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Chapter 2

Introduction MRI

2.1 MR physics

Protons and neutrons have an intrinsic angular momentum, called spin. The com-
bination of these particles in a nucleus, possesses a total angular momentum ~~I.
Nuclear spin is the term often used to represent this total angular momentum of
a nucleus. A characteristic of a nucleus is that with an even mass number, it has
integer spin (I = 0, 1,. . . ), and a nucleus with an odd mass number has half-integer
spin (I = 1

2 , 3
2 ,. . . ). As a result of the rotating charge (figure 2.1A), these nuclei

have a magnetic moment ~µ, with

~µ = γ~~I, (2.1)

with γ the gyromagnetic ratio for the specific nucleus. When placed inside a mag-
netic field, this magnetic moment tends to align with the applied magnetic field.
The quantization of the magnetic moment results in a misalignment with the mag-
netic field. The nucleus experiences a torque due to this misalignment, causing a
precessional movement around the applied magnetic field (figure 2.1B). The angu-
lar frequency ωL (Larmor frequency) of this movement is given by

ωL = γB, (2.2)

where B is the local magnetic field strength.
In an ensemble of nuclei, all the magnetic moments add to give the magnetiza-

tion ~M :
~M =

∑
i

~µi. (2.3)

At room temperature, due to the Brownian motion, the ensemble has no net mag-
netization due to random orientation of the magnetic moments (figure 2.2A). Inside
a magnetic field, the quantization of the magnetic moments results in parallel and
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Figure 2.1: A: A nucleus has a property called spin. The spinning positive
charge causes a magnetic moment µ. B: Inside a magnetic field, B0, the
magnetic moment aligns with the magnetic field. Due to quantum spin
states, the alignment is not perfect. The resulting torque on the magnetic
moment makes it spin with the Larmor angular frequency ωL.
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Figure 2.2: A: At room temperature, no net magnetization exists due to
Brownian motion. B: Inside a magnetic field, B0, the magnetic moments
aligns with the magnetic field. There is a slight preference for the parallel
alignment.
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Figure 2.3: Top view of the system depicted in figure 2.2B. A: The phases
are randomly distributed, and there is no net transversal magnetization. B:
After an RF pulse, the precession of the Np − Nap magnetic moments in
the parallel state is in-phase, resulting in a transverse magnetization.

anti-parallel alignment. For protons (I = 1
2), there are two states, which are

populated by about the same number of protons. There is a slight preference for
the parallel alignment. The population difference Np − Nap (p for parallel, ap for
anti-parallel), causes a longitudinal magnetization MZ (figure 2.2B). The popula-
tion ratio at equilibrium is given by the Boltzmann factor for the energy difference
γ~B:

Nap

Np
= exp(−γ~B

kBT
), (2.4)

with kB Boltzmann’s constant, and T the absolute temperature (Kittel [1996]).
In the following, only the population difference Np − Nap at thermal equilib-

rium is considered. In the transversal plane, perpendicular to the magnetic field B0,
there is also no magnetization in the absence of a magnetic field (figure 2.3A). A
radio frequency (RF) pulse, matching the Larmor frequency, can alter the state of
the individual magnetic moments. The anti-parallel state becomes occupied, and
the parallel state becomes less occupied. This leads to a decrease of the longitudi-
nal magnetization. The RF signal makes the magnetic moments precess in coherent
phase, as well. The ensemble of magnetic moments produces a transverse magneti-
zation (MXY) due to this in-phase precessing (figure 2.3B), which rotates with the
Larmor frequency. A receiver can be set to detect this transverse magnetization.

The return to the favored parallel alignment state is a stochastic process with
a time constant T1. The energy difference between the favored parallel alignment
state and the anti-parallel state, ~ωL = γ~B, is dissipated as heat to the ensemble.
This return to thermal equilibrium leads to an increase of the longitudinal magne-
tization. Although the transverse and longitudinal magnetization are components
of one magnetization, the decay time T2 of the transversal magnetization is shorter
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Figure 2.4: The frequency of rotation of the transverse magnetization de-
pends on the local magnetic field strength. Different volume elements there-
fore emit electromagnetic waves with different frequencies. This radiation
is received with an antenna.

than T1. The spins interact with each other, resulting in dephasing (returning to
the state of figure 2.3A), leading to a decrease of the transverse magnetization. De-
phasing, however, does not influence the state of the individual magnetic moments
which determine the longitudinal magnetization (Sanders [1995]).

2.2 MR imaging

After exciting the spins with an RF pulse, the frequency of precession can be modified
by applying a gradient G to the magnetic field (figure 2.4). Seen along a line, the
Larmor frequency is now depending on location x:

ωL(x) = γ
(
B + G(x)

)
. (2.5)

When taking the Fourier transform of the receiver signal, the different frequencies
are coding for location, while the amplitude of the spectrum at several frequencies
is depending on nucleus abundance.

The time integral of the measurement gradient corresponds to a value k:

k = γ

∫
Gdt, (2.6)
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with kx =
∫

Gxdt, et cetera, where k is the symbol for wave number, the Fourier
transform of coordinates. All volume elements emit RF signals that add to one MR
signal. Recording MR signals is as if k space is filled. With one gradient strength,
one k line is produced. For different gradient strengths, other k lines are produced.
If k space is full, then a 2D-Fourier transform results in a ‘space’ representation of
the data: the well-known MR images.

From equation 2.6, it is clear that longer measuring, with one gradient strength,
leads to a larger k space. This produces images with a better spatial resolution. In
general, image resolution is enhanced by stronger gradients or longer measurement
time. Traversing the same k space in a shorter time, requires stronger gradients.

2.3 Gradient magnetic fields

The spatial variation of the magnetic field over space, due to the application of
gradient magnetic fields, is well known. To acquire several k lines, these have to be
selected by the appropriate gradients in the perpendicular directions; with gradients
in three orthogonal directions the imaging volume can be scanned entirely.

It should be noted that the gradient magnetic fields vary the main magnetic field
in the direction of this main magnetic field:

G(x) =
∂Bz

∂x
, G(y) =

∂Bz

∂y
, G(z) =

∂Bz

∂z
. (2.7)

2.4 MRI scanner system

These gradient fields in the three orthogonal directions are produced with the gradi-
ent coils. Extra magnetic fields are produced by these coils, which on superposition
to the main magnetic field, produce linear gradient magnetic fields. The gradient
coil array is often a molded construction, containing a complex structure of conduct-
ing wires. The total length of wires is several hundreds of meters, carrying currents
of up to several hundreds of amperes. Lorentz forces acting on the gradient coils
can therefore be as high as 105 N.

The imaging-volume is located inside the static magnetic field; this field is com-
monly generated by electric currents flowing through magnet coils. These coils are
inside a dewar containing liquid helium to make the coils superconductive; the
electric currents flowing without resistance make that the static magnetic field is
maintained very stably. Field homogeneity is very important for imaging. Inhomo-
geneities are compensated for with strategically placed blocks of iron for shimming.

The superconducting coils attract each other with a force in the order of 106 N;
the structure needs to withstand these internal forces and be able to withstand the
low temperature (∼ 4 K).
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Figure 2.5: A schematic representation of an MR scanner with the separate
gradient coils. Grey arrows depict the extra magnetic fields that are produced
by the specific coil.

A common choice in inner diameter of the scanner bore, requested by patient
comfort, is 60 cm for state-of-the-art scanners. Between the patient and the dewar
is the outer casing of the scanner, the RF body coil (send and receive), the gradient
coil array, and the temperature shields. Within the bore, space is expensive: the
cost of an MR system is roughly 1 million US$ per tesla. Moreover, increasing the
diameter makes the price go up with the fifth power of diameter. 5 centimeters more
diameter makes the price go up by approximately 50 %.

RF coils can either be incorporated in the MR scanner, like body coils, or be
dedicated coils, like head coils, knee coils, or any other surface coil. The send coils
must be able to produce a (near) uniform field over the imaging volume. Signals
received in the RF coil are passed on to acquisition and control devices for analysis
and reconstruction.

The room in which the scanner is located needs to shield the surroundings from
stray magnetic fields, but also shield the scanner from sources that might affect the
field homogeneity. Stray magnetic fields outside the scanner room can unintention-
ally affect computers, credit cards, and other magnetic materials; a potential health
risk occurs when people with pacemakers pass through the magnetic field. Shielding
by surrounding the magnet with iron plates or active shielding helps to keep stray
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magnetic field strengths within accepted risk levels. Furthermore, the RF coil is a
transmitter that can influence other radio signals. Vice versa, the MR signals are
weak and easily influenced by radio signals from outside the scanner room. Scanner
room walls are therefore covered with a copper plates, comprising a Faraday cage.
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