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Abstract: The human cardiovascular system 1s a complex architecture consisting of an uncountable number
of muscular fibers. This architecture 1s orderly arranged. Most of the cardiovascular diseases affect the
microstructural normal histology and thereby its regularity (e.g., Hypertrophic cardiomyopathy, myocarditis,
etc.). Diffusion-weighted imaging 1s a neuroradiclogical method to image the early neural histopathological
changes 1n cerebrovascular accidents non-mvasively. It can be employed on the other highly organized tissues
like the myocardium. Cardiac Diffusion Tensor Imaging (DTT) 1s a novel and promising method for investigating
the myocardial fibrous structure non-invasively. DTT measures the magnitude of diffusivity and provides the
information regarding the myocardial fibers’orientations in space. This study reviews the precise definition of
the diffusion phenomenon from biological and physical pomnts of view and then explains the cardiac
diffusion-weighted and diffusion tensor imaging methods. It also mtroduces the practical maps and mdices to
interpret the myocardial microstructures correctly and then reviews the cardiac diffusion imaging’s clinical
applications briefly. Finally, a concise discussion of the cardiac diffusion tensor imaging’s drawbacks and
limitations is held to pave the road for other researchers and investigators.
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INTRODUCTION

Magnetic Resonance Tmaging (MRI) is a critical
imaging tool in cardiovascular sciences. In contrast with
the other imaging modalities, MRI benefits from a variety
of weighting mechanisms (T1, T2, etc.). Diffusion
Weighted Imaging (DWI) 15 one of the most recently
developed methods in MRI. Tt measures the water
molecules' average diffusivity in a voxel. DWI provides
Diffusion-Weighted (DW) contrast. Many pathologic
conditions change the tissues’ microstructural
compositions and alter their harmonic cell’s arrays. The
histological alteration results in diffusion pattern changes.
For instance, the water molecules” diffusivity becomes
restricted in the case of cellular swelling. As a result,
diffusion weighted imaging is a potentially powerful
probe to roughly characterize the histopathology if
measured precisely. Since, the mntroduction of the DWI in
1985 (I.e Bihan et ol , 1986) novel modifications have been
made to extend owr ability to study the tissues’
microstructures. One of these developments 15 the
Diffusion Tensor Imaging (DTI). DTI provides reliable
information about the tissues’ microstructural diffusion

patterns and orientations. In the regions with fiber
crossing, kissing and curving, DTI shows a limited
potential to image the fibers' orientations accurately, thus,
more sophisticated techniques like Q-Ball imaging are
introduced (Basser ef al., 1994, Conturo et al., 1999,
Mori et ai., 1999, Basser et al., 2000).

Cardiac MRI 1s facing a revolution, the revolution of
diffusion 1maging. Cardiac Diffusion Tensor Imaging
{cDTI) has emerged recently and 1s under investigations.
¢DTI gives useful information about the myocardial
fibers® spatial orientations and their correlations with the
different electrocardiographic systolic and diastolic
phases (McGill et af, 2016). It allows clinicians to
diagnose recent Myocardial Infarctions (MIs) and
differentiate it from chronic ones in patients with severe
renal dysfunctions, who are contraindicated to gadolinium
iyjection (Laissy er af., 2013). It 1s a great unaging
modality to characterize different pericardial lesions and
helps to its differential diagnosis in a great extent
(Raja et al., 2011; Ozmen et al., 2015).

Cardiac Diffusion Weighted Imaging (¢cDWI) is an
almost new technique that seems to have a great potential
to change the practice of cardiac imaging. In this study, a
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thorough review of the diffusion phenomenon,
diffusion-weighted imaging, diffusion tensor imaging,
cardiac diffusion MRI methodologies, practical DTI
mterpretative indices and ¢DTI's climical applications are
provided. Finally, a comprehensive discussion about the
cardiac diffusion imaging drawbacks and limitations is

opened up.
MATERIALS AND METHODS

In our research, we queried the keywords of
“Diffusion Weighted Imaging, Cardiac MRI, Cardiac
Diffusion Imaging, Cardiac Diffusion tensor Imaging,
Cardiac Tractography, Cardiac Q-ball Imaging” in all the
PubMed/ScienceDirect/ISI  indexed  journals  and
abstracted our finding as.

Diffusion: from Biology to mathematical modeling: In
1827, a Scottish botamst called Robert Brown observed
the random motion of suspended particles mn a type of
fluid for the first time. He was investigating the tiny pollen
grains of the Clarkia pulchella species under the
microscope and incredibly observed that those pollen
gramns were moving randomly under the microscope. He
was intrigued by those movements but was not able to
determine the mechanisms underlying it. So, he examined
alive and dead pollen grams from other species to
mvestigate its occurrence in other ones. Fially, he
observed the same random movements in all of his
samples. Now a days, we know that the motion that
Brown observed 1s not arising from the “essence of life”
as he proved it but 1s due to the bombardment of pollen
grains by the gas or liquid molecules at different thermal
energy states. The random molecular motion 1s sometimes
called the Brownian motion or simply as diffusion. The
probe of diffusion is the main goal of DTL. Diffusion is an
essential physical process in the normal functioning living
tissues; For instance, the active potential. The active
potential 13 the transport of sodium and potassium 1ons
through the cellular membrane. The active potential 1s
founded on the diffusion and is the primary way of
muscular contraction transfer along the myocardial fibers.
Studying diffusion provides deep insights into the both
cell physiology and cell structure (Gillard ef al., 2005; Hall
and Guyton 2011).

Diffusion is a phenomenon at the molecular level. Tt
is described by the transfers of molecules (e.g., water
molecules) from one location to the others during a perioed
of time. It 1s random and can occur m every direction. The
laws of diffusion were described by Fick (1855) for the
first time. The Fick’s first law of diffusion states that the
diffusion flux density is linearly proportional to the

375

concentration gradients (Eq. 1) and his second law of
diffusion predicts how diffusion makes the molecular
concentration change over time (Eq. 2):
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Where:

J = The “diffusion flux density” (mol m— s)

D = The “diffusion ceefficient” (m® s ™)

¢ = The “molecular concentration” (mol m™)

x = The “length” (m)

t = The “time” (sec)

Based on the Fick’s first law of diffusion, the
constant of proportionality 18 equal to the diffusion
coelficient. Therefore, the diffusion coefficient can be
estimated by measuring the sample’s concentration over
time (Fick, 1855; Gillard ez al., 2005).

In 1905, Albert Einstein introduced a formula in the
three-dimensional space that explains the mean molecular
displacement as a function of time. Finstein stated that the
molecular displacement was directly proportional to a
constant that changes in every type of material. For
instance, this constant is changed by the material’s
viscosity. He named this constant “diffusivity”. Based on
the Emstein’s equation of diffusion (Eq. 3), Diffusivity (D)
15 proportional to the mean squared molecular
displacement (r*) divided by the number of measuring
dimensions (n) and the measring time (t). The pure water's
diffusion coefficient is roughly 2.0x107 m?® s~ at 20°C
and increases at higher temperatures (Einstein, 1956;
Gillard et al., 2005; Alexander et al., 2007):

3

Equation 3 scale 13 metric. In the absence of
boundaries, the free water molecular displacement is
described by Gaussian  probability
density/distribution function as expressed as below
(Eq. 9 (Alexander et al., 2007):

)

Based on Eq. 4, the water molecules' concentration
lowers in space by the passage of time (t). The

a univariate
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distance moved by each molecule increases over time
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Fig. 1: Represents two-dimensional water molecules'
displacement probability as a function of time.
Initially, The molecular concentration is compact
(T,) but its concentration decreases over tome (T,
and T,). The molecular average displacement is
higher in T, than in T,. This illustration is a
graphical explanation of the Einstein's equation of
diffusion

(Fig. 1). Surprisingly, the Gaussian diffusion probability
density/distribution function 1s not true for most of the
living tissues’ microstructures, especially m the regions
with fiber crossing, kissing and curving. (Tuch ef al,
2002; Berman ef al., 2013).

In biological tissues, the water molecule’s diffusion
occurs inside, outside and through cellular membranes. Tt
occurs even inside of an organelle but its magnitude is
not comparable with the extracellular space diffusion.
Water Brownian motion is primarily due to the random
thermal and molecular kinetic energies fluctuations. The
different kinetic energy levels lead to the process of
diffusion. The diffusion does not occur freely in living
tissues and 1s further modulated by aqua-phobic cellular
and sub-cellular membranes. Cellular membranes are
hydrophobic and hinder the water molecules” diffusion
perpendicular to them, causing the molecules to displace
in a more tortuous path along them. Restriction always
results in a decrease in the apparent diffusion coefficient.
Both the cytotoxic edema and hypercellularity may
decrease the water molecular diffusivity. Conversely,
necrosis decreases the tortuosity and increases the
apparent diffusion coefficients (L.e Bihan, 1995;
Moritani et al., 2005; Alexander et al., 2007). The water
diffusion 1s relatively unhindered in the directions parallel
to the fiber orientations in an orgamzed tissue. In
contrast, it 1s highly restricted mn the perpendicular
directions to them. Thus, the diffusion 13 amsotropic in
highly orgamzed tissues like myocardium. Amsotropic
diffusion means that the mean molecular displacement 1s
not equal in every direction and is lower or higher in at
least one dimension (Fig. 2) (Chenevert et al., 1990;
Moseley et al., 1990; Gillard et al., 2005).
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Fig. 2: Represents the principal diffusion direction along
the myocardial fibers schematically. The water
diffusion 1s relatively unhindered mn the directions
parallel to the fiber orentations m a lghly
organized tissue like myocardium. Tn contrast, it is
highly restricted in the perpendicular directions to
the myocardial fibers. Therefore, the diffusion is
assumed anisotropic in the myocardial tissue

The
distribution model 1s usually used to measure the tissues’
diffusivities unidimensionally (in one direction), but it is

univariate Gaussian  probability  density

not a good model to characterize it in a multidimensional
space. For this reason, Basser et al introduced a diffusion
tensor model to describe the anisotropic diffusion
behavioer. In their model, the water diffusion was
described by a multivariate normal distribution function
(Basser et al., 1994a, b, Alexander et ai., 2007):

Iry-la=
P(ArAt)= 1 o ATD AT (5)
Jlamaty|p] | At
Where |P| is a 3x3 covariance diffusion tensor

(Basser et al., 1994a, b; Alexander et ai., 2007):

Dxx ny sz
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=

The diffusion tensor matrix 18 a symmetric square
matrix with 9 elements. The diffusion tensor matrix
the diffusion displacements
(normalized by the diffusion time) in three-dimensional

describes covarlance
space. The diagonal elements (D, D, D,,) correspend to
the diffusivities along the three Cartesian orthogonal axes
(x,y,7). It is essential to realize that the diffusion tensor’s
off-diagonal elements do not represent diffusivities
through themselves. For example, the element D, is not
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Anisotropic difusion

sotropic diffusion

Fig. 3: Represents the isotopic (A) versus anisotropic (B)
diffusion models. Diffusion 1s considered to be
isotropic when the eigenvalues are nearly equal
(e.g., A~ A;~A;). Conversely, the diffusion tensor
1s called to be amsotropic when the eigenvalues
are significantly different in magnitude (4,>4,>4,)

the diffusivity in the xy direction. The off-diagonal
elements reflect the correlation between two orthogonal
diffusivities. For obtaining tissues’ diffusion nformation
(such as the magnitude and the diffusion direction), a
mathematical operation called diagonalization should be
performed on the diffusion tensor. Diagonalization
changes all the diagonal and off-diagonal diffusivities and
provides new quantities called eigenvectors (g, €, £;) and
eigenvalues (4;, A, A;). FEigenvectors represent the
principal diffusion directions relative to the standard
Cartesian orthogonal axes and Eigenvalues describe the
apparent diffusivities along those directions. Diffusion
tensor might be visualized by an ellipsoid. The ellipsoid’s
size and orientation are determined by the eigenvalues
and eigenvectors. Diffusion 1s considered to be isotropic
when all the eigenvalues are nearly equal (A,~A,~A;).
Conversely, the diffusion is called to be anisotropic when
the eigenvalues are significantly different with each other
(A=A>4;) (Fig. 3). Higenvalues may be affected by any
histopathological changes in the
microstructures. Therefore, the diffusion tensor is a

local tissues’
sensitive probe for characterizing both the normal and
diseased tissues from each other (Gillard et al, 2003,
Alexander ef al., 2007).

In most of the living tissues, the diffusion model is
anisotropic rather than isotropic (especially i the
myocardium ) and there is more than one fiber orientation
m each voxel (Gillard ef al., 2005; Alexander et al., 2007).
Those regions usually have a pancake-shaped ellipsoid
and contain crossing, kissing or curving fibers. In those
regions, none of the um-or multi-variate Gaussian
probability  density/distribution
characterize the diffusion magnitudes and orientations
correctly. Consequently, there is a need for a more

models cannot
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complex model to characterize diffusion. In the recent
years, directly measurement of diffusion anisotropy has
become quite popular since it overcomes the Gaussian
probability density/distribution models' limitations and
can map voxels’ fibers’ orientations
(Tuch et al., 2002; Mori and Tournier, 2013).

precisely

Diffusion imaging

MRI basics: Magnetic Resonance Imaging (MRI) 15 a
medical imaging modality in medicine. MRI’s scanner is a
very large magnet, using radiofrequency waves and
powerful magnetic field gradients to image different parts
of the body. There are different types of chemical
elements in the human body. The most abundant element
is hydrogen or more precisely Protium. Protium consists
of a proton and electron. Its atomic munber 1s one and its
nucleus is electrically positive. The Protium nucleus has
a rotation around its main longitudinal axis thus, based on
the Faraday’s law of mduction, it produces a tiny
magnetic field around itself. Tn fact, all the Protium nuclei
are tny magnets. The Protium nuclei’s distribution and
alignment are random out of an external strong magnetic
field. In the existence of an external magnetic field, the
Protium nuclei experience two different types of motion,
the spin alignment and precessional rotation. When the
human body 1s placed inside the MRI's scamner, the
Protium nuclei redistribute themselves to become aligned
with the MRI scarmer’s magnetic field lines. They become
either parallel or anti-parallel to it, i.e., they realign towards
either the patient’s head or feet, with approximately 50%
going either way and effectively canceling each other out.
About 0.0001-0.0002%
unmatched and would not be canceled out; consecuently,
they create a Net Magnetization Vector (NMV) in the
human body. When the body 1s positioned in the MRI’s
scanner, the Protium nuclei experience a precessional
rotation around the main magnetic field lines too. The

of Protium nuclei  remain

rotatton has a frequency and is called the Larmor
frequency. The Protium nuclei’s Larmor frequency is
42.58 MHz per tesla.

While the human body is inside the MRI’s scanner,
a set of specific Radio Frequency (RF) pulse (B,) with the
Protium nuclei’s Larmor frequency is applied to the
interested body part. As a result, the NMV absorbs the
RF pulse energy and flips from its original alignment along
the z-axis. The angulation is called “Flip Angle” or (FA).
When the RF pulse s ceased, the net magnetization
vector returns to its original equilibrium energy state and
induces some signals into the RF coil. The RF coil sends
the signal to a computer and a mathematical operation
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called Inverse Fourier Transformation (TFT) is performed
on the raw signals. TFT converts the original signal and
data series (k-space) into an mterpretable image for
clinicians. Tt is important to note that, a series of the
gradient magnets switch on and off during RF pulse
transmission and create the magnetic field gradients. The
magnetic field gradients change the main magnetic field at
a predefined slope and allow sectional images to be
acquired (Hashemi and Lisanti, 2010).

The induced MRI signals decay over time. The
signal’s deterioration is usually analyzed in terms of two
relaxation phenomenon, the longitudinal relaxation (T1)
and the transverse relaxation (T2). Both the longitudinal
and transverse relaxation phenomena have their own time
constants, T1 and T2 relaxation time, respectively.
Longitudinal relaxation is responsible for the induced
signal’s amplitude and the other one, T2 is responsible for
the signal’s broadening and decay over time (Lee et al.,
2003).

T1 relaxation time: The T1 relaxation phenomenon is the
NMV's longitudinal component’s (M,) retun to its
original thermal equilibrium value (M, , ,) post-excitation.
If the NMV was flipped mto the transverse plane, the T1
relaxation phenomenon could simply be defined by the

|

It can be inferred that the T1 relaxation time is the
required time for M, to recover to the 63% of its primary

equation below as a function of time (t):

-t
1-e™

M, (t) —M(Z’E’q)( (7)

original value after the 90° RF pulse excitation and cease
(Lee et al., 2005).

T2 relaxation time: In an external magnetic field, the
Protium nuclei experience the Larmor precession too. The
Larmor precession is the main source of spin incoherence
in a small tissue volume. When the hydrogen nuclei are
exposed to an external RF pulse, they overcome their
incoherence and become rephased with each other; thus,
creating a magnetization along the transverse (xy) plane.
The transverse relaxation phenomenon can be expressed
as the decay of the nucleir maximum coherence after the
RF pulse cease. When the RF pulse 1s ceased, the
hydrogen nuclei gain their initial incoherence again and
the transverse disappears steadily. The T2 relaxation
phenomen on can be defined as a function of time (t)
(Lee, et al., 2005):
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It can be mferred that the T2 relaxation time 1s the
required time for transverse magnetization (M, ) to drop
to 37% of its mitial original magnitude after the RF
excitation pulse exposure (Lee ef al., 2005). The Nuclear
Magnetic Resonance (NMR) concept was introduced by
Isidor Isaac (Rabi et al, 1938). In 1946 Felix Bloch
expanded the NMR techniques and defined some
equations that were used to calculate the nuclear
magnetization M = (M, M_ M, ) as a function of time and
T1/T2 relaxation phenomena (Bloch, 1946). Up to the year
of 1956, T1 and T2 relaxations were two golden physical
phenomena to analyze and characterize the compositions

M, (1) =M ®)

=Y

of complex materials but a great discovery emerged in
1956 that led to the introduction of the diffusion-weighted
imaging. In that year, a scientist called Torrey showed
that how the molecular diffusion would change the NMR
signal. Torrey modified Bloch’s original description of
nuclear magnetization and added a diffusion term to it
(Torrey, 1956, Rohmer and Gullberg, 2006).

Diffusion-weighted imaging: Diffusion-weighted imaging
is an MRI technique that came into existence in the
mid-1980s (Le Bihan et al., 1986). It allows clinicians and
scientists to map the molecular diffusion in vive and
non-invasively. In living systems, molecular diffusion 1s
not free and is anisotropic. Different tissues have different
diffusion coefficients. Diffusion-weighted imaging 1s the
method that produces MR images with the diffusion
contrast in vive, l.e., its contrast is reconstructed based
on the tissues’ diffusivities (Posse et al., 1993).

Physics: There are numerous methods to image diffusion
phenomenon in cardiac MRI. The most common ex-vivo
imaging method is the Pulsed Gradient Spin Echo (PGSE).
Tt is sometimes called the Stejskal-Tanner method. The
Stejskal-Tanner method can be implemented on every
readout gradient scheme. Diffusion-weighted imaging
should be very fast in the cardiothoracic imaging; thus,
the Stejskal-Tanner method is usually modulated on the
Echo Planar Imaging (EPI) pulse sequence (Fig. 4). The
PGSE-EPI 18 fast, mnsensitive to small motion, readily
available on most clinical MRI scanners and its umage
quality 1s acceptable (Mansfield, 1984; Tumer ef al.,

1990).

The simplest configuration of the PGSE-EPL
pulse sequence wuses a pair of large gradient
pulses placed on both sides of the 180°

refocusing pulse with the same
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Fig. 4: Schematic of the PGSE-EPI

representations
sequence which was introduced by Stejskal and
Tanner for the first time. The diffusion-encoding
gradients are applied in two matched pulses. The

gradient pulses duration is & and their temporal
separation is A

polarity and strength. The first gradient pulse dephases
the magnetizations across the sample and the second one
rephases them into their initials. For the stationary nuclei,
the phase shifts (induced by both gradient pulses) will
completely cancel other out and the
magnetization will become maximally coherent.
Consequently, the NMR signal will be so strong in the
case of diffusion restriction. However, in the case of free
diffusion, the diffusing nuclei will gain extra phase slhufts
in comparison with their imtial phases and the diffusion
gradient’s second lobe cannot rephase the nuclei
completely. As aresult, the regions with low or restricted
diffusivities will appear bright on the diffusion-weighted
images and the regions with high diffusivities appear dark
(Gillard et al., 2005).

The NMR signal’s attenuation depends on various
factors, depending on the implemented pulse sequence
and interested tissues. The phase shifts’ extent depends
on the diffusion gradient pulses’ amplitude, duration and
the time interval between them as well as the water
molecules” diffusivity. For the simple isotropic Gaussian
diffusion, the signal attenuation for the Stejskal and
Tamner method can be described by Eq. 9 (Stejskal and
Tanner, 1965, Hashemi and Lisanti, 2010; Mori and
Tournier, 2013):

each net

§=8,67° )
Where:
S = The DW signal
S, = The non-diffusion weighted signal

= The apparent diffusion coefficient

D
b Stands for the b-value

the b-value 1s adjusted by the MRI technologist. It 1s
the parameter that determines how much an image will
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become diffusion-weighted. In the PGSE method, b-value
15 described by Eq. 10 (Stejskal and Tanner, 1965; Mor
and Toumnier, 2013):

b—(yGS)z{Ag} (10)
Where:
¥ = The gyromagnetic coefficient
G = The gradient strength
8 = The applied gradient pulse’s duration
A = The first and second diffusion gradient pulses’ time

interval

The b-factor can be altered by either changing the
Gradient strength (G), the temporal separation of the
gradients (A) or their duration (8). High b-values increase
the 1mages” diffusion-weighting and diffusion contrast. It
is analogous to the echo time in T2-weighted imaging
(Stejskal and Tanner, 1965; Mori and Tournier, 2013).
Andrew D. Scott showed that the optimum b-value for
cardiovascular applications was 750 sn  mm™’
(Basser et al., 1994a, b; Basser and Jones, 2002).

The simplest form of the Stejskal-Tanner method can
be divided mnto four time-points as represented m Fig. 4
t;~t,. Mathematically, when a diffusion gradient pulse with
the strength of G and the duration of & is applied on a
sample tissue, the Protium nuclei's phases change not
only as a function of their spatial location but also time
{because diffusion 1s a temporally dynamic phenomenon):

o(x.t) =™ 1
Where:
¢ = The resultant phase shift in the location of x
¥ = The gyromagnetic ratio
G = The diffusion gradient pulse's strength
8 = The diffusion gradient pulse's duration
t = Stands for time

The diffusion phenomenon is assumed to follow the
Gaussian Probability/distribution Density Function (PDF).
Tissues have different diffusivities and owmng different
PDFs. The sotropic materials have wider PDFs than the
anisotropic ones. An infinite fully restricted diffusion
could be represented by a PDF with zero width. Tt is
expected that the tissues’ PDFs influence the overall
NMR  signal. WiderPDFs
displacement and the more phase shifts during the
diffusion gradient pulses applications. Therefore, the

mean more molecular

predicted signal could be calculated m the absence of the
relaxation phenomena and just based on the nuclear
maghetization coherence as follow:
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8= 3 P{AxAt)g(x,t) (12)

Equation 12 is classified discretely but the diffusion
phenomenon and phase dispersions are continuous in the
real world. In this case, the continuous form of the Eq. 12
could be rewritten as:

2
g1 [e AN el gy (13)
,/(2nDAt)3 * | 4DAt
Ifn=1, The Eq. 1 3's integration would result into:
s:soe—Dyzftz4(th(t')dt‘)zdt (14)
Or
S t4{ ot , Y
__ 15
In[s—n}— Dyzjtl (LG(t )dt) dt (15)

There is a double integration over time in the Eq. 15.
The term calculates the diffusion gradient pulse's area
under the curve from t;-t,. The mtegration term J‘f azgq of
integrates the term A = D'G(t')dt' over the time course of
t-t, t-t; and t,-t, (Fig. 3). Therefore:

} i _DYZ

By the substitution of the different integration time
points by the familiar timing symbols (& and A) the Eq. 16
can be resolved and results mto the Eq. 17:

|- ores(s 3

Which is the well-known PGSE diffusion-weighted
mmaging signal equation or Eq. 9. In conventional
diffusion-weighted imaging, diffusion-encoding gradients
are applied just in one direction to measure the diffusivity
but it is problematic. Tn anisotropic tissues, diffusivity
measurement m different diffusion directions results in
different values. Diffusivity 1s called to be rotationally and
spatially variant. One solution to overcome this problem
is to measure diffusivities in a numerous number of
directions and averaging the results; 1.e., mimmally in
three orthogonal directions (Stejskal, 1965, Stejskal and
Tanner, 1965, Le Bihan et al., 1986; Basser and Jones,
2002; Gillard et al., 2005).

[ (et as [ (G8) de+ 6

In[ 5
3

o

_[ttlz(GE)fG(tfta))zdt

In[ S
S

o

(an
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Diffusion tensor imaging

Physics: Diffusion Tensor Imaging (DTI) provides
wealthy mformation on the molecular diffusion pattermns
and principal directions in the living tissues. A variety of
parameters and maps can be estimated from DTI, such as
the Apparent Diffusion Coefficients (ADC) diffusion
amsotropy (FA, RA, VR, etc.,) and the principal diffusion
direction maps. These parameters indicate the tissues’
microstructures. Presently, the clinical DTI's applications
are primarily focused on the central nervous system
(Filippi et al., 2001; Gupta et al., 2005; Kastrup et al., 2005;
Lee et al., 2005, Malik et al., 2006, Romano et ai., 2006;
Trivedi et al, 2006 a, b; Utsunomiya et al, 2006;
Gupta et al., 2006; Krageloh-Mann and Horber, 2007;
Gupta ef al., 2008, Wang ef al., 201 5) but its applications
in the breast, prostate, kidney and cardiac imaging fields
are under heavy mvestigations (Manenti, et af., 2007,
Zhang et al., 2008; Eval et al, 2012; Mekkaoui et al.,
2015).

In contrast with the diffusion-weighted imaging, the
simplest form of DTT acquires the diffusion data in at least
six different directions (%, v, z, xy, xz and yz). The b-values
are constant. During the acquisition, seven images are
acquired from the same slice. Six of them have a b > 0 and
one with a b = 0. The image mntensities at each diffusion
direction are attenuated depending on the diffusion
gradient’s strength and relative direction to the local fiber
microstructures’ orientations. Greater diffusivities result
in more signal attenuation (Gillard ef al., 2005, Moritam
et al., 2005; Hagmann et al., 2006; Hashemi and Lisanti,
2010). Then, the diffusivities are calculated in each
direction and the values are put in a 3 by 3 matrix, called
diffusion tensor (Ni et al., 2006). The diffusion tensor is in
the laboratory coordinate and cannot show the dominant
diffusion direction and its amplitude. Therefore, it should
be transformed mto the tissue-based coordinate. In this
manner, a mathematical operation, called diagonalization,
is performed on each voxel separately. This operation
alters every non diagonal elements to zero and yields new
non-zero diageonal quantities. The new diagonal elements
are called eigenvalues. Eigenvalues are represented by 4
{e.g., A, Az A;). Each eigenvalue has a corresponding
eigenvector. Eigenvectors are represented by € (e.g., €,
£,, &). Higenvalues represent the diffusivities along the
three principal diffusion axes in the tissue-based frame of
reference. Tn the case of A=A pA ; A is the principal
eigenvalue representing the diffusivity along the least
restricted direction; e.g., parallel to the myocardial fibers.
The eigenvalues are 1dentical in a purely 1sotropic medium
(such as a pericardial cyst) (Raja et al, 2011).
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Eigenvectors represent the principal diffusion directions
relative to the laboratory coordinate. The principal
elgenvector corresponds to the mam fiber” orientation in
a voxel (Basser and Pierpaoli, 2011; Yu et l., 2013).

The primary DTT's application is to express the
tissue’'s  diffusion  amsotropy maps and  its
microstructures” spatial orientations. Once the diffusion
tensor is estimated, it becomes very hard to express the
tissues' diffusivities and diffusion anisotropies in an
understandable and summarized marmer. Therefore, there
should be a standard and umque index to indicate the
molecular diffusion coefficient and anisotropy in each
voxel. There 1s a variety of indices m DTI. Some of them
are popular and clinically feasible, but some of them are
not. Here, a brief explanation of the most clinically used

indices is given:

Apparent Diffusion Coefficient (ADC): ADC is the
average of diffusivities along the scamner’s three
orthogonal axises (x, y and z). ADC can be mathematically

calculated as (Mori and Zhsng, 2006; Soares et al.,

2013):
—byy Dy
Sy = SDe (1 8)
S, =S¢ ==
8, =8¢ e
Ifb,, b, =b_=b, then
ADC:DXx+I;W+DZZ :%In[sﬁsz} (19)

Trace: The diagonal axis of any symmetrical matrix is
called “Trace”. Trace is rotationally mvariant and is
another common used index in diffusion tensor imaging
data interpretation:

(20)

Trace=D_ + DYY +D_ =3ADC

Fractional Anisotropy (FA): FA determines the magnitude
by which the diffusion pattern 1s anisotropic in a voxel
(Soares et al., 2013; Yueral., 2013):

o \/‘Jx )

FA tolerates between 0 and 1. FA = 0 means the
diffusion is 1sotropic and FA = 1 means that the diffusion
pattern 1s completely anisotropic.

(-,
l+l +7\.2

H(M-A) o
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Relative Anisotropy (RA): RA is an alternative to FA. Tt
determines the magnitude diffusion anisotropy in a voxel
(Mori and Tournier, 2013; Yu et al., 2013):

MO ) 0 A 4 O )
NI

RA = (22)

In contrast with FA, RA tolerates in the range of
0-/2. RA = 0 means isotropic diffusion pattern and
the RA =/ represents a completely anisotropic diffusion
pattern in an imaging voxel.

Volume Ratio (VR): VR expresses the ratio of the
diffusion ellipsoid volume (with the semi-diameters of A1,
A2, A3) to a sphere (with a radius equaling to the average
of eigenvalues) (Mor1 and Towrmier, 2013):

Ayt Ay A,
Dyt A Y

(5]

The VR = 1 means the diffusion 1s 1sotropic and the
VR = 0 represents that the diffusion 13 completely
anisotropic in a tissue.

(23)

Axial Diffusivity (AD): This index represents the
diffusivity along the principal axis of diffusion and is
equal to the principal eigenvalue:

AD =}, (24)

Radial Diffusivity (RD): The radial diffusivity i1s the mean
diffusivity perpendicular to the principal axis of diffusion:

RD = e (25)
2
Although,  the  myocardial  microstructural

orientational information can be fully represented by
eigenvectors, there should be some extra standard
pre-defined angles to express the myocardial fibers’
orientations relative to the heart’s standard cylindrical
coordinate system. The human heart has three major
planes, which are named as the tangent, transverse and
the radial planes. The Transverse Plane (TP) is the
left/mght wventricular standard short-axis plane; the
tangent plane is the parallel plane to the epicardial surface
(TAP) and the radial plane is the plane extended by the
transverse and longitudinal planes (RP) (Jiang et al., 2004,
Clayton et af., 2010).
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Helix Angle (HA): HA is defined by the angulation
between the first principal eigenvector's projection onto
the tangent surface and TP (Tiang et al., 2004; Clayton
et al, 2010). Tt is usually expressed as -90° to+90°.
The HA = +90° means that the fibers are oriented toward
the apical region and the HA = -90° indicates that the
heart fibers travel toward the cardiac base (Lombaert et
al., 2012).

Transverse Angle (TA): TA 13 defined by the angulation
between the first principal eigenvector’s projection onto
the transverse plane and RP. The TA 1s usually expressed
as -90° to +90°. The HA = +90° indicates that the fibers are
oriented toward the mid-ventricular cavity and the
HA = -90° connotes to the fiber orientations toward the
epicardium (Lombaert et al., 2012). The FA, MD, ADC,
Trace, VR, AD and RD indices are usually represented as
grayscale images. Greater wvalues result in more
brightness. For instance, areas of brightness on RA and
FA mapsindicate amsotropic diffusion. The diffusion
anisotropy maps are useful in the mvestigation of
white-matter mtegrity.

Mathematics: Diffusion tensor imaging assumes that the
diffusion follows a Gaussian probability distribution
function in every direction. Therefore, the diffusion
geometric shape tends to be elliptical. Equation. 9 is
always applicable for the isotropic or one-dimensional
diffusion measurements. For measuring diffusion in
several axises (in any anisotropic materials), Eq. 15 should
be altered to Eq. 26:

(G{tndt Jar (26)

Where (G(ipai] 1s the applied diffusion encoding
gradients' profile with the strength of G and the duration
of &. Equation 26 considers the diffusion’s directionality
by the D term or the diffusion tensor matrix. If we
substitute the parameters of t, t and t” with the
corresponding times of & or A and solve Eq. 26, Eq. 27 will
be attained:

q_g et (]
0

Where:

b = The b-value
g = The diffusion encoding directions unit vector
© = Stands for the diffusion tensor

In diffusion tensor 1imaging, two types of
reconstructed  beside  the
diffusion weighted images. Those are the b-value
and b-vector matrices. The b-value matrix contams

the applied diffusion gradient pulses” profiles

matrices  are source

information (b) and the b-vector matrix returns the
information  respecting to the applied diffusion
directions (8 ). Therefore, all ofthe parameters are
known in Eg. 27, except D. D» is the major
parameter that must be calculated in DTIL

Firstly, three diffusion gradient pulses are applied in
the x, y and z laboratory directions, So that Eq. 27's
exponent becomes:

5 D, D, D,
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If we solve the above equations and replace into the
Eq. 27, the respecting DTT signal equations will change as

Eq. 31:
m{ ] (31)
IH[SS} =-D_v'G*8’ (A - } (32)

In[SJ =-D_v'G*8? {A —6} (33)
S, 3

Now, we can calculate the diagonal diffusivities (D,,,

| w

} =-D_y'G'& {A -

W |
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D,,. D.) along the three orthogonal laboratory axises from
the Eq. 31-33. To calculate the off-diagonal diffusivities
(D, D,, and D,, ) the diffusion signal must be calculated
in the xy, xz and yz directions. In this case, just the
b-vector matrices are changed. Therefore, Eq. 27 exponent
becomes:
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If we solve Eq. 34-36 and replace them mto the Eq. 27,
Eq. 37 are achieved:

]— —YZGZSZ{A —2]@[)“ +D,, + DW} (37)
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Now, the diffusion tensor's off-diagonal diffusivities
can be computed. By the computation of all the
diffusivities, the diffusion tensor matrix can be fully
defined as:
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Now, the diagonalization operation can be performed
on the diffusion tensor. It results in a diagonal matrix. The
diagonal matrix is equivalent to the diffusion tensor but its
elements are completely different. The new matrix's
off-diagonal elements are zero and its diagonals are
completely different. The explanation of diagonalization is
out of this article's scope and explained comprehensively
mn every linear algebra mathematical books. Simply, the
diagonalization is the mathematical operation that is used
to change the laboratory coordinate into the tissue-based
frame of reference. Tt results in three major quantities
called eigenvalues and three major angles called
eigenvectors. The eigenvectors represent the principal
diffusion directions relative to the laboratory coordmate
and the eigenvalues indicate the tissues” diffusivities
along eigenvectors (Basser et al, 1994; Basser et al,
2000; Basser and Jones, 2002).

In in-vive ¢cDTI, the maximum possible number of
applied diffusion sensitizing directions should be kept
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least to maintain the acquisition time logically short. By
this small number of diffusion encoding directions, a
precise microstructural mapping seems to be impossible
while the myocardial tissue consists of a lot of crossing
fibers, especially in the mfarcted regions (Sosnovik ef af.,
2009). Consequently, there 13 a growmg mterest to
develop higher angular resolution techniques; e.g. High
Angular Resolution Diffusion ITmaging (HARDT) Q-ball
Imaging and Diffusion Spectrum Imaging (DST), etc. The
cardiological application of ligher order diffusion MRI
seems to be impractical with today’s technology due to
the techmques’ prolonged acquisition time.

RESULTS AND DISCUSSION

Common pulse sequences: Cardiac diffusion-weighted
imaging 1s a challenging field and will encounter many
obstacles in its path to the climcs. Its most common
drawbacks are:

Cardiac pulsation: Heart is a mobile organ. Tts
architecture changes during each cycle (P-wave, QRS
complex and T-wave). Consequently, different restriction
patterns appear in systolic and diastolic phases (Ferreira
et al., 2014; McGill et al, 2016). Besides, the cardiac
arrhythmia limits the image quality and make it prone to
heavy motion artifacts.

Cardiac short T2 relaxation time: The myocardial T2
relaxation time 1s very short (T2=40 ms) m comparison
with other organs (Scholz et al., 1989, Stanisz et al., 2003)
thus, an extreme short Echo Time (TE) pulse sequence
should be designed to reduce the T2 decay contributions
to NMR signal.

Local different magnetic susceptibility effects: Heart is
surrounded by lungs. The pulmonary alveolar tissue is
full of awr and destroys the local magnetic field
homogeneity. Therefore, less sensitive pulse sequences
should be applied in the clinical practice (Ferreira et al.,
2013). Hence, the simple PGSE method is not practical due
to its sensitivity to magnetic field inhomogeneity and
Eddy artifacts. Tt has a relatively long TE. Some of the
most common alternative sequences to PGSE are:

Diffusion Encoded Stimulated Echo (DSTE): In the DSTE
method, three 90° RF pulses are transmitted to the patient
during two cardiac cycles. The two first RF pulses are
sent at the same cycle but the last one in transmitted
during the next heart beat. The diffusion encoding
gradients are applied after the 1st and 3rd RF pulses.
Figure 5 helps to a better understanding of the underlying
mechanism (Edelman et al., 1994; Reese et al, 1995;
Nielles-Vallespin et al., 201 3; Von Deuster et al., 2015).
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Signal

Fig. 5. A schematic diagram of the diffusion-encoded
stimulated echo pulse sequence. During the first
RF pulse transmission, the magnetization flips into
the xy plane. At the time of RF cease, the
magnetization decreases shghtly due to the
spin-spin interaction and longitudinal recovery.
When the second RF pulse 1s applied, the
remained transverse magnetization returns to the
longitudinal axis and the relaxed portion of nuclei
are transferred into the transverse plane again. By
the application of the third RF pulse, all the
longitudinal magnetization flips mto the transverse
plane and produces a Hahn's signal. The diffusion
encoding gradients are applied after the first and
third RF pulses.

Advantages: The DSTE method does not require any extra
and high-performance gradient hardware. It can almost be
applied on any climical scammers. Because of long A
gradients interval, higher b-values can be achieved at low
gradient amplitudes and strengths. The DSTE method’s
echo time is much shorter than the myocardial T2
relaxation time; thus, its T2 contrast contamination is little.
Tts sensitivity to magnetic susceptibility artifact is low
(Nguyen et al., 2015).

Disadvantages: After the third RF pulse application, a
crusher gradient 1s needed to destroy the Free Induction
Decay (FID) signal. The crusher gradient sensitizes the
signal to diffusion weighting. Therefore, it seems
impoessible to acquire b = 0 s/mm ™~ images by the DSTE
approach. The DSTE method is so sensitive to motion and
cardiac arrhythmias while all the three RF pulses should
be transmitted to the same slice position to produce a
beneficial, signal.

Velocity Compensated PGSE (VC-PGSE): The VC-PGSE
pulse sequence i1s a modification of the conventional
Stejskal-Tanner technique. Tt is applied during a cardiac
a breath-hold single-shot data
acquisition. The method applies a pair of bipolar diffusion

cycle and permits
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Fig. 6: A schematic diagram of the velocity compensated
PGSE (VC-PGSE) method. In this techmque, two
pairs of bipolar gradients are appended to the
conventional Stejskal-Tanner method before and
after the 180° RF pulse

encoding gradients before and after the 180° RF pulse in
the mid-systolic phase. The VS-PGSE method
compensates for the first-order blood flow artifact and
increases the diffusion gradients” revenue (Fig. 6)
(Gamper et al., 2007, Froeling et al., 2015):

Advantages: The VC-PGSE method 15 less sensitive to
cardiac motion and provides a shorter TE n comparison
with DSTE. Tts time of acquisition is relatively short and
enables high-resolution ¢DTI whole heart tractography
IN-VIvVo.

Disadvantages: The method heavily depends on the
gradient hardware performance and can be used in the
climcal scanners with the maximum gradient strength of 80
mT/m. Its sensitivity to noise 1s more that the DSTE
method.

Acceleration Compensated Spin-Echo (AC-SE): The
AC-SE method uses a pair of assymetrical bipolar
diffusion encoding gradients before and after the 180° RF
pulse (similar to VC-PGSE) but the negative lobe’s elapsed
time duration is more than the positive lobe’s duration.
AC-SE compensates both the first and second-order
blood flow effects on intravoxel dephasing; thus,
increases the cDTI's SNR, CNR and reproducibility during
a cardiac cycle (Fig. 7) (Froeling et al, 2014; Stoeck
et al., 2016):

Advantages: The AC-SE method's SNR and CNR is in an
acceptable range. Tt can produce high-quality images from
the entire cardiac cycle, especially at the early systolic
and diastolic phases.

is for

Disadvantages:  There a requirement

high-performance gradient hardware similar to the
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Fig. 7' A schematic diagram of the acceleration
Compensated Spin-Echo (AC-SE) method. Tt is a
simple spin echo sequence conjugated with a pair
of bipolar gradients before and after the 180° RF
pulse. The negative lobe's elapsed time duration is
more than the positive lobe's duration. The method
15 attached with an EPI readout acquisition
technique to reduce the scan time
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Fig. 8: A schematic diagram of the Segmented Diffusion
Sensitizing Driven-Equilibrium bSSFP (SDE-LSSFP)
pulse sequence. In SDE-bSSFP, several bSSFP
data acquisitions are accomplished during each
cardiac cycle. Before each signal acquisition, a
preparatory driven-equilibrium  twice-refocused
spin echo sequence is applied which results in
diffusion sensitization

VC-PGSE methed. The method's acquisition time 1s longer
than the VC-PGSE method and cannot provide
high-resolution whole heart images in a logical acquisition
time.

Segmented Diffusion Sensitizing Driven-Equilibrium
bSSFP (SDE-bSSFP): This sequence is a combination of
several intermittent bSSFP readout techmiques with a
diffusion sensitized driven equilibrium twice-refocused
spin echo preparatory phase at each mterval. On the other
hand, there are two or more bSSFP signal acquisition
segments at each R-R interval. Before each bSSFP
segment, a diffusion sensitized preparatory phase is
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Fig. 90 A schematic diagram of the Acceleration
Compensation Balanced Steady-state
Precession (AC-bSSFP) pulse sequence. It 1s
similar to the SDE-bSSFP method but there 1s a
slight difference in the numbers of the diffusion
sensitizing gradients to reduce its sensitivity to

second-order blood flow intravoxel dephasing

Free

applied. In the depth of each preparatory phase, a
diffusion sensitized Twice-Refocused Spin-Echo (TRSE)
sequence exists. At the end of each TRSE, there is an
implementation of a tip-up RF pulse with a spoiler gradient
to return thetransverse magnetization into the longitudinal
axis and dephase the remnant transverse phase
coherence. SDE-bSSFP is insensitive to small bulk
motions (Fig. 8) (Jeong et al., 2003).

Advantages: Tt compensates small motion artifacts (e.g.,
cerebrospinal fluid artifact) and do not require robust
phase correction algorithms. It can be accomplished
two- or three-dimensionally and results in high-resolution
images. The SNR 1s acceptable and suffers less from
magnetic susceptibility artifact.

Disadvantages: The SDE-bSSFP method cannot eliminate
accelerated blood flow effects on intravoxel phase
coherence and thereby cannot be utilized in different
cardiac functional phases. It requires high gradient
capabilities.

Acceleration Compensation Balanced Steady-State Free
Precession (AC-bSSFP): The AC-bSSFP method is
similar to the SDE-bSSFP method though there is a single
data acquisition segment at each R-R interval. The
preparatory phase 1s applied during the mid-diastolic
phase and similar to the SDE-bSSFP method’s preparatory
phase; the RF pulses’ structures and characteristics are
the same but 4 pairs of non-uniform diffusion sensitizing
gradients are applied instead of three (in contrast with the
SDE-bSSFP method) (Fig. 9) (Nguyen et al., 2014).
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Advantages: The method compensates the small motion
and accelerated blood flow artifacts because of its
design. It high-resolution
three-dimensional images m a logical scan time by the
respiratory navigation technique. Tts SNR is in an
acceptable range and overcomes pulmonary magnetic
susceptibility effects on local shimming.

excellent results 1n

Disadvantages: The method requires high slew rate
gradient hardware and can only be implemented in the
diastolic cardiac phase. It 1s less reproducible in
tachycardia and less efficient at short wventricular
diastoles.

Clinical applications

Case reports: Various primary and secondary neoplastic
tissues can involve the human heart. Studies have shown
that the cardiac DWT helps clinicians to characterize and
differentiate the pericardial lesions types greatly. In 2011,
Raja et al. (2011) described the role of ADC maps m the
congenital  pericardial cysts diagnosis  and  its
differentiation from other types of lesions. They reported
that the congemital pericardial cystic lesions appear bright
onn ADC maps. Ozmen et af (2015) also reported the power
of ¢cDWI and ADC maps in the primary pericardial
synovial sarcoma tumor diagnosis which is known as a
rare pericardial lesion. Okayama ef al. (2009) published a
case report which represented the low b-value cDWTI's
high diagnostic power in the infarct-related myocardial
edema detection. They believed that the low b-value
diffusion imaging has a higher sensitivity to edema than
the conventional T2w images and can depict it more
accurately.

Research: Most of the ¢cDWI investigations are held
ex-vive. There 13 a lack of in-vive studies to explore the
cDWT's diagnostic role in the different cardiomyopathy
types. Most of the investigations are focused on
acute/sub-acute/chronic Myocardial Infarctions (MI) or
Hypertrophic Cardio Myopathy (HCM).

Hypertrophic cardiomyopathy: Nguyen et al. (2015)
studied the cDWI's diagnostic value i the patients with
the absolute diagnosis of HCM. They compared the
diffusion-weighted images with the Late Gadolinium
Enhancement (I.GE), T1 relaxometry (Tlr) and Extra
Cellular Volume (ECV) images. They announced that the
ADC values n fibrotic regions increased significantly n
comparison with the non-fibrotic myocardium. They also
reported the ADC map’s sensitivity, specificity, negative
predictive value, positive predictive value and accuracy
to be 80, 85, 85, 81 and 83% respectively. In conclusion,

Nguyen et al. (2015) stated that the cardiac DWI is a
sengitive tool in diffuse myocardial fibrosis detection and
can be an alternative technmique to characterize myocardial
fibrosis m HCM. Wu ef al. (2016) made an mvestigation
on HCM too. They studied the quantitative cardiac DWI's
diagnostic power in comparison with the T1 relaxometry
method. They reported that the diseased myocardial ADC
value 15 significantly higher than the healthy/normal
myocardial values. They also reported an equal diagnostic
power between the ADC maps, Tl relaxometry and
extracellular volume 1maging methods to differentiate the
normal from fibrotic tissues. In the conclusion, they stated
that the heart DWI may be an alternative method to T1
mapping and ECV in the HCM evaluations (Wu ef af.,
2016). Besides the ADC maps, the hypertrophied
myocardial mtegrity and microstructures can be evaluated
by cDTI. Studies have shown that the myocardial
integrity and arrangement degenerates in HCM in
comparison with the normal hearts (Bacharova and
Ugander, 2014).

Myocardial Infarction: Laissy ef al.(2013) conducted a
pilot study and investigated the cardiac DWI's diagnostic
power to differentiate the acute, sub-acute and chronic
MIs from each other. They reported no significant
differences between the
sub-acute MIs. In contrasts, they stated a meamngful
difference between the acute and chromc Mis ADCs
(p <0.001). Laissy et al. (2009) concluded that the cardiac
DWT is a sensitive technique to diagnose the acute
myocarcial mfarctions and an excellent methed to
differentiate it from the chronic ones. Teraocka et al. (2008)
made a  comparison  between the  cardiac
diffusion-weighted and late gadolimum enhancement
imaging techniques in the acute myocardial infarction and
reported a significant linear correlation between the LGE
and DWI hyperenhancement patterns in acute MIs
Kloeckner et al. (2011) evaluated the correlation between
the Left Ventricular Ejection Fraction (LVEF) recovery and
the cardiac diffusion weighted signal as a predictor after
acute MI. They reported that the b= 50 s/mm ™ images
provide an accurate assessment of the myocardial injury
and might be a good predictor of the LVEF recovery. Wu
et al. (2006) led a research about the role of ¢DTI in the
post-MI  myocardial fiber architecture remodeling
assessments. They accomplished cDTI on 37 MI
diagnosed patients. They calculated heart FA, HA and
ADC maps and computed the values in the infarcted and
healthy remote zones. Wu et al reported a significantly
increased ADC, decreased FA and a strongly decreased
right-handed subendocardial fiber orientation m the
diseased regions. They concluded that the ¢DTI might be

ADC values in acute and
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a strong imaging technique to diagnose the chronic
myocardial infarctions by new indices and may open a
deep msight into the myocardial mechanics and structural
remodeling mechamsms post-infarctions (Wu et al., 2006).
DWT can also be a sensitive technique to diagnose the
post-infarctions myocardial edema (Okayama et al., 2007,
Kociemba et al, 2013ab). Kociemba et al (2013)
evaluated the role of cardiac DWI for the edema detection
in acute MIs and compared their results with the standard
T2w images. They reported that the DWT's sensitivity was
similar to the standard T2w images in all myocardial
regions except the inferior wall, where the standard T2w
and DWT's sensitivities were 46 and 85% respectively. In
conclusion, they recommended the cardiac DWT as a
novel and excellent techmique to diagnose myocardial
acute injuries, especially m the patients with the slow flow
artifacts.

Myocarditis: Myocarditis 1s an inflammatory disease and
outcomes to myocardial edema. Kociemba et al. (2015)
showed a strong correlation between the low b-value
(b = 50 s/mm ) diffusion-weighted images and the Lake
Louise criteria myocarditis assessment. They reported
that the signal mtensity 1s significantly higher mn all the
edematous regions. They also reported a higher Contrast
to Noise Ratio (CNR) wvalue in the cardiac
diffusion-weighted images than the standard T2w results.
Higher CNR makes the qualitative assessments more
accurate (Kociemba et al., 2015). Potet et al. (2013)led a
research and demonstrated a strong correlation between
the ¢cDWI's low b-value and LGE images to detect the
edema mn acute myocarditis. They also declared that the
cardiac DWI's sensitivity and diagnostic accuracy are
significantly stronger than the conventional T2wimaging.
In conclusion, they recommended the cardiac DWT as an
alternative tool to the standard Short Tau Inversion
Recovery (STIR) T2-weighted imaging in the acute
myocarditis assessments (Potet et al., 2013).

Unfortunately, few studies have been conducted to
assess the cDWT's role in other cardiomyopathies; e.g.
Restrictive Cardio Myopathy (RCM) Non-compaction
Cardiomyopathy (NCMP)  Arrhythmogenic  Right
Ventricular Dysplasia (ARVD) Dilated Cardiomyopathy
(DCM) etc. As there 1s always a structural/functional
correlation in different cardiomyopathies, ¢DTI can
become a novel and useful techmque to study the
human’s different heart diseases clinically.

Cardiac DWI has confronted many challenges to
become feasible in cardiac practice. The most serious
limitation 1s the lack of a practical pulse sequence. Most
of the introduced pulse sequences are time-consuming
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and thereby not suitable for clinical settings. Some of
them require high-performance gradient hardware with
rapid slew rates and drastic strengths. Briefly, a clinically
suitable pulse sequence should fulfill the criteria:

High sensitivity, specificity and accuracy to different
pathologies and microstructural changes

An acceptable degree of reproducibility and
repeatability

Least sensitivity to distortion and motion artifacts
Sensibly short acquisition times (to the extent of a
single-shot breath-hold acquisition)

Providing the highest possible SNR and CNR

As mentioned previously, most of the cDWI pulse
sequences require special gradient coils hardware to
compensate the second order blood flow intravoxel
dephasing and reduce the acquisition time. Most of the
cDWT sequences are sensitive to either inter- or intra-shot
motion artifacts. Motion often arises from three sources,
the patient bulk movement, cardiac and respiratory
motions and table vibration. These days, there are various
prospective and retrospective motion correction methods
available to reduce the patient's motion artifact inside of
the MRI scanner. Generally, the prospective methods
acquire the patient's motions patterns during or prior to
the main readout time to compile them into the final
images, while the retrospective methods use different
types of post- processing algorithms to compensate the
patient's mvoluntary motions artifacts.

Patient’s bulk motion artifacts: The bulk motion artifacts
can be eliminated with improved patient cooperation or
the application of the sedative pharmaceuticals based on
the established gudelines (Arlachov and Ganatra, 2014;
Moran et al., 2013). The use of a single-shot pulse
sequence and a parallel technique together can help to
freeze the patient's motion. The parallel acquisition
technique can make the diffusion weighted images less
sensitive to motion artifact by making a dramatical
decrease in the acquisition time at the cost of increasing
the image noise (Holdsworth ef af., 2009). Although, most
of the studies have used the parallel technique during
therr mvestigations, none of them has delineated the
effects of different parallel techniques on the final
calculated amsotropy maps. Most of the cDWI/cDTL
designed pulse sequences are based on the respiratory
navigation technique and take a long time to unage the
whole heart, thereby increasing the likelihood of the
patient movements.

Cardiac/respiratory motion artifacts: Electro Cardio
Graphic (ECG) gating can almost compensate most of the
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pulsation artifacts, except in the case of arrhythmias. As
mentioned earlier, the myocardial microstructure changes
during cardiac systoles This
necessitates us to determine a standard ECG phase for
imaging. The determination of a certain gating phase

and diastoles. 1ssue

improves owr ability to perform intra- and inter-subject
analysis. Studies have shown that the R-R time mterval
significantly affects the anisotropic mdices (McGill ef al,
2016). Arthythmia is the major problem in cardiac MRI.
Even, the routine clinical retrospective/prospective pulse
sequences camnot fully reject the sudden arrhythmia’s
artifacts in the reconstructed images. Yet, no studies have
been launched to investigate the arrhythmogenic
pulsations' effects on the diffusion anisotropic maps.

As well as the cardiac pulsation artifacts, respiratory
motion can disturb the image quality so much. Most of
the designed pulse sequences use the respiratory
navigation technique to compensate the respiratory
motion artifacts in the final DW images. The respiratory
navigation technique protracted and its long
acquisition time is in contrast with the cardiac imaging’s
essence. In the routine clinical cardiac MRI, most of the
stationary pulse sequences are single-shot to eliminate
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the patient's respiration effects on image quality. Theses
sequences are so useful in uncooperative patients. ¢cDWI
will have a remarkable role in the patients with acute MIs;
thus, the mmaging time 1s a critical factor m the climcal
practice. Comsequently, the comjugaton of the
diffusion-weighted pulse sequences with the navigation
technique will be troublesome.

Table vibration artifacts: Table vibration artifacts are
induced by the strong fast-switching diffusion-weighted
gradients. A short-term solution to the table vibration
artifact is to decrease the diffusion-weighting gradient’s
amplitude. This can be done either by prolonging the
diffusion gradient pulse duration while keeping the same
b-value (results in a longer TE which degrades the SNR)
(Farrell et al. 2007, Choi et al., 2011; Polders et al., 2011)
or overally the use of lower b-values at the cost of lesser
diffusion weighting. Unfortunately, increasing the
diffusion gradient’s duration is impractical in cardiac
mmaging due to the necessary ECG-gating. So, there
should be a study to search for another solution to this
problem.

Signal to noise ratio: Image noise can influence
anisotropy maps. Mamtaiming the SNR 1n an acceptable
range is very crucial in ¢cDTI. Poor SNR results into
information bias. Farrel et al. (2007) reported that the FA
maps experience an upward bias if the SNR lessens (Seo
et al, 2012). Achieving the highest possible SNR 1s
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pivotal for successful DTI studies because the noise
tends to cause an overestimation and underestimation of
the major and minor eigenvalues respectively. In addition,
noise affects the real eigenvectors to a great extent
(Basser and Pajevic, 2000). Studies showed that STEAM
based sequences provide better SNR than the spin echo
based methods when the lugh b-values are needed
(Zhang et al, 2008). The other key perameter that
influences SNR is the b-value. High b-values reduce the
SNR. There should be a balance between the number of
the diffusion gradient directions the b-values
acquiring an almost noise free image. The number of the
diffusion encoding directions can influence the FA
values, while the b-value usually affects the MD maps
(Reese et al., 1995).

for

Image distortion: Unfortunately, the rapid pulse
sequences suffer from the image blurring, eddy current
and magnetic field inhomogeneity artifacts (Jones and
Cercignar, 2010). Both of the Eddy current and magnetic
field inhomogeneity artifacts can warp the image data,
thereby distracting the real image’s spatial information
{(Jezzard and Balaban, 1995; Haselgrove and Moore, 1996).
The Eddy distortion artifact misaligns the DW 1mage
series and results in the eigenvalues and eigenvectors
miscomputation (Haselgrove and Moore, 1996; Jezzard
et al, 1998). In some literature, it 1s recommended to use
the twice-refocused PGSE pulse sequence for ex-vivo
studies due to its little sensitivity to distortion artifacts
(Reese et al., 2003).

Sequence parameters: Studies have shown that the
diffusion anisotropic maps are heavily dependent on the
implemented pulse sequences and selected parameters.
For example, a recent study by Kim et al (2015)
demonstrated that both of the FA and ADC maps are
significantly correlated with echo time, SENSE factor and
b-value. They also showed a significant correlation
between the number of the diffusion encoding directions
and FA values. The scamner’s magnetic field can
influence the isotropic indices too. Huistman et al. (2006)
reported that the ADC values can be significantly lower
at 3.0 Tesla mmaging scanners than 1.5 Tesla. They also
proclaimed that the FA values are significantly higher at
3.0 Tesla scanners. Even the image resolution can affect
the anisotropy maps. Some studies demonstrated that the
FA maps can be affected by the spatial resolution too
(Sentarell et al, 2010)". The optimal b-value for
cardiovascular DWTI is still unknown. There should be a
broad investigation to establish the most optimal b-value
for cardiovascular studies. Besides, the optimal number of
diffusion gradient directions 1s also unclear m ¢cDTL
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Unfortunately, few studies have been carried out to
discover the most appropriate available pulse sequences
in ¢cDWI. However, it seems that none of the introduced
sequences satisfies the above criteria and sounds to be
practical by today's technology. Briefly, cDWT and ¢DTI
has not been ready to enter the routine clinical practice
yet.

CONCLUSION

Cardiac diffusion-weighted mmaging 1s a novel
technique that enables the clinicians to assess different
types of cardiomyopathies. This technique eliminates the
administration of contrast agents, thereby gaining a broad
application in the patients with renal failure. The cDWI 1s
technically challenging and requires high-performance
types of gradient hardware. Cardiac DWI requires
different pulse sequence diagrams than the intracramal
diffusion-weighted imaging (with high reproducibility
values) to overcome the cardiac mmaging's limitations. In
the recent years, the motion and accelerated blood flow
compensated pulse sequences have been designed to
unprove the cDWI/cDTI related umage qualities and
accuracies. ¢cDTI is more accurate than the cDWTI due to
1ts number of diffusion encoding directions and resulting
anisotropy maps, but it is time-consuming and should be
coupled with the respiratory navigation technique. The
role of ¢cDWL/cDTI is unclear in the different heart
diseases and there should be more investigations on its
climeal transition. In conclusion, the climcal cDWI 1s at its
inception and has a long way to be admitted in the routine
cardiovascular MR
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