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METHOD OF PERFORMING DIFFUSION
WEIGHTED MAGNETIC RESONANCE
MEASUREMENTS ON A SAMPLE

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATION

This Application 1s the National Stage filing under 35
U.S.C. § 371 of PCT Application Ser. No. PCT/SE2017/

051126 filed on Nov. 9, 2017, which claims the benefit of
Sweden Patent Application No. 1651469-7 filed on Nov. 9,
2016. The disclosures of both applications are hereby incor-
porated herein by reference 1n their entireties.

TECHNICAL FIELD

The present inventive concept relates to a method of
performing diffusion weighted magnetic resonance mea-
surements on a sample.

BACKGROUND

In magnetic resonance (MR) or magnetic resonance imag-

ing (MRI) experiments, information about motion or diffu-
sion ol particles can be encoded by applying motion or
diffusion encoding magnetic field gradient.
Motion or diflusion encoded signals can be used to infer
information about tissue microstructure, amisotropy, shape
and size of the constituent compartments, which may rep-
resent confinements/restrictions for diffusion of spin-bearing,
particles. The fractional anisotropy (FA) obtained by diffu-
s1on tensor 1maging (DTT1) 1s confounded by compartmental
macroscopic orientation dispersion. To separate the etlects
ol ornientation dispersion from the anisotropy of diffusion
tensors, which may represent confinements, and are
entangled in the FA, the directional diffusion encoding (1D)
needs to be combined or substituted with encoding schemes
extending beyond a single direction (to 2D or 3D). These
schemes can be described by diflusion encoding/weighting
tensors with more than one non-zero eigenvalues (1) and
can, to various degrees, reduce or eliminate the confounding
cllect of orientation dispersion and provide sensitivity spe-
cific to compartment (diflusion tensor) anisotropy.

The approach by Lasic et al. (2), which maximizes the
sensitivity to compartment (diffusion tensor) anisotropy,
combines directional (1D) and 1sotropic (3D) encoding to
quantily microscopic fractional anisotropy (LFA). The 1so0-
tropic encoding can, for example, be achieved by the magic
angle spinning of the g-vector (QMAS) (3), while the dii-
fusion weighting for the directional encoding 1s matched to
that of the gMAS 1n terms of diflusion time, t ,, and b-value.
Oblate and prolate compartment (diffusion tensor) shapes
can be distinguished by further controlling the anisotropy of
the diflusion encoding. Eriksson et al. (4) have shown that
by parameterizing the diflusion encoding tensor 1n terms of
its size and shape, a simple expression for the powder
average signal 1s obtained, allowing to quantily compart-
ment (diflusion tensor) shapes. Varying the diffusion encod-
ing shape 1s necessary for systems with a non-zero disper-
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2

sion ol 1sotropic diffusivities (2). Using 3D encoding
sequences allows to de-convolve the anisotropic and 1sotro-
pic diflusion contributions (5).

Despite the above-mentioned advances in characterizing,
heterogeneous and anisotropic materials, 1t would be desir-
able to be able to extract even further information relating to
the diffusion characteristics and the microscopic structures
ol samples.

"y

SUMMARY OF THE INVENTIVE CONCEPT

An objective of the present inventive concept 1s to provide
a method enabling extracting of further information relating
to the diffusion characteristics and the microscopic struc-
tures of a sample. Further or alternative objectives may be
understood from the following.

According to an aspect of the present inventive concept
there 1s provided a method of performing diffusion weighted
magnetic resonance measurements on a sample, the method
comprising:

performing diflusion weighted magnetic resonance mea-
surements on the sample,

wherein said measurements includes:

a first measurement with a first diffusion encoding
sequence having a first diflusion weighting tensor rep-
resentation B, with at least two non-zero eigenvalues,

a second measurement with a second diffusion encoding
sequence having a second diffusion weighting tensor
representation B_ with at least two non-zero eigenval-
ues,

wherein the first tensor representation B, and the second
tensor representation B_ have a same number of non-zero
cigenvalues, the eigenvalues of the {first tensor representa-
tion B, matching the eigenvalues of the second tensor
representation B_, and

wherein the first and the second diflusion encoding
sequences are configured to present a matching average
spectral content, and to present a diflerent degree of spectral
anisotropy.

The present inventive concept 1s based on the following
insights: While diffusion tensors may roughly represent
physical pores, a more accurate detection of morphology can
be achieved by varying the spectral characteristics (equiva-
lently temporal characteristics) of encoding waveforms, thus
probing time-dependent non-Gaussian diffusion. The spec-
tral characteristics of a diffusion encoding sequence wave-
form include an average spectral content of each spatial
channel of the encoding wavetform. An “average spectral
content” of a diflusion encoding sequence may hence
notionally be referred to as a “color” of the encoding
wavelorm. This 1s reminiscent of an average or mixture of
different spectral components of visible light producing a
perceived color. In addition to “color” the temporal charac-
teristics of a diffusion encoding sequence wavelform include
a degree of spectral anisotropy. A “degree of spectral anisot-
ropy’ may notionally be thought of as a property which 1s
dependent on how spectrally different the spatial channels of
the encoding waveform are.

By the first and the second diffusion encoding sequences
presenting matching spectral content but different degrees of
spectral anisotropy, the combination of measurements on the
sample 1s configured to be sensitive to restricted diffusion
from amisotropic diffusion structures. Hence, a contribution
to a resulting signal attenuation from 1sotropic diflusion
structures presenting restricted diffusion may be minimized
or at least reduced.




US RE49,978 E

3

By “diffusion” as used herein, 1s herein meant a random
or stochastic process ol motion of particles within the
sample. Diffusion may include random molecular motion
driven by thermal energy, chemical energy and/or concen-
tration difference. Diflusion may include dispersed or inco-
herent flow of molecules (1.e. flow with velocity dispersion)
inside randomly oriented microstructures within the sample.
Due to the diffusion encoding magnetic field gradient
sequences used in the present method the eflects of 1n-
coherent flow within the sample may also give rise to signal
attenuation.

The diffusion characteristics of a sample (1.e. the degree
of 1sotropic diflusion, the degree and/or orientation of the
anmisotropic diflusion etc.) generally depend on the geom-
etries and orientations of the diffusion restricting structures
in the sample. Partial volumes of a sample having presenting
different diffusion characteristics may be referred to as
different compartments of the sample. A diffusion weighted
measurement signal from a voxel of the sample (1.e. a partial
volume of the sample with a dimension given by the spatial
resolution of the measurement) hence includes signal con-
tributions from diffusing particles inside the different com-
partments within the voxel.

In the prior art, analysis of compartment anisotropy based
on diffusion weighted magnetic resonance measurements
assumes that the diffusion process 1s Gaussian or multi-
Gaussian. This assumption 1s equivalent to assuming that the
diffusion process 1s time-independent (or equivalently fre-
quency-independent). However, as realized by the inventors,
the presence of physical restrictions for the diflusion par-
ticles may be manifested by a frequency dependent signal
attenuation.

A diffusion process may in a Irequency domain be
described by a diffusion spectrum, 1.e. a spectrum of corre-
lations of the velocities of the moving particles. The mea-
surement protocol in accordance with the inventive method
includes the first and second encoding sequences with
purposefully selected spectral characteristics, 1.e. matching,
average spectral content and different degrees of spectral
anisotropy. Comparison of signal attenuations from the first
and second measurement thereby enables probing of the
diffusion spectrum, 1.e. the frequency dependence of a
diffusion characteristics of the sample. The present method
allows probing of the diffusion spectrum or provides sensi-
tivity to diflerent spectral components of the diffusion spec-

trum 1n the range of frequencies that can be detected with
conventional hardware for magnetic resonance measure-
ments (typically below 1 Gigahertz).

In a tissue sample, compartments may be formed by cells
in the tissue. Hence, a voxel 1n a tissue sample may 1nclude
a signal contribution from diffusion inside a cell (i.e. from an
intracellular compartment) and a signal contribution from
diffusion outside a cell (1.e. from an extracellular compart-
ment). The diffusing spin-bearing particles may be formed
by water molecules inside and outside the cells. The cell
membranes may form compartment walls separating the
intracellular and extracellular compartment.

As may be understood from the following, the diffusion
encoding sequences referred to 1n the above method aspect
may refer to the eflective gradient sequences, 1.e. the eflec-
tive magnetic field gradient experienced by the spin bearing,
particles 1n the sample due to a combination of a magnetic
fiecld gradient sequence and a radio frequency (RF)
sequence. Hence, unless stated otherwise, the term diffusion
encoding sequence refers to an encoding sequence imncluding

10

15

20

25

30

35

40

45

50

55

60

65

4

a magnetic field gradient sequence and an RF sequence
adapted to cause diffusion encoding/weighting (1.e. of an
echo signal attenuation).

A diffusion encoding may be achieved by subjecting the
sample to encoding magnetic field gradient wavetforms and
a sequence of RF pulses. The combined eflect of magnetic
field gradient wavetforms and RF pulses results in (the spin
bearing particles 1) the sample being subjected to an
“effective gradient”. The wavelorm of the effective gradient
may be referred to as the eflective gradient wavetform g(t)
with components NO, where 1=1, 2, 3 representing e.g. X, v,
7 axis 1n the Cartesian coordinate system.

The eflective gradient may be represented by the time-
dependent or temporal dephasing vector F(t), with compo-

nents F,, where 1=1, 2, 3, which in turn 1s given by

F(t)=ylo"g(t)dt, (1)

where v 1s where the nuclear gyromagnetic ratio.
A dephasing spectrum, 1.e. a spectral content of the
dephasing vector 1s given by:

F(w)=f, F(t)e "dt, (2)

where o denotes frequency and t denotes the diffusion
encoding time, 1.¢. the duration of the effective gradient.

Based on the dephasing spectrum F(w), the moments of
dephasing spectra may be defined as

e

(3)

represented as a tenor MY, where Mlj(”) are the tensor
elements. The 0” moment, M®’, gives the diffusion weight-
ing tensor B. For Gaussian diflusion, only B, j:My.(D) needs
to be considered.

Accordingly, the diffusion weighting tensor representa-
tion B of a diffusion encoding magnetic gradient sequence 1s
given by

M,;""=_,,”F  (0)F *(w)wl"do,

e

B=_.“F(®)F*(®)dw (4)

The dephasing vector F(t) may also be expressed as the
Hadamard product of the amplitude q of the dephasing
vector and the normalized dephasing vector waveform F(t),

F(t)=qOF(1). ()

The dephasing spectra may accordingly also/alternatively
be given by

F(w)=q0fe"F(t)e ™dt=qOF (), (6)

where F(w) may be referred to as the normalized dephas-
ing spectra, 1.e. the spectral content of the normalized
dephasing vector. The spectra F,(w) and F (w), where i=1, 2,
3 representing €.g. X, y, z axis in the Cartesian coordinate
system, may be referred as the orthogonal components or
projections of the spectral representation of the dephasing
vector or the normalized dephasing vector, respectively.

In terms of the normalized spectra F(w) in Eq. (6), the
elements of the tensor M are given by:

M,;""=q,q/_, “F(0)F *(w)lo"do=Q,m . (7)

The term my.(ﬂ) corresponds to a generalized diffusion time.
Expressed in matrix form; M“=Qom“ and t =m’.

In 1D encoding, the dephasing waveform may be con-
structed from the dephasing magnitude of a 3D encoding, so
that the 1D encoding matches the 3D encoding in terms of
the diffusion time, e.g. so that the square of 1D dephasing
amplitude 1s given by the sum of squared dephasing ampli-
tude components of a 3D encoding, F(t)*==, F,(t)*.

The diffusion spectrum D(w) may be defined as the
spectrum of the velocity correlation tensor, y (t)={ v’ (t)v(0)) .
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In the principal axis system of the compartments, D(®) 1s
diagonal, given by diffusion spectra A (®) along the diagonal
of matrix A(®). The elements A (®) may be referred to as the
diffusion tensor eigenvalues.

The apparent diffusivities are then given by

rF (WAL (W)} (W)dw (8)

— s

r F f({u)F; (w)dw

Aifjk =

As may be understood from the above, a spectral content of
an (effective) diffusion encoding magnetic gradient
sequence or, equivalently, the dephasing vector waveform 1s
given by the dephasing spectra F(w) or its normalized
counterpart F(w).

The components of the normalized power spectra are
given by:

S j(@)=F (@)F*() (9
h

The n™ moment of the normalized power spectra may be
expressed in a tensor or matrix form m"”, where

[ 0if M =0 (10)

my = ﬁ Splwl"dw = M

where mg(”) denotes the elements of m"”. With p."’ we
denote the eigenvalues of m"™.
The tensor elements of the tensor MY? may be given by:

M, P=q,q_.~S lo"d® (11)

Accordingly, the elements of the diffusion weighting tensor
B may be given by:

B=q9,_..”S;do. (12)

The average encoding spectral content (for a single multi-
dimensional encoding scheme) can be characterized by

#) n “(En)

(
L H
J¥, —
< > “(1{]) n “(2{])

s

0’
i

(13)

where n is any positive real number, n>0 /\ne R. With
brackets ) . . . ) we are denoting the averaging operation.
The difference of { u¥?{ for any n>0 can be used to compare
two encoding schemes. Spectral matching or spectral tuning
of different diffusion encoding sequences (or equivalently
different normalized dephasing vector representations) may
refer to having matching { u“”) . Inversely, different encod-
ing sequences could be considered detuned 1f their spectral
content is not matching, i.e. if {u"”) are different.

The spectral anisotropy of diffusion encoding (for a single
multidimensional encoding scheme) can be quantified by
comparing different eigenvalues of m“, i.e. the values p .
Any measure of tensor anisotropy, e.g. fractional anisotropy,
can be applied to the tensors m“”. To quantify spectral
anisotropy (SA), the following equation, analogous to the
fractional anisotropy, may be used (provided the diffusion
encoding tensor representations of the diffusion encoding
sequences have more than one non-zero eigenvalue):
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0y (0)¢ (n) 1)y 2 0y (0)¢ (m) 2 2 14
a1 Ky (= 187) i s () — ) G
0) (0} (m) M2

oo _ |1 sy (1 - )
|2 w2 w32 ’
_ Hi T H TH3

where n is any positive real number, n>0 /\ne R, which
can be adjusted to control the sensitivity to spectral anisot-
ropy. Note that SAY is always in the range 0-1. Note that
also other quantitative measures of spectral anisotropy may
be used, which 1s applicable to quantification of tensor
anisotropy.

In view of the above, the first and the second diffusion
encoding sequences may, 1n accordance with one embodi-
ment, present matching average spectral content 1n the sense
that (p“} calculated for the first diffusion encoding
sequence matches { u”) calculated for the second diffusion
encoding sequence, for any n>0, preferably at least for n=2.

Further 1n view of the above, the first and the second
diffusion encoding sequences may, 1n accordance with one
embodiment, present a different degree of spectral anisot-
ropy in the sense that SAY calculated for the first diffusion
encoding sequence differs from SAY” calculated for the
second diffusion encoding sequence.

Hence, for the first diffusion encoding gradient sequence,

() (n)

+ Ho v

T M3

(m\ _ Hi
<:“ > = T 0 5 » and
pi oy s
I 0 (0)f (1) 1)\ 2 0) (O () a2 L2
ur Ry (= 187 ) iy s (s - )
0) (V¢ (1) 2
oo |1 ps (15" = ")
2 M2 )
i Hi T H T U3

where 1"’ denotes the eigenvalues of the tensor m"” with
elements my—(”}:f_mmF {(®)F *(w)lol” do, where F(w) and
F*(w) are the i and j” components of the normalized
dephasing vector, respectively, of the normalized dephasing
spectrum F(w) representation of the first diffusion encoding
gradient sequence.

Moreover, for the second diffusion encoding gradient

SEqUENcCe,

u”

0
i

+ pg”

0)
+ 4

+ug”

d
0y’
i

< ”(n)> — nd

(0) (0)

Hi Ha T

( u (0), (0)

T o s

(15"

2
+ s

(1S
— Py’

2
+ps”

)2
- u5)

)] )]
1 1y
> 2
_ i

w2 12
-u3) +

S4" =

where " denotes the eigenvalues of the tensor m“” with
elements mg(”)zf_mmlii(m)lij*(w)I(,UI” dw, where F.(®) and
F.*(w) are the i”* and j” eigenvector, respectively, of the
normalized dephasing spectrum F(®) representation of the
second diffusion encoding gradient sequence.

The concept of matching or different “spectral content”
may be also be understood from considering a measurement
“I” on a “first test sample” with a diffusion encoding
sequence “A” and another measurement “II”” on the first test
sample with a diffusion encoding sequence “B”. The first
test sample 1s a sample consisting of a collection of hollow

spherical compartments of a 5 um diameter.
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The sequence “A” and the sequence “B” are such that
traces of the tensor representations B ,, B, of the sequences
“A” and “B” are equal to each other (1.e. they result 1 a
same diffusion encoding strength) and have identical eigen-
values. As the compartments are spherical, the principal axis
system and the eigenvectors are degenerate. Hence the
tensor representations B ,, B, for sequence “A” and “B” may
be given with respect to a three-dimensional Cartesian
coordinate system (X,y,x) with an arbitrary orientation with
respect to the compartments.

If the sequence “A” and the sequence “B” results 1n a
same level of signal attenuation when applied to the test
sample, the sequences are “‘spectrally matching™, 1.e. they
have matching average spectral content.

If on the other hand the sequence “A” and the sequence
“B” results i different levels of signal attenuation when
applied to the test sample, the sequences are “spectrally
detuned”, 1.e. they have different average spectral content.

The concept of matching or different “degree of spectral
anisotropy” may in a corresponding manner be understood
from a measurement “ul” on a “second test sample” with the
above-defined diflusion encoding sequence “A” and another
measurement “IV” on the second test sample with the
above-defined diffusion encoding sequence “B”. The second
test sample 1s a sample consisting of a collection of hollow
circular cylindrical compartments of a 5 um diameter with a
uniform orientation dispersion. “Uniform orientation disper-
sion” should here be understood as the orientations of the
cylindrical compartments being uniformly distributed over
the unit sphere surface.

Assuming that the sequences “A” and “B” are spectrally
matching, 1f the sequence “A” and the sequence “B” results
in a same level of signal attenuation when applied to the test
sample, the sequences present a same degree of spectral
anisotropy. On the other hand, if the sequence “A” and the
sequence “B” results 1n a different level of signal attenuation
when applied to the test sample, the sequences present a
different degree of spectral anisotropy.

In view of the above, according to one embodiment, the
first and the second diffusion encoding sequences are con-
figured such that had:

a third diffusion encoding sequence having a normalized
dephasing vector representation I, matching a first
normalized dephasing vector representation I, of the
first diffusion encoding sequence and having a non-zero
diffusion encoding strength, been applied to a first test
sample consisting of a collection of spherical compart-
ments of a 5 um diameter, and

a Tourth diffusion encoding sequence having a normalized
dephasing vector representation I, matching a second
normalized dephasing vector representation F, of the
second diffusion encoding sequence and having said
non-zero diffusion encoding strength, been applied to
said {irst test sample;

a signal attenuation resulting from the third diffusion
encoding sequence would match a signal attenuation
resulting from the fourth diffusion encoding sequence;

and such that had:

the third diffusion encoding sequence been applied to a
second test sample consisting of a collection of cylin-

drical compartments of a 5 um diameter with a uniform
ortentation dispersion, and

the fourth diffusion encoding sequence been applied to
said second test sample;
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a signal attenuation resulting from the third diffusion
encoding sequence would differ from a signal attenu-
ation resulting from the fourth diffusion encoding
sequence.

The wording “configured such that had a third/fourth
diffusion encoding sequence . . . been applied to the test
sample” should hereby not be construed as a sequence of
steps which necessarily are required to actively be per-
formed in the claimed method. Rather, the wording should
be understood as a functional defimition of the properties of
the first and second diffusion encoding sequences. Hence, on
a condition that/if the third and fourth diffusion encoding
sequences had been/would be applied to the test sample the
stated signal attenuations would entail. The functional defi-
nition may be understood as a clear and well-defined test
case for a skilled person to determine whether a set of
diffusion encoding sequences have the inventive properties.
Indeed, 1t would not even be necessary to perform an actual
measurement on a real “test sample” to test the properties.
Rather the test case could be evaluated by measuring a
respective RF sequence and magnetic field gradient
sequence of a first and second diffusion encoding sequences
and from the measurements calculating the tensor represen-
tations and normalized dephasing vector representations of
the first and second diffusion encoding sequences, and then
simulate (by numerical calculations or Monte Carlo simu-
lations) the resulting signal attenuations 11 a third and fourth
diffusion encoding sequence (having the above stated encod-
ing strengths and normalized dephasing vector representa-
tions) had been applied to the first and second test objects.

In the above and 1n the following, 1t i1s stated that two or
more quantities (e.g. two more diflusion encoding strengths,
traces, eigenvalues, {1n"”} or SAY”) matching each other.
“Matching” may 1n such a context be understood as the
quantities being equal, or at least substantially equal. I.e. the
quantities need not be exactly equal, but the quantities
should differ only by an amount such that the eflects of
compartment anisotropy, spectral content and spectral
anisotropy are possible to discern from the measurements.
Preferably the quantities should differ by 10% or less, more
preferably by 5% or less, and even more pretferably by 1%
or less. A may be understood, the maximum achievable level
of equality may in practice inter alia depend on the perfor-
mance of the equipment.

A “diffusion encoding strength™ of a diffusion encoding
sequence, as used herein, refers to the b-value which 1s given

"y

by the trace of the diflusion encoding tensor for the diffusion
encoding sequence.
In accordance with the present method, diffusion

welghted magnetic resonance measurements are performed.
The measurements includes at least two measurements (1.e.
the “first” and “second”) each measurement including sub-
jecting the sample to a diffusion encoding sequence. As used
herein, the labels “first” and “second” of the measurements/
encoding sequences do not imply that the measurements are
performed 1n that particular order but may be performed in
any order.

Each one of said diffusion weighted magnetic resonance
measurements may generally include an encoding block and
a subsequent detection block. During the encoding block,
the sample 1s subjected to a diffusion encoding sequence.
During the detection block a signal, attenuated due to
diffusion encoding, may be detected and acquired. The
detected signal or measurement signal may be an attenuated
echo signal.

The encoding block may further include a radio frequency
(RF) pulse sequence adapted to influence the magnetization
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within the sample. The RF pulse sequence may encode for
attenuation due to only longitudinal, only transverse relax-
ation or both longitudinal and transverse relaxation. Hence
the attenuation of the signal detected 1n the detection block
1s the result of attenuation due to both the diflusion encoding
magnetic gradient pulse sequence and the RF pulse
sequence, 1.¢. the attenuation due to the eflective gradient
sequence g(t) or the corresponding the dephasing vector
F(t).

Preferably, said plurality of measurements are performed
with the same RF pulse sequence with 1dentical timing. That
1s the same level of signal attenuation due to nuclear
relaxation 1s encoded for in each measurement. This may
simplily data analysis since the number of varying param-
cters influencing the measurement may be reduced.

For the purpose of acquiring the (attenuated) measure-
ment signals, each diffusion encoding sequence may be
supplemented with one or more 1maging magnetic gradients
and optionally magnetic gradient correction gradients, as 1s
well-known 1n the art. An imaging magnetic gradient
sequence and a correction magnetic gradient sequence may
be applied to the sample during the encoding block. In some
cases, these sequences may overlap the diffusion encoding
magnetic gradient pulse sequence, at least partly. However
even 1n such a case, at least a part of the combined gradient
pulse sequence includes a diffusion encoding sequence
which may be described or characterized as set out above.

According to one embodiment, said first measurement
includes acquiring a first signal attenuation resulting from
said first diflusion encoding sequence, and

said second of measurements includes acquiring a second
signal attenuation resulting from said second diffusion
encoding sequence.

According to one embodiment said measurements
includes:

a first set ol measurements including said first measure-
ment and a plurality of additional measurements performed
with said first diffusion encoding sequence applied to the
sample with different rotations with respect to a measure-
ment frame of reference,

a second set of measurements including said second
measurement and a plurality of additional measurements
performed with said second diffusion encoding sequence
applied to the sample with different rotations with respect to
the measurement frame of reference.

This enables determining of directionally averaged signal
attenuations (also known as “powder averaging”).

Hence, according to one embodiment:

cach measurement of said first set of measurements
includes acquiring a respective signal attenuation resulting
from said diffusion encoding sequence and the method
comprises determining a first average signal attenuation
based on said respective signal attenuations, and

cach measurement of said second set of measurements
includes acquiring a respective signal attenuation resulting
from said diffusion encoding sequence and the method
comprises determining a second average signal attenuation
based on said respective signal attenuations.

According to one embodiment the method further com-
prises: generating an output indicative of a difference
between the first and second signal attenuations or between
the first and second average signal attenuations. The output
may hence be sensitive to time-dependent anisotropic dif-
fusion, 1.e. signal attenuation due to time-dependent diffu-
s10n 1n anisotropic domains.

According to one embodiment, said first tensor represen-
tation has three matching non-zero eigenvalues.
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According to one embodiment, said second tensor repre-
sentation has three matching non-zero eigenvalues.

According to one embodiment, said first tensor represen-
tation has exactly two matching non-zero eigenvalues.

According to one embodiment, said second tensor repre-
sentation has exactly two matching non-zero eigenvalues.

According to one embodiment, performing said measure-
ments includes, measuring a respective signal attenuation
resulting from each one of said measurements, from each
one of a plurality of voxels within a region of interest of the
sample.

According to one embodiment, the method further com-
prises generating an output including an indication of voxels
for which a signal attenuation acquired in the first measure-
ment differs from a signal attenuation acquired 1n the second
measurement.

According to a second aspect of the present iventive
concept there 1s provided method of performing diffusion
weighted magnetic resonance measurements on a sample,
the method comprising:

performing diflusion weighted magnetic resonance mea-
surements on the sample,

wherein said measurements includes:

a first set of measurement performed with diffusion
encoding sequences with different diflusion encoding
strengths and matching average spectral content and
matching degree of spectral anisotropy,

a second set of measurement performed with diffusion
encoding sequences with different diflusion encoding
strengths and matching average spectral content and
matching degree of spectral anisotropy,

wherein the degree of spectral anisotropy of the diffusion
encoding sequences of the first set differs from the
degree of spectral aniostropy of the diffusion encoding
sequences ol the second set.

The advantages and detailed described 1n connection with

the first aspect applies correspondingly to the second aspect.

The above mathematical and test-based definitions of
matching average spectral content and matching degree of
spectral anisotropy applies correspondingly to each one of
the encoding sequences of the first and the second set.

According to one embodiment the method further com-
Prises:

fitting by a first function to a first data set representing
said first set of measurements to estimate a first signal
attenuation curve, and

fitting a second function to a second data set representing,
said second set of measurements to estimate a second
signal attenuation curve.

By estimating a respective signal attenuation curve cor-
responding each of the first and second sets of measurements
further analysis of diffusion characteristics and frequency
dependence thereot 1s enabled. A same fitting function may
be used for fitting to the first and the second data set.

According to one embodiment the method further com-
prises generating an output based on at least one parameter
of the first function, at least one parameter of the second
function and at least one parameter of the third function.

According to one embodiment the diffusion encoding
sequences of each one of the first set and the second set have

a respective tensor representation, wherein the number of
non-zero eigenvalues of the tensor representations are equal.

According to one embodiment the average spectral con-
tent of each of the diffusion encoding sequences of the first

e

e
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set matches the average spectral content of each of the
diffusion encoding sequences of the second set.

BRIEF DESCRIPTION OF THE DRAWINGS

The above, as well as additional objects, features and
advantages of the present inventive concept, will be better
understood through the following illustrative and non-lim-
iting detailed description of preferred embodiments of the
present inventive concept, with reference to the appended
drawings. In the drawings like reference numerals will be
used for like elements unless stated otherwise.

FIG. 1 illustrates dephasing waveforms and power spectra
for two diffusion encoding sequences and simulations of
corresponding attenuation curves.

FIG. 2 illustrates a flow chart of a method of performing
diffusion weighted magnetic resonance measurements on a
sample.

FIGS. 3a and 3b illustrate examples of pulse sequences.

DETAILED DESCRIPTION

To facilitate understanding of the present inventive con-
cept, a discussion of some theoretical concepts will now be
provided.

Theory

Considering an arbitrary effective gradient waveform g(t)
during the diffusion encoding time T, the signal 1s given by
the ensemble average { exp(iyl,“g(t) Ar(t)dt)}, where v is the
nuclear gyromagnetic ratio and Ar(t) 1s displacement. When
multiple compartment systems are considered, the ensemble
averaging takes place over sub-ensembles, compartments
with different diffusion properties, e.g. pore size, shape and
orientation. In the limit of low diffusion encoding gradients,
the signal attenuation can be approximated by the second
order cumulant expansion (6), corresponding to the Gauss-
1an phase approximation (GPA).

For a single compartment or a sub-ensemble with a
Gaussian diffusion process characterized by an apparent
diffusion tensor D, for which displacement correlations are
negligible during diffusion encoding, the signal attenuation
is given by E=exp(—[3), where

B:f o F'()DF(t)dt and (15)

F(t) 1s the temporal dephasing vector,

F(t)=ylo'g(t)dt.

where v 1s the nuclear gyromagnetic ratio and g(t) the
waveform of the diffusion encoding gradient sequence.

The diffusion tensor D carries information about com-
partment anisotropy. The dephasing vector F(t) can be
expressed as the Hadamard product of the amplitude g and
the normalized waveform F(t),

(16)

F(t)=qoF(t). (17)

For non-Gaussian diffusion and for the Gaussian approxi-
mation of the signal cumulant expansion (second order
cumulant expansion), the attenuation 1s given by

B=/_.."F (0)D(®)F(—)do, (18)

where

F(©0)=], F(t)e ™ dt (19)

and D(®) 1s the diffusion spectrum, 1.e. the spectrum of the
velocity correlation tensor, ¥ (H)=( v/ (t)v(0)} . The frequency
domain analysis can easily be applied to arbitrary gradient
waveforms. Most 1mportantly, it allows for an intuitive
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understanding of the restricted diffusion effects 1n 3D dif-
fusion encoding, which can facilitate designing different
encoding waveforms.

With Einstein summation convention (1.e. summing over
repeated 1ndices), we have

B=/_.~F (@)F,(—®)D,(®)de. (20)

In the principal axis system of the compartment/confinement
(PASC) (7), the diffusion spectrum is given by D(®))=RA
(@W)R™!, where AM(w) is a diagonal matrix and are R is the
rotation matrix. The dephasing spectra are given also as

F(0)=q0|,"F()e " dt=q0F(®). 1)

e ——

To simplify notations, we define the integral operators fify ;
as

» 22
FfFj#clk ELD; F ey (m)F} (e)des? (22)

where 1, |, ke 1, 2, 3 and the superscript * denotes complex
conjugation. Note that

kT, =[] and KE + 97 = 2Re{EF ).

By adopting the Einstein summation convention and using
the definition in Eq. (22), Eq. (18) becomes

(23)

b =RiyR kil * A

The attenuation (23) can be expressed in terms of the
apparent diffusivities

r Filw) ()l (w)dw (24)
A:ffk — —
r Fiw)lF; (w)dw
and the B tensor
B =|_.."F {(@)F*(®)do 05,
as
P=P1R R e (26)

For Gaussian diffusion, 1.e. time/frequency independent,
Ag;{:?\.k Ellld

B:B | ijiRkj;l\‘k' (27)

By denoting D;=R ;R A, Eq. (27) can be rewritten as the
inner product) { e, *} of tensors B and D,
B=(B.D).

Different models for A (®) may be applied. At low frequen-
cies, A.(®) can be Taylor expanded as

(28)

— 1 (29)
M(@) = ) =100,
n=10
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where n is an integer and A,“”‘0) is the n-th derivative of
A () at zero frequency. For restricted diffusion we have

w* (30)

In this case, the Eq. (29) can be written 1n terms of the even
powers of ® and A,”’(0) expressed in terms of restriction
size (7).

Inserting Eq. (29) into Eq. (23) yields

> 1 . ) (31)
)8 Zﬂ " M( )erRkjl( )(0):

where

—

are the moments of the dephasing spectra represented as a
tensor M, where M, are the tensor elements. For Gauss-
1an diffusion, only B, —M ©) needs to be considered.

In terms of the normallzed spectra F(®), the tensor M“"
1s given by

Mlj(”}:qquf_mmﬁ I-(G))F j’]‘ ((ﬂ)(ﬂndszijmfjm}.

Spectral Content

The spectral content of a diffusion encoding sequence can be
characterized 1n terms of the dephasing spectra or the
normalized counterparts. The components of the normalized
power spectra are given by:

(33)

S {(@)=F(@)F*() (34)

and the moments of the normalized power spectra are

( 0if M =0 (35)

)
méﬂ:ﬁ

Note that m, =0 if M,;”=0 and m, (0)—1 if M;*”>0. With
u " we denote the elgenvalues of m™

The average encoding spectral content (for a single mul-
tidimensional encoding scheme) can be characterized by

> (.

) 36)

0 )
R

,u(l”)
,Ul

) -

where n is any positive real number, n>0 /\ne R. With
brackets { . . . ) we are denoting the averaging operation.
The difference of { u”} for any n>0 can be used to compare
two encoding schemes. The value of the denominator 1n Eq
(36) provides a count of non-zero eigenvalues of the diffu-
sion encoding tensor B.

Spectral Anisotropy

The spectral anisotropy of diffusion encoding (for a single
multidimensional encoding scheme) can be quantified by
comparing different eigenvalues of m“”, i.e. the values u,".
Any measure of tensor anisotropy, e.g. fractional anisotropy,
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can be applied to the tensors m"”. Note that the spectral
anisotropy can only be defined for encoding schemes, which
have more than one non-zero eigenvalues of the diffusion
encoding tensor. To quantify spectral anisotropy (SA), the
following equation, analogous to the fractional anisotropy,
may be used:

0 (OVf (n) 1) 0) (D¢ (n) 1) 11/2 37
PO () = 157) + P (S - i)+ >0
0y (0)/ (n) 1)

o | L uP P () - )
|2 w2 2 ()2 "‘
_ BT tHy tpy

where n is any positive real number, n>0 /\ne R, which
can be adjusted to control the sensifivity to spectral anisot-
ropy. Note that SAY is always in the range 0-1.
Matching spectral content or “tuning” a multidimensional
diffusion encoding scheme and a directional encoding
scheme could be done numerically. The following procedure
1s useful when the multidimensional encoding gradient
waveforms have been obtained based on some prior opti-
mization. 1. For a range of rotations of the input waveforms
(e.g. along X, y, z axis), compute the product p=m,; "
m,,"”m,,""; the choice of n depends on the range of
frequencies that one may chose to prioritize in the “tuning”,
1.e. matching spectral power; several moments may be
computed. 2. Find the maximum value of p computed in the
previous step to and the rotation R that yields the maximum
value of p. 3. Transform the input waveforms using the
rotation R. 4. For each of the transformed waveforms,
compute the moment m“* and select the waveform for which
the moment m"“” is closest to the average moment (consid-
ering two or three waveforms and the corresponding
moments). 5. Use the shape of the waveform selected 1n step
4 for the directional encoding.

Powder Average Signal

Let us define B,=M,""R, R, A, 0)=M_ "D, in Eq. (31),
which can also be written as an inner product of the tensors
M,,, and D,

B, =<M®™ D>, (38)

where [M“],.=M_“ and [D"], ~ReRjhs “2 (). Up to the
2" order of M(”)) the cumulant expansion of the powder
(directional) average signal yields

] (39)

=1 1
Z—ﬂn ~ CXPl —kK1 v TK2 |,
73 2

=0

txp[

where

k1 = ;ﬁw and (+0)
ST X0

Expressed with the inner product notation,
(42)

i i M(H) D(ﬂ)>
=0 n
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and

AN (43)
2= 33 (. €

=0 j=0 g
where
MED] = M M) and (44)
:@(fjﬁ]ﬂmn = KDE?DEBJ B <DE;><D£H]F')T>] (45)

The attenuation term (43) can be used to quanfify the
curvature of the signal decay curve, which 1s related to the
diffusion kurtosis or the variance of the distribution of
apparent diffusion coefficients. Note that the definitions (44)
and (45) are invariant under a permutation of the indices 1
and J. Considering only terms with 1=0 and 2 (approximation
for restricted diffusion), we have (46)

K1:<Mfﬂ'},< DO} s +15<M@ { D@) > (46)
and
Kf( M ©.0C ©0.0) +z( Mo Co2) { Me

C ey 47

Note that M “® and C® correspond to the Gaussian
terms, cf. Eq. 3 and 6 in ref (10). If D’ and D, are
uncorrelated, 1.e. when the diffusivity in tortuosity limit (at
long time) 1s independent from 1its time variation (slope at
low frequencies), € “~*=0.

Relation to the Effective Confinement Size: Case of
Restricted Diffusion

The 2" expansion coefficient of the restricted diffusion
spectrum 1n Eq. (29) 1s given by (7)

7\41-(2}(0):(31-1'1-4 (48)

where C. 1s the geometry factor and r; 1s the size of restriction
along the principal axis 1. Let us define the effective con-
finement tensor

[p*] z;;EkaRijﬂf- (49)
Eq. (46) then becomes
K, =<M@{ DO} 414<M@ { p*} >. (50)

If .*%’(0) is independent of direction and equal to D, the
first term above is given by 14 traceM)D,=bD,. The
K,can be evaluated considering the following:

Loop,.=(D"D,, ) <D, (D, ), (51)

[G: (Diz}]k.{’mn:[( Dkf(ﬂ}p4mn) _( Dk.‘,’(ﬂ}) ( p4mn) ]5' (52)

and

Loy, = p*up % {p* 0l 1 (53)
If D, and D,'* are uncorrelated, € “®*=0 and

K2< M (D,D}}C (D,D}) +( M (2,2}}@ (2,2}). (54)
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Case of Isotropic Diffusion Weighting
Considering the definitions [I],=0,, and [I, 1., =00
we have MP=bl, M“=g"m*®, [M "], =b"d,0

FI1FL?

klrmn FLIL®

(0.2) T2 (2) (2.2) — (2) (2)
[M ]kfmn_bq mkﬂ amn ﬂﬂd [M ]kfmn:(;_ mkf mmn ‘
K, =b<L{ DO} >+14q2<m?®, { p*) >. (55)
,=b2) [ C o0 pa2(1@m®, €02} 1t m™
m® €22y (56)

where & denotes a tensor product. The first term in Eq. (56)
arises from the variance of i1sotropic diffusivities, 1.e. the

variance of tensor traces, at zero frequency (long time
regime), while the remaining terms represent a variance due

to compartment size and anisotropy.
Case Isotropic Diffusion Weighting without Spectral Anisot-

ropy

When the encoding is also spectrally isotropic, m*”=m"*"I,
K1=b<I,( Dm}) >+1/zq2m(2}<1,( p4) > and (57)

Kzzbz( ]] iso!c (Dﬂ}} +bq2( [[ z'sc-'!(c (D,E}> +q4m(2}
m@»IC_Ce2 (58)

Comparing Eqgs. (56) and (58), we note that in the case of
spectrally 1sotropic encoding, the additional variance due to
compartment anisotropy 1s eliminated and only the variance
due to compartment size remains. Changing spectral anisot-
ropy could be used to 1solate the time-dependent diffusion
effects associated with anisotropic compartments.

Axial Symmetry:

Case of a Single Compartment

Here we adopt simplified notations F=F(®) and A=A(®). For
axisymmetric diffusion encoding with dephasing spectra
F=(F , F|, F,) and the diffusion spectra in the principle axis
system of confinement/compartment (PASC),

A, O O (59)
A =[ 0 A, O ]
0 0 A
the attenuation in Eq. (23) yields
(60)

1
= 3 QFT +REIQAL + ) +

2 1 _ _
S GF =P + APa(cos™ () = S EF + FFDY + A.)sin(20),

where P,(x)=(3x"—1)/2 is the second Legendre polynomial,
m/210 1s the angle between the main symmetry axes of the
diffusion tensor and the diffusion encoding. By axially
symmetric diffusion encoding we here strictly refer to the
symmetry of B=M'". For Gaussian (time/frequency inde-
pendent) diffusion, the last term 1n Eq. (60), containing cross
products of dephasing spectra, vanishes if |__~F L(WF (—w)
dw=0. According to the Plancherel’s theorem, the above
condition translates to |,°F | ()F (t)dt=0, which is fulfilled if
the vector F(t) 1s always parallel to the right circular conical
surface or the g-trajectory has at least a three-fold symmetry
(3, 4) or simply when the product F, (1)F (t)=0 at all times.
It is evident, that the last term in Eq. (60) vanishes for low
compartment anisotropy. Numerical calculations, using the
gMAS waveforms (2, 11), show that for largely anisotropic
compartments, e.g. consisting of cylinders, this term 1s
relatively small.
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Without the cross product term, the expression (60) can be
simplified

B=B.+B_Py(cos*(¥)) (61)

where

(62)
p+ =

1
(21717 + |F”|2)§(2L £ 1) =

1
5 [QbL(ZAu + AJ_”) + E?H(QPLHJ_ + A|||)]

and

2 > 2 (63)
ﬁ—zg(Fn - )UH A=Ay — A — b By - AL
Here we use notations
r Filw)A j(w)F; (w)dw (64)
AU = ——
rFf({u)Ff({u)dw
and
(65)

b, = ﬁ Fi(w)FF (w)do,

where i, je L, |. /\,; is the apparent diffusion coefficient along
axis | in PASC due to the diffusion encoding waveform 1.

If all compartments 1n a sample are 1dentical, the powder/
directional average, {e™"), is given by

(66)

\{_ A3
\/_

E=¢"

erf(V4),

where A=3/2_. The isotropic diffusivity (D), which in the
case of a single compartment corresponds to the mean
diffusivity (MD), is given by D=[_/b. Note that when the
two waveforms have identical spectral content, i.e. F, ()=
F||(w) then B,=bD and P_=73AbAD, where b=b+2b,,
D=(D+2D )/3, Ab=b~b, and AD=D—D,. Thus, varying
the shape of the di fusion encoding though Ab allows
quantifying diffusion anisotropy at zero frequency, D'®’(4).

Compartment anisotropy brings about a dispersion of
apparent diffusion coefficients, which will be affected also
by the effects of time-dependent diffusion through B_ in Eq.
(63). The second central moment of the apparent diffusion
distribution, due to compartment anisotropy, here denoted

V, (2, 4), 1s given by

i=3(5) =3(%)

(67)
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where

(68)

2 . 2
/8=§(F|| F)ULH Ay = oAy = Ap) — oAy — Au)] S

|
5 [zbJ_(QAJ_J_ + ALH) + b” (QAHL + AH ||)].

The powder average signal 1s thus given by

~exp(—bD+14b2V ,+ O [b]). (69)

For 1sotropic encoding with b=b =b/3 we have

| b
fﬂ — 6[2(2A —I—AJ_||)—|—2A|J_—|—A| ||]
1562 zb
B = Ay = Ay A =4,
1502 4 2
Vi® = o B = A A = Ay

and
for directional encoding with b, =0 and b=b, we have

% ita b
Py = 3 @A+ 4y,
. 2b
ﬁ{”ﬂ = ?[A” I —AL”] Hﬂd

V‘f”“im —A ).
I~ A

For purely 1sotropic diffusion without dispersion of 1sotropic
diffusivities, where A=A =A,, we have V=0,

IS0

b
v E(zf\m + Ajo)

and [3 +d":"=b9“0. Note that V,>0 only 1n the presence of
anisotropic restrictions/compartments. Most 1mportantly,
V ,77=0 for anisotropic restrictions only when diffusion
encoding is also spectrally isotropic, but V ,**?>0 for spec-
trally anisotropic encoding. Varying spectral anisotropy may
thus allow detecting time/frequency dependent diffusion

effects 1n anisotropic compartments. On the other hand, the
unbiased information about compartment anisotropy, 1.e. not
confounded by time/frequency dependent diffusion effects,
can be obtained if the diffusion encoding waveforms with
different shape of B=M'" are spectrally tuned, i.e. have
adequately similar mean spectral content. The different
waveforms that are used to generate B, may also be seli-
tuned, 1.e. have low spectral anisotropy.

Multiple Compartments

Consider powder-averaged signals from multiple compart-
ments, each characterized with an apparent 1sotropic diffu-
sivity D and an apparent diffusion variance due to smpe

anisotropy (anisotropic variance) V,. By “apparent”
mean that the values depend on the anisotropy of B and

temporal or spectral characteristics of the encoding wave-
forms. The total powder average signal 1s given by
E={ exp(—bD+15b?V ,+ O [63])) =exp(=b{ D)} +15b>V+
O,

(70)
where

v=vH{v,}. (71)
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The total variance V 1s given by the sum of the 1sotr0p1c:
variance V,=(D}—{D)~ and the average anisotropic vari-
ance { V) . Note that the V, comprises size dispersion effects
from both 1sotropic and anisotropic compartments. For
1sotropic encoding tensors B, which are also spectrally
isotropic, { V ;) =0. As we noted before, for spectrally aniso-
tropic encoding with isotropic B, a residual variance 1is
expected, so that (V) >0.

Specific Sensitivity to Time/Frequency Dependent Diffusion
in Anisotropic Compartments

To illustrate how spectral anisotropy can provide specific
sensitivity for detecting time/frequency dependent diffusion
effects 1n anisotropic compartments, the higher order terms
in Eq. (70), denoted with O [b’], need to be considered. For
the sake of argument, 1t should suffice to acknowledge that
the higher order cumulants in the remainder O are not
independent from the lower order cumulants.

Let us consider the difference 1n signal attenuation A In E
from a directional and 1sotropic diffusion encoding, where
all the waveforms have i1dentical spectral content (tuned to
each other and self-tuned, 1.e. no spectral anisotropy). The
attenunation difference 1s 1n this case given by

v.)+0 (D), v

where we have noted the dependence on the lower order
cumulants 1n the remainder. In other words, the remainder
entangles information about (D}, V, and (V,}. Now, let’s
consider a similar pair of directional and 1sotropic encoding
schemes, tuned to each other and spectrally 1sotropic, but
with different tlmmg parameters (T) compared to the first
pair of encoding, 1.e. with a different mean spectral content.
We can now consider the difference between the attenuation
differences for the first and the second encoding pair, A In
E(T,)—A In E(T;). Due to the remainder terms, the difference
1s modulated by the time dependence (time-dependent dii-
fusion) in { D) and V,. Thus the difference does not isolate
the time/frequency dependent effects in the anisotropic
compartment. To avoid this 1ssue and completely 1solate the
time dependence (time-dependent diffusion) of anisotropic
structures, we propose to vary spectral anisotropy.

Let us consider two 1sotropic encoding schemes with
different degrees of spectral anisotropy, e.g. spectrally aniso-
tropic and 1sotropic. The attenuation difference for these two
encoding schemes 1s given by

A In E=15b% Av., (72)

(73)

AINE™ = —b*(V ;) + O[b*, (D, V;, (OV,]

1
2

where we used

(V)

to denote the residual variance due to spectral anisotropy. In
this case we have not altered the mean spectral content but
only the spectral anisotropy, which 1s expected to affect only
the anisotropic compartments, thus only

(V1)

is affected and not { D} or V,. Consequently, also the remain-
der terms will only be affected by the time/frequency depen-
dent diffusion effects in the anisotropic compartments.
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EXAMPLE

FIG. 1 1llustrates dephasing waveforms and power spectra
for two diffusion encoding sequences and simulations of
corresponding attenuation curves. Inset Al shows scaled
dephasing vector waveforms for a first diffusion encoding
sequence, along two orthogonal directions (1.e. along the
eigenvectors of the corresponding B tensor), dotted line and
dashed line. Inset B1 shows the corresponding power spec-
tra for the waveforms. Inset A2 shows scaled dephasing
vector waveforms for a second diffusion encoding sequence,
along two orthogonal directions (1.e. along the eigenvectors
of the corresponding B tensor), dotted line and dashed lLine.
Inset B1 shows the corresponding power spectra for the
waveforms.

The first diffusion encoding sequence i1s 1n-plane spec-
trally 1sotropic (SA=0). This may be seen from the overlap-
ping power spectra in inset B1. The second diffusion encod-
Ing sequence 1s in-plane spectrally anisotropic (SA=0.68). In
inset B2 the power spectra are non-overlapping. The first
and the second diffusion sequences are however spectrally
tuned. Both schemes yield i1dentical B tensors as well as
traces of the m'* tensors.

Inset C shows the normalized signal attenuation at T=93
ms. The solid and dashed lines are from calculations with the
spectrally 1sotropic waveforms (Al, Bl) and spectrally
anisotropic waveforms (A2, B2), respectively. The markers
show results of Monte Carlo simulations for the spectrally
1sotropic wavetorms (circles, Al, B1) and for the spectrally
anisotropic waveforms (crosses, A2, B2). The signal attenu-
ation difference 1s observed only for time-dependent aniso-
troplc diffusion and not for time-dependent 1sotropic diffu-
S101.

Powder averaging in the calculation was applied upon
1000 uniformly distributed rotations. The diffusion spectrum
for restricted diffusion 1n an axially symmetric ellipsoidal
pore was approximated using D(®) for spherical geometry
with radn of 1 ym along two axes and 5 um along one axis.
The intrinsic diffusivity D,=10"" m“/s was used. The encod-
ing time t =21+t was logarithmically spaced in the range
0.05-625 ms. The mixing time was adjusted to t_=0.2 t_. In
addition, Monte Carlo simulations where performed with the
same geometry and intrinsic diffusivity using 5-10° walkers
and time-steps. Powder averaging in the simulation was
applied with 24 rotations with 10 linearly spaced diffusion
welghting steps 1n the range b=0-18-10" s/m”.

The results show that effects of tlme-dependent diffusion
in general multidimensional diffusion encoding (MDE)
experiments can be analyzed in the frequency domain. The
m or M tensors (which may be referred to as dephasing
moment tensors) provide additional characterization of
encoding waveforms 1n terms of their spectral content.
While the B tensor provides sensitivity to the long-time or
Gaussian diffusivity, the dephasing moment tensors provide
sensitivity to time-dependent diffusion. While varying
anisotropy of the B tensor gives contrast specific to the
long-time diffusion anisotropy, varying spectral anisotropy
yields contrast specific to time-dependent diffusion anisot-
ropy. In the present example with planar diffusion encoding,
the spectral anisotropy can be varied independently from the
mean spectral content. The resulting signal attenuation dii-
ference carries highly specific information, 1solating time-
dependent diffusion 1n anisotropic domains

Description of Embodiments

FIG. 2 1llustrates a general flow chart of a method of
performing diffusion weighted magnetic resonance mea-
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surements on a sample. The sample may for example be a
biological sample including water, such as brain tissue or
biopsy samples ol (suspensions) of any organs cell. The
method however has a more general applicability and may
be used for analyzing also other types of samples, such as
rocks. More generally, the sample 1ncludes a nuclear spin
system whose properties may be measured by nuclear mag-
netic resonance techmaques.

To facilitate understanding of the method, reference waill
in the following be made to the attenuated echo signal from
a single voxel, 1.e. a single spatial channel (in the case of an
MRI method) or a single frequency channel (in the case of
NMR method). As 1s well-known 1n the art, this resolution
may be achieved by applying a further magnetic gradient to
the sample during the encoding sequence (e.g. an 1maging
gradient 1in the case of an MRI method). To identify/isolate
the echo signal component from the partial volume of the
sample corresponding to the voxel, the measurement signals
from the sample may be subjected to a Fast Fourier Trans-
form as 1s well-known 1n the art, thereby transforming the
spectral components of each echo signal from the sample
into a plurality of spatial or frequency regions of the sample.

As 1s well-known 1n the art the spatial resolution of an
NMR spectrometer or MRI device 1s limited by inter alia the
strength of the magnetic field, the magnitude of the gradient
pulse sequence applied to the sample and the slew rate.
Accordingly, an echo signal for a voxel will typically
include contributions from a plurality microscopic compart-
ments within the partial volume of the sample corresponding
to the voxel.

The method may be performed using a state-oi-the-art
NMR spectrometer or MRI device. As 1s well-known 1n the
art, such devices may include a controller for controlling the
operation ol the device, inter alia the generation of the
magnetic gradient pulse sequences, the acquisition of signals
as well as sampling and digitizing the acquired signals for
forming data representing the acquired signals (i.e. the
measured signals). The controller may be implemented on
one or more processors ol the MRI device wherein the
generation of the relaxation encoding sequences and the
magnetic gradient pulse sequences may be implemented
using software instructions which may be stored on a
computer readable media (e.g. on a non-transitory computer
readable storage medium) and be executed by the one or
more processors of the device. The software instructions
may for example be stored 1n a program/control section of
a memory ol the device, to which the one or more processors
of the device has access. It 15 however also possible that,
instead of using software instructions, the controller method
may be implemented 1n the form of dedicated circuitry of the
device/computer such as 1n one or more integrated circuits,
in one or more application-specific integrated circuits
(ASICs) or field-programmable gate arrays (FPGAs), to
name a few examples.

Data representing the acquired signals may be stored 1n a
data memory of the device, or of a computer or the like
which may be connected to the device.

Data processing may be performed by a processing
device. The operations may be implemented 1n a set of
soltware 1nstructions which may be stored or embodied on
a non-transitory computer readable media and be executed
by the processing device. For instance, the software mstruc-
tions may be stored 1 a program/control section of a
memory of the NMR spectrometer/MRI device and executed
by one or more processor units of the spectrometer/device.
However, it 1s equally possible to carry out the calculations
on a device which 1s separate from the NMR spectrometer
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or MRI device, for example on a computer. The device and
the computer may for example be arranged to communicate
via a communication network such as a LAN/WLAN or via
some other serial or parallel communication interface. It
should further be noted that, instead of using software
instructions, the data processing may be implemented 1n a
processing device 1n the form of dedicated circuitry of the
device/computer such as 1n one or more integrated circuits,
in one or more ASICS or FPGAs, to name a few examples.

With reference to FIG. 2, the method comprises perform-
ing diffusion weighted magnetic resonance measurements
on the sample (step 702-1 through 702-n). The NMR/MRI
device may generate diflusion encoding sequences and
acquire the resulting signal attenuations. Each measurement
may include an encoding block, followed by a detection
block. The encoding block may include an RF-sequence and
a diflusion encoding magnetic gradient sequence. For the
purpose of acquiring echo signals, each diflusion encoding
magnetic gradient pulse sequence may be supplemented
with one or imaging magnetic gradients and optionally
magnetic gradient correction gradients, as 1s well-known 1n
the art.

An example of a pulse sequence comprising a block with
relaxation and diffusion encoding preceding a block with
signal detection 1s illustrated 1 FIG. 3a and a specific
implementation 1in FIG. 3b. Accordingly, FIG. 3a shows an
encoding block which modulates the echo signal according
to the values of the relaxation rates and the diffusion
encoding magnetic gradient sequence, and a detection block
where the echo signal 1s read out (e.g. as a spectrum or an
image). FI1G. 3b 1llustrates a pulse sequence with 90° and
180° RF pulses (narrow and broad vertical lines), modulated
gradients 1n three orthogonal directions (solid, dashed, and
dotted lines), and detected signal (thick solid line). The
signal 1s modulated by longitudinal recovery, transverse
relaxation, and diffusion.

Starting from an imtial state with complex transverse
magnetization mxy equal to zero, the first 90° RF pulse tlips
the longitudinal magnetization mz 1nto the transverse plane.
During the time-delay with duration 7T,, the longitudinal
magnetization recovers towards the thermal equilibrium
value m, with the longitudinal relaxation rate R1 . The
second 90° pulse flips the recovered magnetization into the
transverse plane where 1t decays towards zero with the
transverse relaxation rate R1 for a time period T, before 1t 1s
detected. During the T, period, a time-dependent magnetic
field gradient 1s applied.

Generally, both spin echo encodings and stimulated echo
encodings may be used. In either case the RF signal
sequence may encode for attenuation due to only longitu-
dinal, only transverse relaxation or both longitudinal and
transverse relaxation. One example sequence may include a
single 90° pulse and a single 180° pulse. The timing of the
gradient pulse sequence 1n relation to the 180° pulse may be
varted. For instance the gradient pulse sequence may be
performed prior to or subsequent to the 180° pulse. Several
such sequences may be repeated before acquisition/detec-
tion. Examples of stimulated echo sequences may include a
first 90° pulse, a second 90° pulse and a third 90° pulse. The
gradient pulse sequence may be performed between the first
and the second 90° pulses, and/or subsequent to the third 90°
pulse (1.e. before the detection block). These examples
sequences are however merely provided as illustrative
examples and other sequences are also possible. Preferably,
a same RF signal sequence 1s used 1n all of the plurality of
measurements, 1.e. of all measurements of the first, the
second and the third set.
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The method may comprise performing a first measure-
ment 702-1 with a first diffusion encoding sequence having
a first diflusion weighting tensor representation B, with at
least two non-zero eigenvalues. The method may comprise
performing a second measurement 702-2 with a second
diffusion encoding sequence having a second diffusion
weighting tensor representation B, with at least two non-
zero eigenvalues. The first tensor representation B, and the
second tensor representation B, may have a same number of
non-zero eigenvalues. Moreover, the eigenvalues of the first
tensor representation B, may match the eigenvalues of the
second tensor representation B, (for instance difler by 10%
or less, or even be equal, at least substantially equal such as
differ by 1% or less). Moreover, the first and the second
diffusion encoding sequences may be configured to present
a matching average spectral content, and to present a dii-
terent degree of spectral amisotropy, as defined 1n the above.

An example of two such diflusion encoding sequences 1s
shown mm FIG. 1. In FIG. 1 the sequences are planar
encoding sequences. 1.e. having tensor representations with
exactly two non-zero eigenvalues. It 1s however also pos-
sible to generate 3D diffusion encoding sequences, 1.e.
having tensor representations with exactly three non-zero
eigenvalues. Diflusion encoding sequences may be designed
using the above described numerical approach. Additionally
or alternatively, diflusion encoding sequences may be
designed emploving the test cases described above. An
iterative approach may be applied where, in case the test
cases are not met with an mnitial design of the diffusion
encoding sequences, one or more parameters of one or more
of the diffusion encoding sequences may be altered. A new
test may then be performed using the modified diflusion
encoding sequences. Iterations may be performed until the
test cases are met. For the purpose of the testing, the b-value
of the first and second diffusion encoding sequence may be
any single value in the range of 1*107-4*10” s/m~. Although,
the test case as set out above refers to spherical compart-
ments and cylindrical compartments of a 5 um diameter 1t 1s
also possible to use another diameter such as anywhere 1n
the range of 5-15 um. Compartment diameters in this range
would also allow testing whether two diffusion encoding
sequences meet the requirements of spectral matching and
different degrees of spectral anisotropy.

The detection block of each measurement may include
detecting the echo signal following the encoding block. The
signal resulting from the plurality of measurements may be
acquired and recorded as data. The echo signal may be
sampled and digitized to form the data. The data may be
stored for further data processing. The data may for instance
be stored 1n a data memory of the device, or of a computer
or the like which may be connected to the device.

The measurements may be powder averaged wherein each
of the first and the second measurement may be repeated for
a number of different measurement directions, preferably a
plurality of directions. A first average signal attenuation may
be calculated as an average of the signal attenuations result-
ing from the application of the first diffusion encoding
sequence, for each measurement direction. Correspondingly
a second average signal attenuation may be calculated as an
average of the signal attenuations resulting from the appli-
cation of the second diffusion encoding sequence, for each
measurement direction.

In step 704 of the method, the processing device may
generate an output based on the measured first (optionally
averaged) and second (optionally averaged) signal attenua-
tions resulting from the magnetic resonance measurements

702-1 and 702-2. The output may for instance be based on
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a difference between the first and second signal attenuations
or a ratio of the first and second signal attenuations. The
processing device may generate a corresponding output
based on signal attenuations measured for each one of a
plurality of voxels within a region of interest of the sample.
The processing device may generate an output 1n the form of
a digital image including an indication of voxels for which
a signal attenuation acquired 1n the first measurement diflers
from a signal attenuation acquired 1n the second measure-
ment by more than a threshold value. For instance, voxels
where the first measurement ditfers from a signal attenuation
acquired 1n the second measurement may be highlighted
with an increased brightness, a deviating color, a bounding
box and/or some other graphical element.

Although 1n the above, reference 1s made to a first and a
second measurement with a first and a second diffusion
encoding sequence, respectively, i1t should be noted that the
method may include further measurements, such as a third
measurement with a third diflusion encoding sequence. The
third diflusion encoding sequence may have a second dif-
fusion weighting tensor representation B, with at least two
non-zero eigenvalues. The tensor representation B, may
have a same number of non-zero eigenvalues as the tensor
representations B, and B,. Moreover, the eigenvalues of the
third tensor representatlon B, may match the eigenvalues of
the tensor representations B and B,. Moreover, the third
diffusion encoding sequences may be configured to present
an average spectral content matching the average spectral
content of the first diffusion encoding sequence and the
average spectral content of the second diffusion encoding
sequence, and to present a degree of spectral anisotropy
which differs from the degree of spectral anisotropy of the
first diffusion encoding sequences and from the degree of
spectral anisotropy of the second diffusion encoding
sequences.

With reference to FIG. 2, step 702-1 of the method may
alternatively include performing a first set ol measurement
performed with diffusion encoding sequences with different
diffusion encoding strengths (b-values) and matching aver-
age spectral content and matching degree of spectral anisot-
ropy. Correspondingly. step 702-2 may include performmg
a second set of measurement performed with diffusion
encoding sequences with different diffusion encoding
strengths and matching average spectral content and match-
ing degree of spectral anisotropy. The diffusion encoding
sequences of each one of the first set and the second set may
have a respective tensor representation, the number of
non-zero eigenvalues ol the tensor representations for the
respective diffusion encoding sequences of the first and
second set being equal.

The detection block may include acquisition of a first set
of signal attenuations and recording of a first data set
representing the first set of acquired signal attenuations. The
detection block may correspondingly include acquisition of
a second set of signal attenuations and recording of a second
data set representing the second set of acquired signal
attenuations. Optionally, each measurement of each set may
be powder averaged 1n a corresponding manner as set out
above.

In step 704 of the method, the processing device may
accordingly fit a function to the first data set representing the
first set of (optionally averaged) signal attenuations to
estimate a first signal attenuation curve E(b). The processing
device may further fit the function to the second data set
representing the second set of (optionally averaged) signal
attenuations to estimate a second signal attenuation curve

E(b). Any fitting function including the parameters relating
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to the components of the diffusion spectrum D(w) or the
eigen-modes A (w) or A,2(0), i.e. the n-th derivative of
M. (m) at zero Trequency (Eq. 40) or the eflective confinement
tensor p~ (Eqgs. 52-56). The processing device may accord-
ingly generate an output based on at least one parameter of 5

t
t

ne first fitting and the second fitting. Analogous to the above
ne processing device may generate a corresponding output

based on signal attenuations measured for each one of a
plurality of voxels within a region of interest of the sample.

In the above the mnventive concept has mainly been

described with reference to a limited number of examples.
However, as 1s readily appreciated by a person skilled 1n the
art, other examples than the ones disclosed above are equally
possible within the scope of the inventive concept, as
defined by the appended claims.
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The invention claimed 1s:
1. A method of performing diffusion weighted magnetic

resonance measurements on a sample, the method compris-
ng:

performing diffusion weighted magnetic resonance mea-
surements on the sample,

wherein said measurements icludes:

a first measurement with a first diffusion encoding
sequence having a first diflusion weighting tensor rep-
resentation B, with at least two non-zero eigenvalues,

a second measurement with a second diffusion encoding
sequence having a second diflusion weighting tensor
representation B, with at least two non-zero eigenval-
ues,

wherein the first tensor representation B, and the second
tensor representation B,have a same number of non-
zero eigenvalues, the eigenvalues of the first tensor
representation B, matching the eigenvalues of the sec-
ond tensor representation B,, and
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wherein the first and the second diffusion encoding
sequences are configured to present a matching average
spectral content, and to present a different degree of
spectral anisotropy.

2. Amethod according to claim 1, wherein the first and the

second diffusion encoding sequences are configured such
that had:

a third diffusion encoding sequence, having a normalized
dephasing vector representation F, matching a first
normalized dephasing vector representation F, of the
first diffusion encoding sequence and having a non-zero
diffusion encoding strength, been applied to a first test
sample consisting of a collection of spherical compart-
ments of a 5 um diameter, and

a fourth diffusion encoding sequence, having a normal-
1zed dephasing vector representation F, matching a
second normalized dephasing vector representation F,
of the second diflusion encoding sequence and having
said non-zero diffusion encoding strength, been applied
to said first test sample,

a signal attenuation resulting from the third diffusion
encoding sequence would match a signal attenuation
resulting from the fourth diffusion encoding sequence;

and such that had:

the third diffusion encoding sequence been applied to a
second test sample consisting of a collection of cylin-
drical compartments of a 5 um diameter with a uniform
orientation dispersion, and

the fourth diffusion encoding sequence been applied to
said second test sample,

a signal attenuation resulting from the third diffusion
encoding sequence would differ from a signal attenu-
ation resulting from the fourth diffusion encoding
sequence.

3. A method according to claim 1, wheremn said first

e

.

measurement includes acquiring a first signal attenuation,
and said second of measurement includes acquiring a second
signal attenuation.

4. A method according to claim 1, wherein said measure-
ments include:

a first set of measurements including said first measure-
ment and a plurality of additional measurements per-
formed with said first diffusion encoding sequence
applied to the sample with different rotations with
respect to a measurement frame of reference,

a second set of measurements including said second
measurement and a plurality of additional measure-
ments performed with said second diffusion encoding
sequence applied to the sample with different rotations
with respect to the measurement frame of reference.

5. A method according to claim 4, wherein:

cach measurement of said first set of measurements
includes acquiring a respective signal attenuation and
the method comprises determining a first average signal
attenuation based on said respective signal attenua-
tions, and

cach measurement of said second set of measurements
includes acquiring a respective signal attenuation and
the method comprises determiming a second average
signal attenuation based on said respective signal
attenuations.

6. A method according to claim 1, further comprising:

generating an output indicative of a difference between
first and second signal attenuations or between first and
second average signal attenuations.

7. Amethod according to claim 1, wherein said first tensor

representation has three matching non-zero eigenvalues.
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8. A method according to claim 1, wherein said second
tensor representation has three matching non-zero eigenval-
ues.

9. A method according to claim 1, wherein performing
said measurements includes, measuring a respective signal
attenuation resulting from each one of said measurements,
from each one of a plurality of voxels within a region of
interest of the sample.

10. A method according to claim 1, further comprising
generating an output including an indication of voxels for
which a signal attenuation acquired 1n the first measurement
differs from a signal attenuation acquired in the second
measurement.

11. A method of performing diffusion weighted magnetic
resonance measurements on a sample, the method compris-
Ing:

performing diffusion weighted magnetic resonance mea-
surements on the sample,

wherein said measurements includes:

a first set of measurement performed with diffusion
encoding sequences with different diffusion encoding
strengths and matching average spectral content and
matching degree of spectral anisotropy,

a second set of measurement performed with diffusion
encoding sequences with different diffusion encoding
strengths and matching average spectral content and
matching degree of spectral anisotropy,

wherein the degree of spectral anisotropy of the diffusion
encoding sequences of the first set differs from the
degree of spectral anisotropy of the diffusion encoding
sequences of the second set.

12. A method according to claam 11, further comprising:

fitting a first function to a first data set representing said
first set of measurements to estimate a first signal
attenuation curve, and

fitting a second function to a second data set representing
said second set of measurements to estimate a second
signal attenuation curve.

13. A method according to claim 12, further comprising
generating an output based on at least one parameter of the
first function and at least one parameter of the second
function.

14. A method according to claim 11, wherein the diffusion
encoding sequences of each one of the first set and the
second set have a respective tensor representation, wherein
a number of non-zero eigenvalues of the tensor representa-
tions are equal.

15. A method according to claim 11, wherein the average
spectral content of each of the diffusion encoding sequences
of the first set matches the average spectral content of each
of the diffusion encoding sequences of the second set.

16. A method of performing diffusion weighted magnetic
resonance measurements on a sample comprising partial
volumes having different diffusion characteristics, and
extracting information relating to the different diffusion
characteristics and microscopic structures of the sample, the
method comprising:

performing on the sample a first diffusion weighted mag-
netic resonance measurement with a first diffusion
encoding sequence having a first diffusion weighting
fensor representation B, with at least two non-zero
eigenvalues, and acquiring a first signal attenuation,

performing on the sample a second diffusion weighted
magnetic resonance measurement with a second diffu-
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sion encoding sequence having a second diffusion
weighting tensor representation B, with at least two
non-zero eigenvalues, and acquiring a second signal
attenuarion,

wherein the first tensor representation B, and the second
tensor representation B, have a same number of non-
zero eigenvalues,

wherein for the first diffusion encoding sequence,
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where n is a positive real number and u'’ denotes eigen-
values of a tensor m"™ with elements

m?):rﬁf(w)ﬁ;(w)lwlﬁdw,

—

where F{®) and F;*(®) are i"* and j" components of a
normalized dephasing vector, respectively, of a normalized
dephasing spectrum F(®) representation of the first diffusion
encoding sequence, and

for the second diffusion encoding sequence,
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where n is a positive real number and u' denotes eigen-
values of a tensor m"™ with elements

m?):rﬁf(w)ﬁ;({u)lwlﬂdw,

—

where F(®) and F . K w) are " and j" eigenvector, respec-
tively, of a normelzzed dephasing spectrum F(®) represen-
tation of the second diffusion encoding sequence;
wherein the first and the second diffusion encoding
sequences are configured to:
present a matching average spectral content in a sense
that the {u"™) calculated for the first diffusion encoding
sequence matches the { ™) calculated for the second
diffusion encoding sequence, and
to present a different degree of spectral anisotropy in a
sense that the SAY" calculated for the first diffusion
encoding sequence differs from the SAY calculated for
the second diffusion encoding sequence; and
generating an output indicative of a difference between
the first and second signal attenuations.
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