises a plurality
of elementary sequences (17) arranged in a succession
and comprising respective inversion pulses (18), which
are followed by respective idle periods (19), to invert
longitudinally the nuclear magnetization of the sample
(3); the idle pefiods (19), during which no
radiofrequency pulse 1is emitted, having respective
durations (6i) so as to permit a longitudinal
relaxation of the nuclear magnetization of the sample
(3).

2.- The method according to Claim 1, wherein the
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said durations (d6i) are variable independently of each
other.

3.- The method according to Claim 1 or to Claim 2,
wherein the said durations (Ji) are programmable
independently of each other.

4.- The method according to any one of Claims 1 to
3, further comprising:

- emitting a first plurality of repetitions of the
said sequence of radiofrequency pulses (12), the
respective preparation pulse sequences (14) of the
repetitions differing among themselves in the values of
at least one of the durations (di); and

- accumulating the said response signals (13)
emitted by the sample (3) in response to the
repetitions of the said excitation pulse sequence (15)
corresponding to the repetitions of the sequence of
radiofrequency pulses (12).

5.- The method according to Claim 4, further
comprising:

- combining the said response signa;s (13) emitted
by the sample (3) in such a way as to achieve a filter
effect on the nuclear magnetization of the sample (3)
in terms of the longitudinal relaxation rate of the
said nuclear magnetization.

6.- The method according to Claim 5, wherein

combining the said response signals (13) emitted by the
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sample (3) comprises:

- combining linearly the response signals (13).

7.- The method according to Claim 5 or to Claim 6,
further comprising:

- emitting, for each repetition of the said first
plurality of repetitions of the said sequence of
radiofrequency pulses (12), a second plurality of
repetitions of the sequence of radiofrequency pulses
(12), alternating cyclically the phases of the pulses
of the said sequence of radiofrequency pulses (12)
following a phase cycle determined as a function of the
excitation pulse sequence (15); and

- accumulating the said response signals (13)
emitted by the sample (3) in response to the
repetitions of the excitation pulse sequence (15)
corresponding to the repetitions of the sequence of
radiofrequency pulses (12).

8.~ The method according to Claim 5 or to Claim 6,
further comprising:

- emitting a second plurality of repetitions of
the said sequence of radiofrequency pulses (12)
alternating cyclically combinations of phases of the
pulses of the said sequence of radiofrequency pulses
(12), following a phase cycle determined as a function
of the excitation pulse sequence (15), and alternating

cyclically the said repetitions of the said first
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plurality of repetitions of the sequence of
radiofrequency pulses (12), whose respective
preparation pulse sequences (14) differ among

themselves in the wvalues of at least one of the
durations (6i); and

- accumulating the said response signals (13)
emitted by the sample (3) in response to the
repetitions of the excitation pulse sequence (15)
corresponding to the repetitions of the sequence of
radiofrequency pulses (12).

9.- The method according to Claim 8, wherein
emitting a second plurality of repetitions of the said
sequence of radiofrequency pulses (12) comprises:

- switching from one of the said combinations of
phases of the sequence of radiofrequency pulses (12) to
a following one after having alternated all the said
preparation pulse sequences (14) which differ among
themselves 1n the values of at leas£ one of the
durations (J1).

10.- The method according to Claim 8 or to Claim
9, wherein accumulating the said response signals (13)
emitted by the sample (3) in response to the said
repetitions of the excitation pulse sequence (15)
comprises:

- combining linearly the response signals (13).

11.- The method according to any one of Claims 5
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to 10, wherein the said preparation pulse sequence (14)
comprises two of the said elementary sequences (17);
the said idle period (19) of the first of the two
elementary sequences (17) having a first duration (&;)
and the said idle period (19) of the following one of
the two elementary sequences (17) having a second
duration (62).

12.- The method according to Claim 11, wherein the
said first plurality of repetitions of the said
sequence of radiofrequency pulses (12) comprises two
repetitions of the sequence of radiofrequency pulses
(12); the respective said preparation pulse seguences
(14) of the two repetitions differing among themselves
in the value of the first duration (J;).

13.- The method according to Claim 12, wherein
combining the said response signals (13) emitted by the
sample (3) comprises:

- subtracting among themselves the said response
signals (13) emitted by the sample (3) in response to
the said repetitions of the excitation pulse sequence
(15) emitted subsequently to the said preparation pulse
sequences (14) thch differ among themselves in the
value of the first duration (d;).

14.- Nuclear magnetic resonance apparatus
comprising a radiofrequency generator (4) designed to

emit radiofrequency pulses for preparing and exciting
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the nuclear magnetization of the sample (3); a
radiofrequency receiver (5) tunable in such a way as to
receive the transient nuclear magnetic resonance
response signals (13) emitted by the sample (3);
accumulation means (8) for accumulating the response
signals (13) in digital format; storage means (9) for
storing a library of sequences of operations (10),
among which sequences of radiofrequency pulses; and
control means (l11) connected to the radiofrequency
generator (4), the radiofrequency receiver (5), the
accumulation means (8) and the storage means (9); the
apparatus (1) being characterized in that the control
means (11) are configured to implement the method of
acquiring nuclear magnetic resonance data according to

any one of the Claims 1 to 13.
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