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Abstract

Spin physics is essential for some of the greatest advancements in modern medicine, and science as a whole. The invention
and continued use of Nuclear Magnetic Resonance (NMR) Imaging (MRI) relies entirely on our understanding of nuclear
spin systems. The introduction of MRI as a standard imaging technique available almost everywhere in the world has allowed
for unprecedented improvements in preventative and, by extension, curative medicine. This paper outlines the fundamental
physics behind nuclear spin systems as used in NMR imaging.

List of Abbreviations

e.g. example given

EoM equation of motion

i.e. id est (das heifit)

MRI nuclear magnetic resonance imaging
NMR nuclear magnetic resonance

RF radio frequency

s.t. such that

Note that in the entirety of this paper, underlined variables z represent vectors or matrices, the hat symbol &
implies an operator or a basis vector é; of some coordinate system, and the wedge symbol A represents a vector
cross product.



1 Introduction

In the 1920s, physicists observed unexplained patterns
in atomic spectral lines, namely a splitting of the en-
ergy levels when applying an external magnetic field.
The observed splitting further necessitated the exist-
ence of a degeneracy of the energy levels when there
is no magnetic field being applied. This is illustrated
in Figure 1.1. Following this discovery, one proposed
solution was the concept of spin [1]. The discovery
of spin physics led to huge advancements in modern
medicine, such as NMR imaging, and in other areas
of the natural sciences.
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Figure 1.1: Zeeman splitting of a spin-3 system. [2]

1.1 Spin Statistics

Collections of different particles experience spin ef-
fects differently. This is generally referred to as the
spin-statistics theorem. While integer-spin particles,
namely bosons, follow Bose-Einstein Statistics, half-
integer-spin particles, namely fermions, follow Fermi-
Dirac Statistics. This is a consequence of the statistical
nature of quantum mechanics, and its observed phe-
nomena, such as the Pauli Exclusion Principle. The
difference in the distribution functions of different
particles is shown in Figure 1.2. The scope of this
paper is limited to half-integer spin particles and the
corresponding physics. More information on the Spin-
Statistics Theorem can be found in Ref. [3].

Figure 1.2: Average occupation number (n) of a quantum
state as a function of the inverse temperature g and
the energy e. The orange graph depicts the classical
Maxwell-Boltzmann Distribution. The blue and red
graphs depict the distribution functions for a Bose-
Einstein Distribution and a Fermi-Dirac Distribution,
respectively.
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2 Spin: Fundamentals

Spin is a fundamental quantum property of subatomic
particles, which can be elementary or composite. It
is independent of a particle’s motion but can inter-
act with motion-dependent quantities, such as mo-
mentum, and lead to observable effects, e.g. helicity
effects. It can generally be visualised as an intrinsic
type of angular momentum, since it also follows an-
gular momentum rules of computation. It is, however,
important to note that there is no classical analogue to
spin. Particles behave as though they were spinning.
They are associated with a magnetic moment 1, which
allows them to interact with external magnetic fields,
e.g. through precession. The nuclear spin of a hy-
drogen nucleus, depicted in Figure 2.1, in an applied
magnetic field B, precesses with some precessional
frequency wq [4].

Figure 2.1: Nuclear spin of hydrogen in an applied field.
(4]

2.1 Semi-Classical Approach

Spin is a quantum phenomenon, however it can be
described using a semi-classical approach, only re-
quiring the postulation of discretised, i.e. quantised,
angular momenta and energies. The aim is to describe
spin behaviour under an applied magnetic field B. In
the following, all magnetic fields B will be oriented
along the z-axis, unless specified otherwise. The spins
are treated as magnetic dipoles possessing a nuclear
magnetic moment p. Then, the angle between the
magnetic moment and the magnetic field determines
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the energy of the state
E= —H - B=p.By=—hm-vyBy = —hwom, (2.1)

where (i, is the z-component of 11, By the magnetic
field strength, v the gyromagnetic ratio, and wy =
~vBy the Larmor frequency. Since the energy must be
quantised, the angle can only take on discrete values,
through the spin quantum number m. For a nucleus
with spin number I = %, m can take on :I:%, s.t. there
are two possible spin states. The states are referred to
as spin-up and spin-down, for m = +% and m = —1
respectively, with energies

1 1
E|T> = —§h . ")/Bo = _ih wo, (22)

1 1
Ey = +§h -vBo = +§h- wo- (2.3)

State-down is the energetically higher state, and state-
up the energetically cheaper state [5], as illustrated
in Figure 2.2. It is also immediately apparent that the
transitional energy of the two states is given by the
Larmor frequency as well

AE = Eyy, — Ejyy = huwo. (2.4)

The energies, therefore, depend on the magnetic field
strength By, s.t. this energy splitting collapses into
a degeneracy at By = 0, which is the observed phe-
nomenon, and s.t. the transitional energy increases
linearly with B, which is also observable.

[ Energy

m=-1/2

(=]

m=1/2

L

Figure 2.2: Energy splitting of nuclear spin levels of a spin-
1 nucleus. Adapted from Ref. [5].

Furthermore, classically, the B field exerts a torque
T=pAB (2.5)

on the magnetic dipole . The result of this applied
torque is a top-like rotation of the magnetic moment

around the applied field. This is called precession and
it can be observed for spin as well. The spin states pre-
cess around the B field direction at Larmor frequency
wo. Both eigenstates and the precessional motion of
the ground state are depicted in Figure 2.3.

Bo

Figure 2.3: Precessional motion of the ground state of a
spin-1 nucleus. [5]

Summarily, the energies of the states, the trans-
itional energy between them, and the precessional
motion are all determined by the Larmor frequency
while the spin quantum number m discretises the en-
ergy as postulated [6].

2.2 Quantum Description of Spin

Since magnetism is a quantum mechanical effect, spin
can also be described using a quantum description.
Nuclear magnetism, in particular, is a pure spin mag-
netism, s.t. the magnetic moment operator

fr=n1 (2.6)
can be described by the spin operator I. Moreover,
spin operator eigenstates follow those of the angu-
lar momentum operator. With spin number I and
spin quantum number m, the eigenvalues for some
quantum state |¢) are given by

Ply) =11 +1)|v), (27)

and

L [$) = hm|y), (28)
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where m iterates from —1I to I in integer steps, result-
ing in (21 + 1) possible I, spin states. Consequently,
a nucleus with I = 0 will not exhibit any splitting of
spin energy levels in a B field. For all nuclei I # 0,
there will be at least two spin states, following the
Zeeman splitting. Nuclei with I > 3 have quadrupole
moments and while such nuclei experience Zeeman
splitting, i.e. a splitting of the spin energy levels in
a magnetic field, they also experience a splitting of
the spin energy levels in the presence of an electric
field gradient, which leads to frequency shifts and
relaxation effects. The frequency shifts are depicted
in Figure 2.4, and show the introduction of some Ato
all transitions involving spin states |m| > 3, as well
as the consequences on the acquired signal, namely a
noticeable shift in both directions. In order to circum-
vent this, only spin-3 nuclei will be further discussed.
In the following, the considered nuclei all possess a
spin I = %, and are thus described by the two-state
model of up and down [7, 8].
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Figure 2.4: First-order frequency shift by perturbing elec-
tric field gradient. [9]

Considering a hydrogen nucleus with I = 1, i.e.
two possible spin states, an energy, and therefore also
frequency, is associated with each spin state. In a
vacuum, with no applied field, the spin states are de-
generate and energetically equivalent. Therefore, the
possible states are equally probable, and physically
indistinguishable. No absorption or emission of en-
ergy is possible in this case. However, once a mag-
netic field B = Byé, is applied, the spins precess
around B with Larmor frequency wy after some per-
turbation from their equilibrium position. The spin
states are no longer degenerate, and are energetically
non-equivalent, i.e. they have different energies. This
splitting of spin energy levels, Zeeman splitting, is
described by the Zeeman operator

H. |¢) = —iB|¢) = —Ié.vBy |¢) = —L.yBo |1)
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= —hyBym |1/}> = —hwom |1/J> =E, W]> .

This is precisely the same result, as has been obtained
using the semi-classical approach, in Equation 2.1

(2.9)

E = —hwom. (2.10)

The two spin states, up and down, therefore have the
same energies as in the semi-classical ansatz, given by
Equation 2.2

1
Bjy = — 5w (2.11)

and Equation 2.3

1
Transitions between the quantised spin states require
absorption or emission of energy, as given in Equa-
tion 2.4

AFE = huwy. (2.13)

The energetically cheaper state up is the ground state
and is statistically more likely to be occupied than the
energetically higher state down. This is visualised by
the number of spins in both states in Figure 2.5.
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Figure 2.5: Precession of hydrogen nuclei around an ap-
plied field. The energetically higher state is in —z dir-
ection and the energetically lower state in +z direction,
where the latter is more probable to be occupied. [10]

3 Spin Systems

Generally, it is not singular particles but collections
of interacting particles in a spin ensemble that are ob-
served and analysed. Such ensembles are referred to
as spin systems. The ensemble or spin system consists
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of a large number of microscopic systems, the singular
nuclear spins, which can occupy different microscopic
states depending on the specific macroscopic condi-
tions. The system is observed macroscopically, i.e. as a
whole without focussing on individual particles. The
spin system’s statistical properties rely on that of the
canonical ensemble.

The systems described in this section are collections
of hydrogen nuclei, with nuclear spin I = 3, s.t. there
are two possible spin states, m = + % The energy state
populations are determined at thermal equilibrium,
where lower energy states are more populated. Hence,
state up is more populated than state down. The pop-
ulation difference is described by the Boltzmann dis-
tribution. At thermal equilibrium, the temperature T
and the applied field By determine how the states are
populated

(3.1)

where kg is the Boltzmann constant, and 7 the re-
duced Planck constant. Net absorption or emission of
energy is only possible as long as there is a population
difference, i.e.

AN = Njpy — Ny # 0. (3.2)

Considering an ensemble generally consists of more
than 10%¢ microsystems, i.e. nuclear spins, the dif-
ference in population numbers is very small with
0(107%), but nevertheless hugely important.

System perturbations, like radio frequency (rf)
pulses, can lead to a diminishing AN,

AN — 0. (3.3)

Following a perturbation, the population difference
must be reestablished by relaxation. The relaxation
processes are described in Section 3.3.

3.1 Magnetisation

Prior to continuing on with relaxation, it is necessary
to introduce the magnetisation M. It is a macroscopic
observable that makes it possible to measure micro-
scopic spin behaviour, since it is not feasible to observe
individual spins in the context of an ensemble.

The net magnetisation represents the bulk magnetic
properties of the spin system

1
M = Vzl:ﬁz

At thermal equilibrium, M is aligned with the applied
field B, || M = Myé,. The magnetisation can be
tipped away from its alignment by some perturbation,
to initiate a precession around the applied field B, at
Larmor frequency wo.

(3.4)

The magnetisation can be separated into a longitud-
inal

M, = M.é, (3.5)

and a transverse

M, = Myé, + Myé, (3.6)

component. At thermal equilibrium, the transverse
magnetisation vanishes, and the longitudinal magnet-
isation is maximal [11, 12].

3.2 Rotating Reference Frame

The system can be further simplified by transitioning
into a rotating reference frame S’, thereby trivialising
precessional motion. The rotating frame is set to ro-
tate at precessional frequency wy, s.t. any magnetic
moment p and magnetisation M in S’ behave as if
they were in a resting frame experiencing an effective
magnetic field B, ;, instead of the applied field B.
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Figure 3.1: Effect of an rf pulse (903 ) on a magnetic mo-
ment in (a) the rotating frame S’, and (b) the lab frame
S. [2]

In the rotating frame, a 90 pulse is immediately
recognisable as such, and the magnetic moment’s mo-
tion solely reflects the perturbation, as can be seen in
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Figure 3.1. That same perturbation in the lab frame
appears more complex because of the precessional
rotation that occurs when the system is no longer in
thermal equilibrium.

The remainder of this paper makes use of the sim-
pler nature of the rotating frame and postulates its
appropriateness, without deriving it. For more in-
formation, please note Refs. [2], [8], [13].

All variables are transformed into the rotating frame
as required, while however maintaining the same nota-
tion.

3.3 Relaxation

Relaxation is necessary to reestablish the population
difference that is present at thermal equilibrium, but
diminishes with system perturbations, as discussed
in the beginning of Section 3.

There are two types of relaxation that occur in spin
systems, longitudinal relaxation and transverse relax-
ation. The information in this section can be found in
Refs. [14, 6, 2].

T; Longitudinal Relaxation

Longitudinal relaxation is caused by spin-lattice in-
teractions, where the lattice acts as a reservoir (in a
canonical ensemble) and is able to absorb energy from
the spin system without changing the system’s temper-
ature. This allows excited nuclei from higher energy
states to return to the ground state. The longitudinal
magnetisation decreases after a system perturbation,
and returns to equilibrium through longitudinal re-
laxation. This process can be described by a simple
differential equation
d. 1

M

rn M_Mz7
o 7, (Mo )

(3.7)
where M., is the longitudinal magnetisation, M, the
equilibrium magnetisation value, and 7} the longitud-
inal relaxation time constant, responsible for scaling
the relaxation process.

After some perturbation to the system that results
in there only being transverse magnetisation A |, the
longitudinal magnetisation M., is reestablished by lon-
gitudinal relaxation, as shown in Figure 3.2. The time

RP DD

Figure 3.2: Schematic illustration of the T relaxation pro-
cess. Note that the process is depicted in the rotating
frame. [11]
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constant 7] determines the time scale at which this
occurs.

T5 Transverse Relaxation

Transverse relaxation is caused by spin-spin interac-
tions. Since every nuclear spin carries a magnetic mo-
ment, and thus generates a tiny magnetic field itself,
no two spins experience the exact same field in the
spin system. Spins experience so called local fields,
which are a combination of the applied field and the
fields of their neighbours. These variations in the
local fields lead to the spins having differing preces-
sional frequencies, since the frequency of precession
is determined by the magnetic field that the spin ex-
periences. Therefore, the spins dephase over time,
because some spins precess faster than the Larmor
frequency while some precess slower than the Larmor
frequency.

Ultimately, the consequence of this is a decreasing
net transverse magnetisation, which can be described
by the differential equation

d 1
ZM =M,

pred B (3.8)

where T, is the transverse relaxation time constant,
which determines the time scale at which the dephas-
ing occurs.

After some perturbation to the system, the net trans-
verse magnetisation is maximal and immediately be-
gins to dephase, as shown in Figure 3.3, until it van-
ishes. The transverse relaxation occurs at a much smal-
ler time scale than longitudinal relaxation. In practice,
often there are so-called micro fields and other B field
inhomogeneities that reduce the time constant 75 even
further. Hence in reality, often times a constant 7% is
used, where

Ty < Ty <Ty. (3.9)

Both of these relaxation processes play an import-
ant role in the following section, where the solutions
to these differential equations will be discussed, as
well as their significance in the time evolution of spin
systems.

R

Figure 3.3: Schematic illustration of the 75 relaxation pro-
cess. Note that the process is depicted in the rotating
frame. [11]
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3.4 Spin Dynamics

Spin dynamics focusses on the time evolution of spin
systems, considering both classical and quantum phe-
nomena. The equation of motion (EoM) is given by
the Bloch equation

SM = MAYB g+ (Mo= M), =M, (3:10)

The first term in the EoM is the classical term for
the precessional motion, the second term describes
the longitudinal recovery, and the third the spin deph-
asing and thus the decreasing net transverse magnet-
isation. The dynamics of a spin system after a 905" rf
pulse are illustrated in Figure 3.4. The rotation around
the z axis is the precessional motion, the upwards dir-
ection is the result of 77 and the decreasing radius in
the transverse plane the result of 75 relaxation. This
is the process by which a spin system returns back to
thermal equilibrium after a system perturbation [2].

z

X y
Figure 3.4: Illustration of the time evolution of the net
magnetisation of a spin system following a 90 rf pulse.

Note that the process is depicted in the laboratory rest
frame. [2]

The dynamics are depicted in Figure 3.4, and are a
graphical representation of the solution of the EoM.
Generally, the solution can once again be separated
into two distinct parts: the time evolution of the trans-
verse and longitudinal magnetisation. The former is
given by

M (t) =M, (0)e /™, (3.11)

where M | (0) is the initial transverse magnetisation
immediately after the perturbation. This free induc-
tion decay is depicted in Figure 3.5 in both the lab and
rotating frames. The longitudinal magnetisation is
given by

M, (t) = M.(0)e™ T 4 My(1 — e~ /™), (3.12)

where M, (0) is the remaining longitudinal magnet-
isation after the perturbation and M the equilibrium

1 The subindex defines the rotation axis of the signal transformation
caused by the rf pulse.

B,(t)

<

45,¢"7sin(o,t)
lab signal

(a)

B,(1)
rf
\ -t/'T,y
4 S©

rotating frame ~—_
signal T

(b)

Figure 3.5: Illustration of the time evolution of the trans-
verse magnetisation of a spin system following a 903 rf
pulse. The process is depicted in both (a) the laborat-
ory rest frame and (b) the rotating frame. Note that so
represents the signal amplitude and is essentially the
absolute value of the magnetisation M | (0). [2]

Figure 3.6: Illustration of the time evolution of the longit-
udinal magnetisation of a spin system following a 903
rf pulse, s.t. the perturbation flipped the entirety of the
longitudinal magnetisation onto the transverse plane, i.c.
M. (0) = 0. Note that sg represents the signal amplitude
and is essentially the equilibrium value of the magnet-
isation M. [2]
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longitudinal magnetisation. This can be illustrated
similarly to the transverse magnetisation, as shown in
Figure 3.6.

4 Application: NMR Imaging

Nuclear magnetic resonance imaging (MRI) is one
of the inventions that were made possible due to the
discovery of and advancements in spin physics. MRI
machines are used to create highly detailed images
of soft tissue. It relies on the interactions of nuclear
spins with an external magnetic field. While all nuclei
I # 0 can, in principle, emit an acquirable signal, it is
heavily dominated by hydrogen (! H) nuclei, which
account for more than 60% of the atoms in the human
body.

4.1 Basic Design

An MRI machine consists of three distinct magnet
layers with different properties, around some point
where the patient is to be positioned. A schematic
view of an MRI setup is shown in Figure 4.1.

The first and outermost magnet is the strongest of
the three, providing a constant homogeneous field
B, in O(T). Its purpose is aligning the spins along
the quantisation axis, s.t. a net longitudinal magnet-
isation is present. Moving to the middle layer, the
gradient coils are used in such a way that allows for
magnetic field gradients G to be generated along the
three coordinate axes, independently of one another.
The gradient fields, in O(mT'), are necessary for spa-
tial encoding of the image, which will be further dis-
cussed in Section 4.2. Lastly, the radio frequency coils,
in O(uT), are designed to perturb the spin system
through rf pulses, and to acquire the resulting signal.

The MRI signal acquisition process is illustrated in
Figure 4.2. In the beginning, the strong magnetic field
aligns the spins. Then, the system is perturbed by
some rf pulse and the net magnetisation is flipped by

Figure 4.1: Schematic diagram of an MRI machine. [15]
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Figure 4.2: Schematic of the MRI signal acquisition process.
(16]

a flip angle 6, = 90°. The resulting system possesses
mainly transverse magnetisation, and immediately
begins reestablishing equilibrium through relaxation
processes, as discussed in Section 3.3. During this
reestablishment, a signal can be acquired by the rf
coils.

4.2 Spatial Encoding

In order to create an image, the information needs to
be spatially encoded. The first step in this process is
the slice selection (SS). A gradient G, is applied in z
direction, s.t. the Larmor frequency wy = wo(z) of the
spins depends on their position along the respective
axis. Meanwhile, an excitation rf pulse 6, is generated.
This pulse affects a certain bandwidth around a tar-
geted frequency, where the Larmor equation applies.
Thus, allowing the excitation of a transverse slice, as

RF amplitude
Bandwidth

Frequency

RF carrier
B frequency

Region where Larmor
equation applies

Figure 4.3: Selective slice selection of an image slice by
applying an rf pulse and a gradient simultaneously. [6]
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depicted in Figure 4.3, where the width of the slice
depends on the magnitude of the gradient. Follow-
ing SS, G, is turned off again, and the excited slice
must undergo phase encoding along the y axis. For
this purpose, a gradient G, is turned on for a short
time period, which causes the precessional frequen-
cies to differ depending on their y position, before it
is turned off again. Now, the precessional frequencies
return to the Larmor frequency, but with position-
dependent phase changes. An illustrative example of
this is shown in Figure 4.4 [6].

The final step is the frequency encoding of the « dir-
ection. This is done during signal acquisition, whereas

No gradient: Gradient on: Gradient off:
signal in phase  signal dephases final phase
remembered
Gpg
A B
Time
y<o0
/ > > 7
y=0 — — —>
—
/ - N
V>0 / / /

Figure 4.4: Phase encoding returns the signal to the Larmor
frequency but with position-dependent phase changes.

(6]

Gradient direction
¢ ) Lower field
slower precession

o O @

Higher frequency
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Higher field )
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Total MR
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Fourier transform
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=
'T:_u
=
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Figure 4.5: Frequency encoding description in terms of
position-dependent frequency changes. [6]

the other two direction are encoded ahead of time. A
gradient G, is generated, s.t. the precessional frequen-
cies become position dependent along the x direction,
as shown in Figure 4.5. This allows for a complete
encoding of an image, which can then be “decoded”
via a Fourier Transform (FT).

Note that this is a drastic simplification of the spa-
tial encoding process that is necessary to generate an
image, which merely serves as a step-stone to under-
standing the basic principles of spatial encoding. For
more information regarding spatial encoding, includ-
ing resolution limitations, refer to Refs. [2], [6], [17].

4.3 Example: The Spin Echo Sequence

The spin-echo (SE) is one of several different imaging
techniques that are used in MRI. The sequence is
illustrated in Figure 4.6 and Figure 4.7.

First, a 903 pulse is applied, which flips the longitud-
inal magnetisation into the transverse plane. After the
perturbation, the spins begin to dephase because of T
relaxation. Then, a 180; pulse is applied, which flips
the (anti) clockwise rotating spins in such a way that
they rephase into a singular direction corresponding
to the initial peak. After rephasing to create the so-
called echo the spins dephase again. The time between

180

, :
TE2 TE2 L
' |
| |
I[P L [T

TR
il

Il
I

rey

Figure 4.6: Spin-echo pulse sequence. [6]
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Figure 4.7: Frequency encoding description in terms of
position-dependent frequency changes. Adapted from
[11].

Echo

the two rf pulses determines the time of the signal
echo. The time between the first and second rf pulse is
defined as T'E/2, whereas the echo occurs at the echo
time TE, which marks the time between the first rf
pulse and the echo.

4.4 Alternatives and Improvements to
MRI?

The main reason, why MRI is as fundamentally estab-
lished in modern medicine as it is, is that there are
no viable alternatives for soft tissue imaging. Neither
X-rays, nor CT images are able to deliver high fidelity
images of soft tissue. An example of this is shown in
Figure 4.8.

Furthermore, MRI does not require the use of ion-
ising radiation, and is therefore far less invasive and
destructive compared to other imaging techniques,
while being able to provide images at much higher
spatial resolution. There are certainly limitations to
NMR imaging, such as bone imaging. Most practical
limitations are based on the imaging process rather
than the physics. MRI machines are expensive in all
regards: the initial purchase, the maintenance, and the

X-Ray CT

Figure 4.8: Comparison between images of the pelvis and
spine using X-ray, CT, and MRI. Adapted from [18].
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operation, which can unfortunately result in subpar
medical care in terms of imaging in less economic-
ally developed countries. Furthermore, the imaging
process takes quite long (around 30-60 mins), dur-
ing which the patient must remain still. Taking the
noise MRI machines create into consideration, some
patients may find it difficult to stay still.

Since MRI machines require the patient to be placed
inside of a cylindrical bore, the patient has to physic-
ally fit into the MRI machine to get imaged. Unfortu-
nately, there have been several reports documenting
cases where the physical size limitations or weight
restrictions did not allow for patients to obtain the
care they needed”. A case study from 2019 reports
that over 40% of the cervical cancer patients, included
in the report, were obese, while more than 14% were
morbidly obese. The case study can be found in Ref.
[20].

5 Conclusion

MRI technology has been immensely important in the
advancement of modern medicine. It allows for non-
invasive soft tissue imaging with high spatial resolu-
tion. Often patients had to undergo surgical proced-
ures, in order to gain insight into soft tissue structures
prior to the invention of MRI. While this imaging
technique still poses challenges and limitations, just
like any other, there are already several different tech-
niques to improve upon regular MRI, such as hyper-
polarisation. Spin physics can also be used to observe
and study biological systems without intervening in
them, through e.g. in-vivo NMR spectroscopy.

Unfortunately, some limitations to MRI, which
should be resolvable, remain economical viability and
physical constraints, e.g. due to patient size.

2 During the late 2000s and 2010s, there were several reports by
doctors and patients about patients that had been referred to local
z00s in order to be able to receive MRI images. More information
can be found in Ref. [19].
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