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It is quite possible to acquire images with an MR scanner without understanding the principles
behind it, but choosing the best parameters and methods, and interpreting images and artifacts,
requires understanding. This text serves as an introduction to magnetic resonance imaging
techniques. It is aimed at beginners in possession of only a minimal level of technical expertise,
yet it introduces aspects of MR that are typically considered technically challenging. The notes
were written in connection with teaching of audiences with mixed backgrounds.

Contents
1 Introduction 2
1.1 Supplemental material . . . . . . . . ... 2
1.2 Recommended books . . . . . . . . . .. ... 3
2 Magnetic resonance 4
3 The magnetism of the body 8
4 The rotating frame of reference 12
5 Relaxation 12
5.1 Weightings . . . . . . Lo 13
5.2 Causesofrelaxation. . . . . . . . . . . . . e e e e 14
5.3 Inhomogeneity as a source of signalloss, 75" . . . . . ... ... ... .......... 15
6 Sequences 16
7 Signal-to-noise and contrast-to-noise ratios 16



8 AQuantum Mechanics and the MR phenomenon 17

8.1 Corrections . . . . . . . . . . e e 19
9 Imaging 20
0.1 Background . . . . . . . . .. 21
9.2 Principles . . . . .. e e e e e 21
9.3 Sliceselection . . . . . . . . . e 21
9.4 Spatial localization withinaslice . . . . .. .. ... ... ... ... . 0., 22
9.5 Extension to more dimension —k-Space . . . . . ... ..ol 24
9.6 Similarity and image reconstruction . . . . . . . ... ... Lo 25
0.7 Movingink-space . . . . . . . . . . e 27
9.8 Image acquisition and echo-time . . . . . . . . . . ... ... ... 29
9.9 Frequency and phaseencoding . . . . . . . . . . ... 29
9.10 Spatial distortions and related artifacts . . . . . . ... ... Lo 31
9.11 Slice-selective (2D-) versus 3D-sequences . . . . . . . . . . . . oo 32
9.12 Aliasing and parallel imaging . . . . . . . . . . .. ... ... 34
9.13 Finishing remarks on the subject of imaging . . . . . . . ... ... ... ... ..... 34
10 Noise 35
11 Scanning at high field 36
12 MR Safety 36

1 Introduction

This text was initially written as lecture notes in Danish. Quite a few of the students are English
speaking, however. Moreover, the approach taken is somewhat different than for most other
introductory texts. Hence it was deemed worth the effort to do a translation. The task was taken
on by Theis Groth (July 2009 version) whose efforts are much appreciated.

The goal of the text is to explain the technical aspects accurately without the use of mathematics.
Practical uses are not covered in the text, but it introduces the prerequisites and, as such, seeks
to provide a sturdy base for further studies. While reading, you may find the glossary of help
(located towards the end of the notes). It elaborates on some concepts, and introduces others.

Material has been added along the way whenever a need was felt. As a result, the text covers
diverse subjects. During the accompanying lectures, software that illustrates important aspects
of basic MR physics, including popular sequences, contrast and imaging, was used. It is highly
recommended that you download and experiment with these programs, which are available at
no charge. Corrections, comments and inspiring questions concerning the text and software are
always appreciated.

The text is concerned only with general aspects that are discussed in pretty much any technical
textbook on MR. Therefore, very few specific references are given.

1.1 Supplemental material

http://www.dremr.dk/bloch Interactive software that can illustrate a broad spectrum
of MRI concepts and methods, and that can contribute significantly to the understanding.
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Figure 1: For teaching purposes, a free, interactive simulator, that illustrates a large number of important
concepts and techniques, has been developed. The user chooses the initial conditions for the simulation
and can thereafter manipulate the components of the magnetization with radio waves and gradients, as is
done during a real scanning session. A screenshot from the simulator is shown above. It is described in
detail at http://www.drcmr.dk/bloch

Animations that illustrate the use of the software and selected MR phenomena are on the
homepage.

http://www.drcemr.dk/MR Text and animations that briefly describes MR in English. The
page was created as a supplement to an article that discusses the connection between the
classical and the quantum mechanical approach to the MR phenomenon, and which also
describes problems that appear in many basic text books.

http://www.drcemr.dk/MRbasics.html Links to this text and an example of accompa-
nying “slides”.

1.2 Recommended books

Even technically oriented readers can benefit from reading a relatively non-technical introduction.
Having a basic understanding makes it much easier to understand the formalism in later stages.
Once a basic understanding is acquired, the Internet is a good source of more specific texts. Some
books deserve special mention:

“Magnetic Resonance Imaging: Physical and Biological Principles” by Stewart C. Bushong. A
good introduction that does not demand a technical background from its readers.



“Clinical Magnetic Resonance Imaging” by Edelman, Hesselink and Zlatkin. Three volumes
featuring a good mixture of technique and use. Not an intro, but a good follow-up (according
to people who have read it. I haven’t).

‘Magnetic Resonance Imaging — Physical Principles and Sequence Design” by Haacke, Brown,
Thompson and Venkantesan. Broadly oriented textbook with plenty of physics, techniques
and sequences. Not an easily read introduction, but suitable for physicists and similar
people.

“Principles of Nuclear Magnetic Resonance Microscopy” by Paul T. Callaghan. A classic within
the field of probing molecular dynamics. Technically demanding. Should only be read in
the company of a grown-up.

“Spin Dynamics: Basics of Nuclear Magnetic Resonance” by Malcolm H. Levitt. Covers
theoretical aspects of MR spectroscopy as used in chemical analysis and is thus irrelevant
to most who work with MR image analysis. Excels in clear, coherent writing and a
description of quantum mechanics devoid of typical misconceptions.

Please note that these books have been published in several editions.

2 Magnetic resonance

Initially it is described how magnetic resonance can be demonstrated with a pair of magnets and
a compass. The level of abstraction already increases towards the end of this first section, but
despair thee not: As the complexity rises, so shall it fall again. A complete understanding of
earlier sections is not a prerequisite for future gain.

If a compass happens to find itself near a powerful magnet, the compass needle will align with
the field. In a normal pocket compass, the needle is embedded in liquid to dampen its oscillations.
Without liquid, the needle will vibrate through the north direction for a period before coming to
rest. The frequency of the oscillations depend on the magnetic field and of the strength of the
magnetic needle. The more powerful these are, the faster the vibrations will be.

Radio waves are magnetic fields that change in time (oscillate!) and as long as the needle
vibrates, weak radio waves will be emitted at the same frequency as that of the needle. The
frequency is typically reported as the number of oscillations per second, known as Hertz (Hz).
If the needle oscillates 3 times per second, radio waves will be emitted at a frequency of 3 Hz,
for example. The strength of the radio waves (known as the amplitude) is weakened as the
oscillations of the needle gradually vanish.

Imagine the following situation: A compass is placed in a magnetic field created by one or
more powerful magnets. After a short period of time, the needle has settled and is pointing in the

'Throughout this text, the term “radio waves” is used for rapidly oscillating magnetic fields. It has been pointed out
by David Hoult in particular, that the wave nature of the oscillating magnetic field is not important for MR except
at ultra-high field. The typical choice of wording is therefore unfortunate (“oscillating magnetic field” or “B; field”
is preferred over “radio wave field”). I agree, but will nevertheless comply with the somewhat unfortunate standard
as it facilitates reading and correctly highlights the oscillatory nature of the Bi-field. The difference lies in the
unimportant electrical component of the field, and in the spatial distribution not felt by individual nuclei.
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Figure 2: (a) A magnetic needle in equilibrium in a magnetic field. The needle orients itself along the
field lines that go from the magnets northern pole to the southern pole (and yes, the magnetic south pole of
the earth is close to the geographical North Pole). (b) A weak perpendicular magnetic field can push the
magnet a tad away from equilibrium. If the magnetic field is changed rhythmically in synchrony with the
oscillations of the needle, many small pushes can result in considerable oscillation. (c¢) The same effect
can be achieved by replacing the weak magnet with an electromagnet. An alternating current will shift
between pushing and pulling the north pole of the magnetic needle (opposite effect on the south pole).
Since the field is most powerful inside the coil, the greatest effect is achieved by placing the needle there.
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direction of the magnetic field, figure 2(a). If the needle is given a small push perpendicular to the
magnetic field (a rotation), it will vibrate through north, but gradually settle again. The oscillations
will occur at a frequency that will hereafter be referred to as the resonance frequency. As long as
the magnetic needle is oscillating, radio waves with the same frequency as the oscillation will
be emitted. The radio waves die out together with the oscillations, and these can in principle be
measured with an antenna (coil, figure 2(c)). The measurement can, for example, tell us about the
strength of the magnetic needle and the damping rate of its oscillations.

As will be made clear, there are also “magnetic needles” in the human body, as hydrogen nuclei
are slightly magnetic. We can also manipulate these so they oscillate and emit radio waves, but it
is less clear how we may give the needles the necessary “push.” In order to make an ordinary
compass needle swing, we may simply give it a small push perpendicular to the magnetic field
with a finger, but this is critically less feasible in the body. Instead, we may take advantage of the
fact that magnets influence other magnets, so that the weak push perpendicular to the magnetic
field can be delivered by bringing a weak magnet near the needle, as shown in figure 2(b). With
this method, we may push the needle from a distance by moving a weak magnet towards the
needle and away again.

In an MR scanner, the powerful magnet is extremely powerful for reasons that will be explained
below. The magnetic field across is quite weak in comparison. The push that the weak magnet



can deliver is therefore too weak to produce radio waves of any significance, if the magnetic
needle is only “pushed” once.

If, on the other hand, many pushes are delivered in synchrony with the mentioned oscillations
of the magnetic needle, even waving a weak magnet can produce strong oscillations of the
magnetic needle. This is achieved if the small magnet is moved back and forth at a frequency
identical to the natural oscillation frequency, the resonance frequency, as described above.

What is described here is a classical resonance phenomenon where even a small manipulation
can have a great effect, if it happens in synchrony with the natural oscillation of the system in
question. Pushing a child on a swing provides another example: Even weak pushes can result
in considerable motion, if pushes are repeated many times and delivered in synchrony with the
natural oscillations of the swing.

Let us focus on what made the needle oscillate: It was the small movements of the magnet,
back and forth, or more precisely the oscillation of a weak magnetic field perpendicular to the
powerful stationary magnetic field caused by the movement of the magnet.

But oscillating magnetic fields is what we understand by “radio waves”, which means that in
reality, we could replace the weak magnet with other types of radio wave emitters. This could,
for example, be a small coil subject to an alternating current, as shown in figure 2(c). Such a coil
will create a magnetic field perpendicular to the magnetic needle.

The field changes direction in synchrony with the oscillation of the alternating current, so if
the frequency of the current is adjusted to the resonance frequency of the magnetic needle, the
current will set the needle in motion. When the current is then turned off, the needle will continue
to swing for some time. As long as this happens, radio waves will be emitted by the compass
needle. The coil now functions as an antenna for these radio waves. In other words, a voltage is
induced over the coil because of the oscillations of the magnetic field that the vibration of the
magnetic needle causes.

In summary, the needle can be set in motion from a distance by either waving a magnet or
by applying an alternating current to a coil. In both situations, magnetic resonance is achieved
when the magnetic field that motion or alternating currents produce, oscillates at the resonance
frequency. When the waving or the alternating current is stopped, the radio waves that are
subsequently produced by the oscillating needle, will induce a voltage over the coil, as shown.
The voltage oscillates at the resonance frequency and the amplitude decreases over time. A
measurement of the voltage will reflect aspects of the oscillating system, e.g. “the relaxation
time”, meaning the time it takes for the magnetic needle to come to rest.

The above mentioned experiment is easily demonstrated, as
nothing beyond basic school physics is involved. Nobody ac- ~
quainted with magnets and electromagnetism will be surprised ’@
during the experiment. Nonetheless, the experiment reflects the
most important aspects of the basic MR phenomenon, as it is @
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undertaken with compasses and nuclei. These are due to the fact ‘;i.\_?
that the nuclei are not only magnetic, but also rotate around an
axis of their own, as shown in figure 3 to the right (a twist to this
is discussed in section 8). The rotation, called spin, makes the Figure 3: The spin of the nuclei

nuclei magnetic along the rotational axis. This is equivalent to (rotation) makes them magnetic.




a situation where the compass needle described above constantly and quickly rotates around
its own length direction (has spin or angular momentum). Such a needle would swing around
north in a conical motion if the mounting allowed for this, rather than swing in a plane through
north. This movement is called precession and it is illustrated in figure 4. Think of it as a variant
of the normal needle oscillation. Similarly, a pendulum can swing around a vertical axis rather
than in a vertical plane, but basically there is no great difference. In the rest of this section, the
consequences of spin are elaborated on. The finer nuances are not important for understanding
MR scanning.

Precession around the direction of a field is also known from a By
spinning top (the gravitational field rather than the magnetic field,
in this example): A spinning top that rotates quickly will fall
slowly, meaning that it will gradually align with the direction of M
the gravitational field. Rather than simply turning downwards, it
will slowly rotate around the direction of gravity (precess) while
falling over. These slow movements are a consequence of the fast
spin of the spinning top.

The same applies to a hypothetical magnetic needle that rotates
quickly around its own length axis, as the atomic nuclei in the Figure 4: A magnetization M
body do. In the experiment described above, such a magnetic that precess around the magnetic
needle with spin would rotate around north (precess) after having ~field Bo because of spin (rotation
received a push. It would spiral around north until it eventually around M).
pointed in that direction, rather than simply vibrate in a plane as a normal compass needle. It
would meanwhile emit radio waves with the oscillation frequency, which we may now also call
the precession frequency. This frequency is independent of the amplitude, i.e., independent of
the size of the oscillations. This consequence of spin is another difference to the situation shown
in figure 2 since the natural oscillation frequency of a normal compass is only independent of
amplitude for relatively weak oscillations.

Like before, it is possible to push the magnetic needle with a weak, perpendicular magnetic
field that oscillates in synchrony with the precession (meaning that it oscillates at the resonance
frequency). Just as the magnetic needle precess around the stationary magnetic field, it will
be rotated around the weak, rotating magnetic field, rather than (as before) moving directly
in the direction of it. In practice, this means that a perpendicular magnetic field, that rotates
in synchrony with the precession of the needle, will rotate it slowly around the rotating fields
direction (meaning a slow precession around the weak rotating magnetic field).

We have now in detail described the magnetic resonance phenomenon, as employed for
scanning: The influence of spin on the movement of the magnetic axis can, at first glance, be
difficult to understand: That the force in one direction can result in pushes towards another
direction may appear odd (that the pull in a magnet needle fowards north will make it rotate
around north, if the needle rotates around its own length axis (has spin)). It does, however, fall in
the realms of classical mechanics.

One does not need to know why spinning tops, gyros, nuclei and other rotating objects act
queer in order to understand MR, but it is worth bearing in mind that the spin axis rotates around
the directions of the magnetic fields. The precession concept is thus of importance, an it is also
worth remembering that spin and precession are rotations around two different axes.



3 The magnetism of the body

Equipped with a level of understanding of how magnet needles with and without spin are affected
by radio waves, we now turn to the “compass needles” in our very own bodies.
e Most frequently, the MR signal is derived from hydrogen nuclei (meaning the atomic nuclei
in the hydrogen atoms). Most of the body’s hydrogen is found in the water molecules. Few
other nuclei are used for MR.

e Hydrogen nuclei (also called protons) behave as small compass needles that align them-
selves parallel to the field. This is caused by an intrinsic property called nuclear spin (the
nuclei each rotate as shown in figure 3). By the “direction of the nuclear spins” we mean
the axis of rotation and hence the direction of the individual “compass needles”.

e The compass needles (the spins) are aligned in the field, but due to movements and nuclear
interactions in the soup, the alignment only happens partially, as shown in figure 5 —
very little, actually. There is only a weak tendency for the spins to point along the field.
The interactions affect the nuclei more than the field we put on, so the nuclear spins are
still largely pointing randomly, even after the patient has been put in the scanner. An
analogy: If you leave a bunch of compasses resting, they will all eventually point towards
north. However, if you instead put them into a running tumble dryer, they will point in
all directions, and the directions of individual compasses will change often, but there will
still be a weak tendency for them to point towards north. In the same manner, the nuclei in
the body move among each other and often collide, as expressed by the temperature. At
body temperature there is only a weak tendency for the nuclei to point towards the scanners
north direction.

Together, the many nuclei form a total magnetization (compass needle) called the net
magnetization. It is found, in principle, by combining all the many contributions to the
magnetization, putting arrows one after another. If an equal number of arrows point in all
directions, the net magnetization will thus be zero. Since it is generally the sum of many
contributions that swing in synchrony as compass needles, the net magnetization itself
swings as a compass needle. It is therefore adequate to keep track of the net magnetization
rather than each individual contribution to it.

As mentioned above, the nuclei in the body move among each other (thermal motion) and
the net magnetization in equilibrium is thus temperature dependent. Interaction between
neighboring nuclei obviously happens often in liquids, but they are quite weak due to
the small magnetization of the nuclei. Depending on the character and frequency of the
interaction, the nuclei precess relatively undisturbed over periods of, for example, 100 ms
duration. At any time, there is a certain probability that a nucleus takes part in a dramatic
clash with other nuclei, and thus will point in a new direction, but this happens rather
infrequently.

The net magnetization is equivalent to only around 3 per million nuclear spins oriented
along the direction of the field (3 ppm at 1 tesla). This means that the magnetization of
a million partially aligned hydrogen nuclei in the scanner equals a total magnetization of
only 3 completely aligned nuclei.
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Figure 5: The figure shows the same situations in two and three dimensions (top and bottom,
respectively). The nuclear spins are shown as numerous arrows (vectors). In the lower graphs,
they are all drawn as beginning in the same point, so that the distribution over directions is clear
(implicit coordinate system (M, M, M;)). When a patient arrives in the ward, the situation is as
shown in the two graphs to the left: The spins are oriented randomly, with a uniform distribution
over directions, meaning that there is about an equal number of spins pointing in all directions. The
net magnetization is near zero and the nuclei do not precess. When a magnetic field B is added, as
shown in the two figures to the right, a degree of alignment (order) is established. The field is only
shown explicitly in the top right figure, but the effect is visible in both: The direction distribution
becomes “skewed” so that a majority of the nuclei point along the field. In the lower right figure,
the net magnetization (thick vertical arrow) and the precession (the rotation of the entire ball caused
by the magnetic field) are shown. The lower figures appear in the article Is Quantum Mechanics

necessary for understanding Magnetic Resonance? Concepts in Magnetic Resonance Part A, 32A
(5), 2008.



Figure 6: Scene from animation found at http://www.drcmr . dk /MR that shows how radio
waves affect a collection of nuclear spins precessing around By (vertical axis) at the Larmor
frequency. The radio wave field that rotates around the same axis at the same frequency, induces
simultaneous rotation around a horizontal axis, as symbolized by the circular arrow. The relative
orientation of the nuclei does not change, and it is therefore adequate to realize how the net
magnetization (here shown by a thick arrow) is affected by the magnetic field.

With the gigantic number of hydrogen nuclei (about 10?7) found in the body, the net
magnetization still becomes measurable. It is proportional to the field: A large field
produces a high degree of alignment and thus a large magnetization and better signal-to-
noise ratio.

If the net magnetization has been brought away from equilibrium, so it no longer points
along the magnetic field, it will subsequently precess around the field with a frequency of
42 million rotations/second at 1 tesla (42 MHz, megahertz). This is illustrated in figure 4.
Eventually it will return to equilibrium (relaxation), but it takes a relatively long time on
this timescale (e.g. 100 ms as described above). Meanwhile, radio waves at this frequency
are emitted from the body. We measure and analyze those. Notice: The position of the
nuclei in the body does not change - only their axis of rotation.

The precession frequency is known as the Larmor frequency in the MR community. The
Larmor equation expresses a connection between the resonance frequency and the magnetic
field, and it is said to be the most important equation in MR:

f=17vBo

The equation tells us that the frequency f is proportional to the magnetic field, By. The
proportionality factor is 42 MHz/T for protons. It is called “the gyromagnetic ratio” or
simply “gamma”. Thus, the resonance frequency for protons in a 1.5 tesla scanner is
63 MHz, for example.

The Larmor equation is mainly important for MR since it expresses the possibility of
designing techniques based on the frequency differences observed in inhomogeneous fields.
Examples of such techniques are imaging, motion encoding and spectroscopy.
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e But how is the magnetization rotated away from its starting point? It happens by applying
radio waves at the above mentioned frequency.

Radio waves are magnetic fields that change direction in time. The powerful stationary
field pushes the magnetization so that it precesses. Likewise the radio waves push the
magnetization around the radio wave field, but since the radio wave field is many thousand
times weaker than the static field, the pushes normally amount to nothing.

Because of this, we will exploit a resonance phenomenon: By affecting a system rhyth-
mically at an appropriate frequency (the systems resonance frequency), a large effect
can be achieved even if the force is relatively weak. A well-known example: Pushing a
child sitting on a swing. If we push in synchrony with the swing rhythm, we can achieve
considerable effect through a series of rather weak pushes. If, on the other hand, we push
against the rhythm (too often or too rarely) we achieve very little, even after many pushes.

With radio waves at an appropriate frequency (a resonant radio wave field), we can slowly
rotate the magnetization away from equilibrium. “Slowly” here means about one millisec-
ond for a 90 degree turn, which is a relatively long time as the magnetization precesses
42 million turns per second at 1 tesla (the magnetization rotates 42 thousand full turns in
the time it takes to carry out a 90 degree turn, i.e., quite a lot faster).

Figure 6 is a single scene from an animation found at http://www.drcmr.dk/MR
that shows how a collection of nuclei each precessing around both B and a rotating radio
wave field as described earlier, together form a net magnetization that likewise moves as
described.

The strength of the radio waves that are emitted from the body depends on the size of the net
magnetization and on the orientation. The greater the oscillations of the net magnetization,
the more powerful the emitted radio waves will be. The signal strength is proportional
to the component of the magnetization, that is perpendicular to the magnetic field (the
transversal magnetization), while the parallel component does not contribute (known as the
longitudinal magnetization). In figure 4, the size of the transversal magnetization is the
circle radius.

If the net magnetization points along the magnetic field (as in equilibrium, to give an
example) no measurable radio waves are emitted, even if the nuclei do precess individually.
This is because the radio wave signals from the individual nuclei are not in phase, meaning
that they do not oscillate in synchrony perpendicular to the field. The contributions thereby
cancel in accordance with the net magnetization being stationary along the By-field (there
is no transversal magnetization).

e The frequency of the radio waves is in the FM-band so if the door to a scanner room
is open, you will see TV and radio communication as artifacts in the images. At lower
frequencies we find line frequencies and AM radio. At higher frequencies, we find more
TV, mobile phones and (far higher) light, X-ray and gamma radiation. From ultra-violet
light and upwards, the radiation becomes “ionizing”, meaning that it has sufficient energy
to break molecules into pieces. MR scanning uses radio waves very far from such energies.
Heating, however, is unavoidable, but does not surpass what the body is used to.

11



4 The rotating frame of reference

Confusion would arise if the descriptions to come continued to involve both a magnetization
that precesses and radio waves that push this in synchrony with the precession. It is simply not
practical to keep track of both the Larmor-precession and the varying radio wave field at the same
time, and this is necessary to establish the direction of the pushes, and thus how the magnetization
changes. Instead, we will now change our perspective.

An analogy: We describe how the horse moves on a merry-go-round in action. Seen by
an observer next to the merry-go-round, the horse moves in a relatively complicated pattern.
However, if the merry-go-round is mounted, the movement of the horse appears limited to a linear
up-and-down movement. We say that we have changed from the stationary frame of reference to
a rotating frame of reference.

In the same vein, we can simplify the description of the resonance phenomenon by moving to
a rotating frame of reference and getting rid of the Larmor-precession. We mount the merry-go-
round that rotates with the Larmor frequency and recognize that in this frame the magnetization is
stationary until we employ radio waves. The effect of By therefore appears to be gone, as shown
in figure 7.

B, M/

B,

Figure 7: In the stationary frame of reference, a rapid precession occurs (left). In the rotating frame of
reference (middle) the magnetization usually only moves slowly due to relaxation and smaller differences
in frequency. When resonant radio waves are transmitted, the effect of these is to induce precession
around an axis perpendicular to the By field (right). Descriptions in the rotating and stationary frames of
reference are equally precise, but explanations are almost always given in the rotating frame of reference,
since the movement of the magnetization is more simple there. Furthermore, the scanner always presents
measurements as if they were obtained in the rotating frame of reference. This happens because the scanner
removes the rapid variation in the signals before they are stored in the computer (the signals are modulated
down from the Larmor frequency to lower frequencies).

5 Relaxation

Interactions happening at near-collisions between nuclei give rise to the magnetization constantly
approaching the equilibrium size. This is called relaxation. The speed at which relaxation occurs
depends on the protons interactions with their neighbors, which in turn depends on the firmness
of the substance (the consistency). It is the difference in consistency and the presence of large
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molecules that limit the waters free movement, which causes most of the contrast we see in MR
images.

The relaxation occurs on two different time scales: The magnetization perpendicular to the
magnetic field (the transversal magnetization) often decreases relatively rapidly, while it can take
considerably longer to recover the magnetization along the field (the longitudinal magnetization).

e The transversal magnetization (M,,) decreases exponentially on a timescale 7> (e.g. around
100 ms for brain tissue. Several seconds for pure water).

e The longitudinal magnetization (M) approaches equilibrium My on a timescale 77 (for
example approximately 1 s for brain tissue. Several seconds for pure water).

The relaxation times depend on the mobility of the molecules and the strength of the magnetic
field, as discussed in section 5.2.

5.1 Weightings

The contrast in an MR-image is controlled by the choice of measuring method (sequence and
sequence parameters, which will be discussed later). For example, we call an image 7>-weighted
if the acquisition parameters are chosen so the image contrast mainly reflect 7;-variations. One
must understand, however, that even in a heavily 7,-weighted image, the contrast will often reflect
more than just 7,-variation. To provide an example, variation in water content always results in
some contrast.

The echo time, TE, is the period from we rotate the magnetization into the transversal plane until
we decide to measure the radio waves (a more precise definition will follow later). Meanwhile,
a loss of magnetization and signal will occur due to T>-relaxation. The echo time is thus the
period within the measurement which gives T,-weighting in the images. A long TE compared to
T, will thus result in considerable T>-contrast, but only little signal. The greatest sensitivity to
T»-variation will be achieved when TE ~T>.

Often, we will repeat similar measurements several times, e.g. once per line in an image.
The repetition-time, TR, is the time between these repetitions. Every time we make such a
measurement, we (partially) use the longitudinal magnetization present (the magnetization is
rotated into the transversal plane which results in emission of radio waves while the transversal
component gradually disappears). If we use the magnetization often (short TR), every repeat will
therefore only produce a small signal. If we, on the other hand, wait longer between repetitions
(long TR), the magnetization will nearly recover to equilibrium between repetitions. What is
meant by short and long TR? It is relative to 7} that is the time scale on which the longitudinal
magnetization is rebuilt.

If the magnetization is completely rebuilt between measurements for all types of tissue in
the scanner, meaning if TR is significantly longer than the maximum 7i, the 7;-contrast will
disappear. In this case, the transversal magnetization immediately following the rotation of the
nuclei reflects the equilibrium magnetization. The radio waves do so, as well. The equilibrium
magnetization is governed by the hydrogen concentration, also known as the proton density (PD).

Thus, we may conclude that using a long TR results in limited 77-weighting but a strong signal.
If we apply a shorter TR, the signal is reduced for all types of tissue, but the signal becomes more
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T1-weighted, meaning that the images will be less intense, but with a relatively greater signal
variation between tissues with differing 77.

Finally, we can minimize both 77- and T,-contrast, which results in a PD-weighted image. In
such an image, variation in the water content is the primary source of contrast, since the proton
density is the density of MR-visible hydrogen that is largely proportional to the water content.

Summarized, the following apply to weightings in a simple excitation-wait-measure-wait-repeat
sequence.

e Ti-weighted images are made by applying short TR and short TE, since 7| contrast is
thereby maximized and 75 contrast is minimized.

e T>-weighted images are made by applying long TR and long TE, since 7} contrast is thereby
minimized and 75 contrast maximized.

e PD-weighted images are made by applying long TR and short TE, since both 7;- and
T>-contrast are thereby minimized. Meanwhile, the signal is maximized, but it is of no
use if the contrast disappears, since only small variations exist in the water content of the
tissue.

The “lacking” combination of long TE and short TR results in a weak signal and mixed 7;- and
T; contrast. Images of bottles with jello in picture 8 illustrates how the contrast and signal in an
image varies with TE, TR and consistency.

(a) Four images, all obtained (b) Six images obtained with a common TE=15 ms
with a common TR=5 seconds and TR=500, 1000, 2000, 3000, 4000, 5000 ms
and TE=90, 50, 20, 15 ms (shown (shown in reading order).

in reading order).

Figure 8: Phantom data which illustrates signal intensity and contrast for bottles filled with jello af
varying consistency. Where is 77 long/short? How long, how short? The same for 7,? Which bottles might
be pure water? Which jello is most firm? What pictures are the most 77-, 7>- and PD-weighted?

5.2 Causes of relaxation

The difference between 77 and 75 is due to a difference in the causes of relaxation. For the protons
in firm matter, the spins will rapidly be dephased after excitation, meaning that they will point in
all directions perpendicular to the field (have all kinds of phases). This is caused by the small
local contributions to the magnetic field that the individual spins are making, and that make the
neighboring nuclei precess at altered frequencies. In firm matter, these interactions are constant in
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time, while they vary in fluids, since nuclei are constantly experiencing new neighbors. Thus, the
spins can remain in phase for relatively long (seconds) in fluids, while they loose their common
orientation in a matter of milliseconds or less in firm matter. We can therefore conclude that 75 is
short in firm matter.

The described process affects the individual spins Larmor-frequency, but does not give rise to
a change of the longitudinal magnetization, since the interaction of just two nuclei cannot alter
the combined energy, which is proportional to the longitudinal magnetization. Therefore this
type of nuclear interaction does not contribute 7j-relaxation — that requires more drastic nuclear
interactions that involve an exchange of energy with the surroundings. All processes that result in
Ti-relaxation also result in 7>-relaxation, ensuring that 77 is never shorter than 75.

Generally 7, becomes shorter with increasing firmness of the matter, but this does not apply to
T1, which is long in very firm matter and very fluid matter (e.g., several seconds), but is short for
semi-firm matter.

The shortest 77 is achieved precisely when random interactions with the neighbors fulfill the
resonance condition, meaning, for example, that at 1 tesla, 77 is shortest for matter where a proton
meets about 42 million other nuclei in 1 second (the Larmor frequency is 42 MHz). This is
understandable — even random pushes to a swing can result in considerable oscillations if the
frequency is approximately correct. If we instead push way too frequently or rarely, very little
will be accomplished regardless of whether the pushes are random or not.

5.3 Inhomogeneity as a source of signal loss, 7'

Interactions between nuclei in the ever changing environment of molecules is the cause of radio
signal loss on a timescale 7> and longitudinal magnetization recovery on a longer timescale 7.
However, a loss of transversal magnetization is also observed because of inhomogeneity in the
field, meaning variation in By. As expressed through the Larmor-equation, the nuclei precess at a
frequency depending on the magnetic field. If this varies over the investigated area, the nuclei will
after some time, point in all directions transversally, even if they had some degree of alignment
after excitation. This process is called dephasing. Since the measured signal is proportional to
the transversal net magnetization, inhomogeneity gives rise to a loss of signal. The larger the
field inhomogeneity, the faster the dephasing. How quickly this happens in denoted by the time
constant 75" (pronounced “7T>-star”). The degree of inhomogeneity depends partly on the scanners
ability to deliver a uniform field (called a good shim). T and 7>, are tissue-dependent parameters
for which normal values are published. This does not apply to 75" values, since they depend, for
example, on the size of the voxel since the inhomogeneity increases with this.

Loss of signal due to interactions of nuclei is irreversible, but through a sly trick, signal lost
due to inhomogeneity can be recovered. The inverse process of dephasing is called refocusing,
and it involves gradual re-alignment of nuclei in the transversal plane. Refocusing is triggered by
repeated use of radio waves as described below. The recovered signal is known as an “echo”.
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6 Sequences

A “sequence” is an MR measurement method and there exists an extraordinary number of these.
A measurement is characterized by the sequence of events that play out during the measurements.
In a classic “spin-echo-sequence” as shown in figure 9, the magnetization is first rotated 90
degrees away from equilibrium through the use of radio waves. A short waiting period follows
with dephasing caused by inhomogeneity. Subsequently the magnetization is turned an additional
180 degrees with radio waves. After a little more waiting time and refocusing, the signal is
measured. This course is usually repeated. In the sequence description above, a couple of
sequence parameters were involved, e.g. the waiting time from excitation to measurement. A
measurement method can thus be described by a sequence name and the associated sequence
parameters. Together they control the measurement’s sensitivity to different tissue parameters,
and the choice is therefore made on the background of the actual clinical situation. Sequences
include elements such as

excitation Turning of the magnetization away from equilibrium.

dephasing Field inhomogeneity causes the nuclei to precess at different speeds, so that the
alignment of the nuclei — and thus the signal — is lost.

refocusing pulse After excitation and dephasing, part of the signal that has been lost due to
inhomogeneity can be recovered. This is achieved by sending a 180-degree radio wave
pulse (in this context known as a refocusing pulse) that turns the magnetization 180 degrees
around the radio wave field. The effect is that those spins which precess most rapidly
during dephasing are put the furthest back in evolution and vice versa (mirroring around
the radio wave field causes the sign of the phase angle to be reversed). In the following
“refocusing period” where the nuclei are still experiencing the same inhomogeneity, they
will therefore gradually align again (come into phase). The lost signal is recovered, so that
an “echo” is measured.

readout Measurement of MR signal from the body.
waiting times Periods wherein the relaxation contributes to the desired weighting.

Further sequence elements (building blocks) that can be mentioned include inversion, bipolar
gradients, spoiling and imaging gradients. Some of these are described later in the main text or in
the glossary.

7 Signal-to-noise and contrast-to-noise ratios

In section 5.1, it was hinted that PD-weighted images are rarely the best at reflecting pathology.
This is in spite of the fact that the signal-to-noise ratio is often good in such images, because
imaging with fully relaxed magnetization and short echo-time increases the signal strength. This
exemplifies that the contrast-to-noise ratio always is more important for diagnostics than the
signal-to-noise ratio, meaning that a good image is characterized by the signal difference between
conditions or tissues that we wish to distinguish (the contrast) being large compared to the relevant
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Figure 9: Sequence diagrams illustrate with an implicit time axis from left to right, the events during a
measurement. The first blocks in this spin-echo sequence ilustrate radio wave pulses, meaning periods
wherein the radio wave sender is turned on. The diagram is read as follows: Initially radio waves are sent
for the duration needed to turn the magnetization by 90 degrees around the y-axis in the rotating frame of
reference. After a short waiting period wherein the spins will dephase, radio waves are again sent for a
period appropriate for turning the magnetization 180 degrees around the x-axis. This gives rise to gradual
refocusing. The signal is read out (measured) when this is complete, which happens after a brief waiting
period equal to the duration of the dephasing. Sequence diagrams most often contain several events. An
example with gradients is found in figure 17

noise (that is, the signal variations that make the distinction difficult, whether these are random
or not). If the contrast-to-noise ratio is small, on the other hand, the relevant signal differences
drown in noise.

An image can be quite noisy, meaning that is has a low signal-to-noise ratio, but still be good
at reflecting a given pathology. One example is diffusion-weighted images in connection with
ischemia, since diffusion weighting lowers the signal for all types of tissue, but improves contrast
between normal and ischemic tissue. Something similar is often true for images acquired with
long echo-time.

In rough terms, the signal-to-noise ratio is an expression for how nice-looking an image is,
while the contrast-to-noise ratio is a measure of the usefulness insofar as the contrast is defined
meaningfully from all the parameters that can help answering the clinically relevant questions. It
is thus not trivial to define the contrast for a given clinical situation (a metric), but it is in principle
simple to optimize it. In practice the optimization can easily be the most difficult part, however,
as it may require many measurements to be performed with different sets of parameters.

8 Quantum Mechanics and the MR phenomenon

This section is non-essential for understanding the rest. Here, some common misconceptions
found in many introducing textbooks (even good ones) are pointed out. These misconceptions
have been recognized by a minority for a long time, but they are sadly still appearing in many
new books, as authors often quote each other without a deep understanding of MR phenomena.
The problem derives mainly from the fact that few authors of MR textbooks have a good
background in quantum mechanics, which is what the misconceptions center around. Such a
background is needed, if authors present explanations based on quantum mechanics, but luckily
such explanations are not needed.

The fundamental problem is that quantum mechanics is often presented as necessary in order
to understand MR, where a classical description is fully adequate. If the two are combined
incorrectly, one easily ends up with something that is contrary to both common sense and
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experimental evidence.

First of all, a little background: In physics, there exists a distinction between classical phe-
nomena and quantum phenomena. The first are those that can be described by classical physics,
such as Newtons laws. The vast majority of the experiences we gain from everyday life belong
in the classical category. In certain situations, however, the classical description is inadequate,
so that predictions derived from it turns out to be inconsistent with observations. In such cases,
one needs quantum mechanics that is believed to be able to describe all of the currently observed
physical phenomena, but which is difficult to understand, since we make very few unclassical
observations in our everyday life. One example of a quantum phenomenon is superconductivity
(resistance free electrical conductance), that we use when creating powerful magnetic fields in
the scanner. Superconductivity would not be possible if classical physics were accurate on an
atomic level.

Quantum mechanics, on the other hand, describes superconductivity, meaning that if one takes
the quantum mechanical equivalents to Newtons fundamental laws as a basis, it can be shown
that a broad range of surprising phenomena are predictable, including superconductivity. All
phenomena that can be described using classical mechanics can also be described with quantum
mechanics, although the complexity grows tremendously, since explanations require familiarity
with the quantum mechanical terminology rather than simply experience from everyday life.

Magnetic resonance is not a quantum phenomenon, although it is often presented this way. It
can be described with quantum mechanics, but the approach necessitates considerable background
knowledge. MR can alternative be described classically, since it can be shown that the classical
description of magnetic dipoles behavior in the magnetic field is a direct consequence of quantum
mechanics.

The existence of the proton spin and magnetic moment is, on the contrary, a quantum mechani-
cal phenomenon, and the classical figure 3 should therefore not be taken too literally (it has its
limitations, although these are not evident in MR experiments). If one accepts the existence of
the magnetic needle quality of nuclei, the rest follows from classical physics.

For a number of introductions to MR, the classical approach is not chosen. On the other hand,
the authors typically do not posses the necessary background in order to use the heavy (and in
this case superfluous) quantum mechanical formalism in a meaningful way. Instead, we are often
presented with a semi-classical description with elements of classical physics and elements of
quantum physics. Such a description can be precise and useful, but easily gets to include elements
of nonsense, which is the case for much literature on the subject. Examples are presented below.

Although quantum mechanics is not needed to understand the magnetic resonance phenomenon
or pretty much anything else going on in scanners, physicists and chemists can still benefit from
learning about it. Quantum mechanics is, for example, necessary in order to determine the size of
T and T, correctly from theoretical assumptions alone (without actual measurements), while the
existence of T and T is purely classical (they can be calculated classically, but the results will be
wrong). In the same vein, quantum mechanics is practical in connection with certain types of
spectroscopy.

There are consequently good reasons to use quantum mechanics in descriptions aimed at
chemists and physicists with the necessary quantum background, while an incorrect pseudo-
quantum introduction is never helpful. Finally, quantum mechanics is necessary to describe
measurements catried out on single protons. Such measurements are never performed, however,
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as the signal always comes from a large collection of protons, a so-called statistical ensemble. For
such an ensemble of non-interacting protons, it is a relatively easy to show, quantum mechanically,
that the classical description is exactly right.

Quantum mechanics is most often employed in the following contexts in introductions to
magnetic resonance:

e Quantum mechanics is very convenient for “explaining” the resonance phenomenon. This
is often done by drawing two lines, calling them energy levels and say that quantum
mechanics tell us that the photon energy must match the energy difference between the
energy levels. A problem with this approach is that it is non-intuitive and raises more
questions than it answers, unless the reader is already schooled in quantum mechanics (why
are almost half of the nuclei pointing opposite the field? Why doesn’t continuous use of
radio waves level out the population differences? What happens if the photon-energy isn’t
quite precise? Alternatively, it can be intuitively argued (as attempted above) that the radio
waves must push the magnetization in synchrony with the precession in order to rotate the
magnetization away from equilibrium.

e Quantum mechanics can conveniently be used to calculate the size of the equilibrium
magnetization. In equilibrium, the coherence terms average to zero and the partition
function consequently is reduced to a sum of just two terms. Classically, more states
contribute, and the calculation is therefore more complicated. The results of the two
calculations are equal, however.

8.1 Corrections

After this tirade, time has come to comment on some of the myths and incorrect figures often
found in literature. It is more important to recognize and ignore the erroneous figures than it is to
understand why they are wrong. The details can be found in the article Is Quantum Mechanics
necessary for understanding Magnetic Resonance? Concepts in Magnetic Resonance Part A,
32A (5), 2008, that contains detailed accounts.

MR is a quantum mechanical phenomenon No, the resonance phenomenon is classical. See
above. The existence of nuclear spin and aspects of certain experiments are, however,
quantum mechanical.

Protons can only be in two conditions: Near-parallel or anti-parallel with the field.
This situation, as illustrated in figure 10, does not occur. There are two conditions that
are characterized quantum mechanically by having a well-defined energy. As expected,
however, the spins can point in all directions both classically and quantum mechanically.

The radio waves align the spins on the two cones The illustration is the result of the erro-
neous belief that the protons can only be in one of two conditions, combined with the
fact that we can rotate the magnetization. The result is pure hocus-pocus: Why are the
individual spins not rotated the same way by the radio waves? How do the protons “know’
where they are each supposed to be pointing? According to this view, it appears possible to
change the magnetization with radio waves. Why don’t we see this happening in practise?
The questions are numerous, simply because the drawing is wrong. It is relatively simple

2
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to show (classically as well as quantum mechanically) that the locally homogeneous fields
that magnet and RF coils generate, can never change the relative orientation of spins locally.
Only inhomogeneous fields such as those the nuclei affect each other with, can do that.
They are the source of relaxation.
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Figure 10: These figures are seen often, but they are misleading. They reflect a factually wrong perception
of spins as only being capable of being in spin-up or spin-down conditions.
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Figure 11: The spins are not aligned on two cones with a net magnetization in the transversal plane, as
this figure claims. Homogeneous radio wave fields cannot change the relative orientation of spins.

9 Imaging

So far, it has been discussed how the body can be brought to emit radio waves, but it has not been
mentioned how radio waves from one position in the body can be distinguished from radio waves
emitted at another position, which is rather necessary for imaging. In this section, techniques for
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spatial localization and imaging are described. Initially, it is explained why these techniques are
fundamentally different from more easily understood techniques known from everyday life.

9.1 Background

The most obvious methods for MR imaging could be imagined to be projection or the usage
of antennas that can detect where in the body the radio waves are emitted. X-ray and normal
microscopy are examples of such “optical” techniques, and it would appear obvious to extend
this type of imaging to MR. Optical techniques are, however, “wavelength-limited”, which means
that they cannot be used to acquire images more detailed than approximately one wavelength.

In other words: Due to fundamental causes, one cannot localize the source of radio waves more
precisely than about one wavelength when using lenses or other direction-sensitive antennas. The
radio waves used in MR scanning are typically several meters long, so with optical techniques we
can hardly determine whether the patient is in or outside the scanner (this argument is really only
valid in the far field, which is the background for parallel imaging. More on this later).

Optical techniques as we know them from binoculars, eyesight, CT, X-ray, ultrasound and
microscopes, are thus practically useless for MR-imaging, and a fundamentally different principle
is necessary. This principle was introduced by Paul Lauterbur in 1973, and it resulted in the
Nobel Prize in Medicine in 2003. Basically, Lauterbur made the protons give their own locations
away by making the frequency of the emitted radio waves reflect the position. Lauterbur shared
the prize with Sir Peter Mansfield, who also contributed greatly to the development of techniques
used in magnetic resonance imaging (MRI).

9.2 Principles

A requirement for MR imaging is that the scanner is equipped with extra electromagnets called
“gradient coils” that cause linear field variations. Direction and strength can be altered as desired.
The spatial localization occurs according to different principles, of which the most simple is slice
selection. Other forms of coding involve the so-called k-space, which will be introduced in a later
section.

9.3 Slice selection

By using gradient coils, the magnetic field strength can be controlled so that it, for example,
increases from left to right ear, while the direction is the same everywhere (along the body).
This is called a field gradient from left to right. By making the field inhomogeneous in this
way, the resonance frequency varies in the direction of the field gradient. If we then push the
protons with radio waves at a certain frequency, the resonance condition will be fulfilled in a
plane perpendicular to the gradient as shown in figure 12. The spins in the plane have thus been
rotated significantly, while spins in other positions simply vibrate slightly. Thus we have achieved
slice selective excitation of the protons and a sagittal slice has been chosen.
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Figure 12: Spin is influenced selectively in a sagital slice, if a gradient from left to right is applied while
radio waves are transmitted.

9.4 Spatial localization within a slice

After the protons in a slice are excited, they will all emit radio waves. In order to create images
of the slice, we must introduce a way to distinguish the signals from different positions within
the slice. The fundamental principle can appear a bit foreign, but will be explained in detail at a
later stage. Briefly told, different patterns in the magnetization throughout the slice are created
with the help of gradients. The strength of the radio signals that are returned tell us how much the
object in the scanner “looks like” the applied pattern. By combining patterns according to their
measured similarity to the object, the well-know MR-images are created.

What is meant by “patterns” is first illustrated in one dimension, meaning that we consider
spins placed on a line (e.g. between the ears) and watch their location and direction immediately
after excitation.
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As illustrated, immediately after excitation the spins all point in the same direction perpendicu-
lar to the magnetic field, which points out of the paper. They will thereafter precess around the
magnetic field, that is, they will rotate in the plane of the paper at a frequency that is dependent
on the magnetic field. Insofar as the field is made to increase from left to right by applying a field
gradient briefly, the spins will each turn an angle that depends linearly on the nucleus’ position:

TPINNEY ) A\ N2 PANS<=2 Y | \—=>7 7 PR
———————

This so-called “phase roll” is an example of the above mentioned spin patterns, that can be
created in the patient by use of gradients. The word “phase” expresses the direction that the spins
point in. It is seen that the neighboring spins point in nearly the same direction, but throughout
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the object, the magnetization has rotated several turns. The longer time a gradient is turned on,
and the greater the field variation that arises, the more “phase roll” is accumulated (more rotations
per unit length).

We have through use of gradients, made the spins point in all directions in a controlled fashion
and have thus simultaneously lost the signal. This is seen by comparing the two situations
above, since the measured magnetization is the sum of all the contributions from the individual
spins. When the spins are in phase (that is, pointing in the same direction), they jointly create a
considerable magnetization that gives rise to radio waves being emitted. When the spins point
in all directions as when a gradient has been applied, their sum is quite small. As a result,
comparably weak radio waves are emitted.

The gain from using the gradient can thus appear quite small: We have simply lost the signal.
That does not, however, have to be the case. Look, for example, at the situation illustrated below
where there are not (as above) protons uniformly distributed from left to right, but where there is
a regular variation in water content instead.

Before gradient:

T T ()
After gradient:
A7 NS S AR SN

In the figure we see how the spins point before and after applying the same gradient as above.
The only difference between the two earlier figures are “holes” that indicate a lack of protons
(locally water-free environment — bone, for example).

We now consider the total magnetization and thus the signal in this new situation. As long as
the spins all point in the same direction, i.e. before the gradient is applied, we receive less signal
than before, as fewer spins are contributing to the magnetization. The signal before the gradient
is applied is thus a measure of the total water content.

After the gradient is applied, on the other hand, we receive more signal than in the comparable
situation above (homogeneous water distribution). This may appear odd, since there are fewer
protons that contribute to the magnetization. The remaining protons all largely point in the same
direction, however, with the result that their combined magnetization is relatively large.

That the object with structure (varying water content) emits radio waves even after the gradient
has been applied, is caused by the match of the phase roll and the structure in the object,
understood in the sense that the “wave length” of the phase roll is the same as the distance
between the water puddles in the example.

If this is not the case, there will be tendency for the different contributions to the magnetization
to cancel each other. The signal is thus a measure of “similarity” between the phase roll pattern
and the structure in the object: After a phase roll has been introduced in the object by applying a
gradient, the signal we receive is a measure of whether there is structure in the object matching
the phase roll.

Thus we now have a basis for understanding MR-imaging: Different phase roll patterns in
the body are drawn one after the other. The resulting radio wave signals are recorded for each
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of the patterns. The size of the signal for a particular phase roll pattern tells us whether there is
similarity to the structure of the body.

In few cases there is an obvious similarity between structure and phase roll pattern. Most often,
the similarity is very limited. Generally, the images are obtained by combining patterns weighted
by the appropriate measured signals. This principle is actually known from the game MasterMind,
which was popular long ago (figure 13).
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Figure 13: The game Mastermind. One player places a row of colored pieces hidden behind a screen at
one end of the board. The opposing player must then guess the combination of pieces. After each guess
(pieces placed in the opposite end) the first player informs to which degree the guess was correct, that is,
how many pieces were placed correctly (though not which). The guessing player will after a few rounds be
able to predict the hidden combination based on responses to earlier guesses. The same principle is in
action in MR imaging: The inner parts of the patient are hidden, but through gradients we may “draw”
spin patterns in the patient. In return, we receive radio waves whose strength reveals the similarity between
patient structure and the drawn pattern.

9.5 Extension to more dimension — k-space

So far, we have considered a situation with hydrogen nuclei placed as pearls on a string. We will
now extend to two dimension and consider the situation in a slice of tissue with uniform water
content after a gradient has been applied:

ﬁ//T\\i/‘/)\ \\)/v/’f'\‘\iéf/J \\\\_?//T\
/J\\\/y/ \«—// - = \\‘//J\/\\
IO A RN S B A R
/M\\K/l/\L \\%””\\“///Lz N A AR
%//T\\&///\\\/r//,‘\\k_//i\\ﬁ//f\

The figure show a phase roll in the gradient direction (upwards and right). The “thick arrow”
on the middle of the drawing shows the net magnetization, that is, the sum of all the small
magnetization vectors (a vector is an arrow). It is seen that the sum is relatively small, since there
is an approximately equally many arrows pointing in all directions.
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As in the one-dimensional case, there may still be a considerable net magnetization even after
a gradient has been applied. This happens if there, as shown in the following figure, is structure
in the object that matches the phase roll (the dots mark places where there are no protons).
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For the sake of clarity, the spin patterns in the following will be shown in two different ways.
Rather than showing arrows pointing in different directions, phase rolls will be shown as an in-
tensity variation as in the figure in the middle, where the color reflects the direction of the arrows?:
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For each such pattern, a vector k is assigned, whose direction indicates the direction of change
and whose length indicates the density of stripes as shown to the right.

By applying gradients, we “draw” patterns in the patient, one by one, in a predetermined order
specific for the chosen sequence. All directions of stripes and all densities of stripes are drawn up
until a certain limit. As said, the returned radio wave signal depends on the similarity between
object and pattern and it is registered as a function of Kk, as shown in figure 14. Example patterns
are shown, but for each single point in k-space there is a corresponding pattern.

9.6 Similarity and image reconstruction

Above, it has been described how the similarity between object and phase roll is measured, and it
has been said that the image is calculated by adding patterns together that are weighted by the
measured MR-signal. This section elaborates on what this actually means.

2The figure is not brilliant: the left situation corresponds to a stripe pattern with only 2 stripes rather than the 6
shown in the middle. The direction, however, is spot on in all three illustrations.
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Figure 14: The structure of k-space. The signal is measured as a function of the k-vector (ky, k), which
changes when field gradients are applied. The lighter region in the middle of k-space tells us that the object
in the scanner (a head) has greater similarity to slowly variating patterns, or expresed differently, the most
powerful radio waves are emitted from the body when low-density phase roll patterns are created.
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The concept of “similarity” is illustrated in this case with an example.
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To the left is shown part of a city map (Manhattan). To the right is shown the unique stripe
pattern that looks most like the map in an MR sense. The similarity may seem small, but it is
evident when it is realized that the stripes are going in the same directions as the north-south
roads, that they have about the same distance as these and that the pattern is shifted, so that it is
bright where the map is bright.

We find almost equally high similarity with a similar east-west oriented pattern. If the two
patterns are put on top of each other (stacked as two overheads), one would almost have a usable
road map. This is how image reconstruction is done, with the exception that it usually takes a lot
of patterns to create a useful image. This is caused by the fact that the similarity between object
and each individual pattern is typically extremely small, but not zero.

It may appear surprising that very complex pictures can be created by simply adding different
patterns. There is also an important difference from the overhead example, which would provide
darker and darker pictures the more patterns are added: The difference lies in the fact that one
must also be able to subtract patterns in order to produce usable images, meaning that the sign of
the MR-signal (the phase) is important. Figure 15 shows how patterns can be added to form brain
images.

9.7 Moving in k-space

The phase roll is controlled by applying gradients with different directions, strengths and durations.
As long as a gradient is active, and the field thus varies linearly with position, the phase roll
will change, but it will always have the shape of a stripe pattern as shown earlier. Meanwhile,
there will continuously be emitted radio waves from the body which tell us how well the pattern
matches the structure of the object.

Example: If a gradient going from ear to ear (the x-direction) is applied, the result is a phase
roll in this direction corresponding to the k-vector growing along the k,-axis. As long as the
gradient is “on”, the stripes in the pattern are getting closer as the phase rolls accumulate (the
wavelength, defined as the distance between stripes, becomes shorter). If another gradient in
the direction from scalp to foot is applied, a phase roll in this direction will accumulate and the
k-vector grows along the k-axis.
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Figure 15: Image reconstruction. The figure shows how simple patterns (line 1) can be summed up to
complex images (line 2). The reconstructed images are, in this case, created from the patterns that have
the greatest similarity with the subject in the scanner, meaning the areas of k-space where the strongest
radio waves were measured (line 3). Still more patterns are included in the image reconstruction (indicated
by the dark areas on the k-space images and the reconstructions are likewise becoming more and more
detailed (the number of included patterns is doubled in each step). The final reconstructed image (lower
right) has been created on the background of the thousand patterns appearing most similar to the excited
slice. The top line shows the “most recently added” pattern. It is seen that the slow signal variations
(intensities) are measured in the middle of k-space, while the sharpness of the edges are derived from the
measurements further out in the k-space.
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If both gradients are applied, a tilted phase roll is achieved. This is true regardless of whether
the gradients are applied one at a time or simultaneously: By applying them one at a time, the
k-vector moves along the k.-axis first and then along k,. By applying them simultaneously, it
moves directly to the same point and the final result is the same.

One example of the path through k-space is shown for the spin-echo sequence in figure 16. The
gradient, which is itself described by a vector, determines at all times where the measurement is
headed in k-space and is thus the speed of the k-vectors movement in k-space.

That the emitted signal depends entirely of the position in k-space and not on the path there, is
important for the success of the k-space description of MR-imaging. Many sequences differ by
the path through k-space (the order in which patterns are created), but image reconstruction is
fundamentally identical.

9.8 Image acquisition and echo-time

Earlier in the text, the echo time was described as the duration from excitation until the point
where radio waves are measured. Since the transversal magnetization in this period is lost on a
timescale of 7> (or 75, if a refocusing pulse is not used), the echo time TE is thus determining the
corresponding relaxation time weighting of the measurement.

After the introduction of imaging, we now need to reconsider the definition of echo time, since
several positions in k-space are typically being measured after each excitation. A typical approach
to imaging is, for example, to measure individual points along a line in k-space one by one after
each excitation.

The single points (corresponding to different stripe patterns) are consequently not measured
at the same time after excitation, and the echo-time definition has therefore become blurry. For
echo-planar imaging (EPI), this problem is extreme, since the entire image is measured after a
single excitation, meaning that some points in k-space are measured milliseconds after excitation,
while others are measured, for example, 100 ms later and thus with a completely different 75
weighting.

Is the possibility to characterize 7>-weighting by a single parameter therefore lost? No! It turns
out that the echo-time definition can be adjusted, so that it still can be interpreted as above. A
surprising 