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Abbreviations and symbols

MRI Magnetic resonance imaging

NMR Nuclear magnetic resonance

ECM Extracellular matrix

RF Radio frequency

TE Echo time

TR Repetition time

T1 Spin-lattice or longitudinal relaxation

T2 Spin-spin or transverse relaxation

T2* Actual measured T2

T2' T2 secular contribution

p-p Proton-proton vector

P-P Net time-average proton-proton magnetization vector

M Net magnetization vector

M0 Magnitude of the net magnetization vector

Mxy Transverse component of the net magnetization

Mz Longitudinal component of the net magnetization

B0 Strength of the main magnetic �eld

ω0 Larmor frequency

γ Gyromagnetic ratio
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1 Introduction

In 1962, Berendsen [1] examined samples of the bovine Achilles tendon
with nuclear magnetic resonance (NMR) spectroscopy. The results in-
dicated that the signal from this collagenous tissue is a�ected by the
orientation of the tissue with respect to the main magnetic �eld of the
instrument. This orientational dependence was already seen and utilized
in NMR of solid materials and named as the "magic angle" e�ect [2].

Magic angle e�ects are one class of MRI artifacts which can reduce the
diagnostic quality of images or lead to misdiagnoses. Because of that,
it is important to recognize the situations in which signi�cant e�ects
may be seen. One long-term goal in the �eld of MRI has been to de-
velop a noninvasive diagnostic tool for detecting di�erent diseases that
are related to tissues containing high concentrations of collagen, such
as osteoarthritis or tendinopathy, at their early stages. Unfortunately,
magic angle e�ects can considerably a�ect some relaxation parameters,
especially T2 and T2*, making it harder to distinguish pathologies from
artifacts. At the same time, researchers have also found new ways to
study tissue structures by using this phenomenon. [2, 3]

This BSc thesis reviews some of the most relevant studies about magic an-
gle e�ects in cartilage, tendons and ligaments which contain high amounts
of collagen and in which those e�ects are seen in many di�erent situations.
The theory section introduces the basic principles of magnetic resonance
imaging (MRI) and the macromolecular origins of the magic angle e�ect.
Some methods for preventing magic angle artifacts are brie�y presented
as well. The subsequent research section elucidates the challenges that
magic angle e�ects bring to the imaging of collagenous tissues, and intro-
duces quantitative and clinical studies about the phenomenon. Finally,
some devices designed for in vivo magic angle imaging are described.

2 Theory

2.1 Magnetic resonance imaging

MRI is still a relatively new medical imaging method. It has some advan-
tages over other imaging techniques, such as sensitivity to di�erent kinds
of tissues and absence of ionizing radiation. People of almost any age
can be imaged with MRI and it can be used as a tool for understanding
the human body in detail. [4, 5]
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2.1.1 Nuclear magnetic resonance

MRI is based on the NMR phenomenon, in which the precession fre-
quency of a nucleus matches the frequency of an oscillating magnetic
�eld. A nucleus with an odd number of protons or neutrons, or both, has
a non-zero total angular momentum, spin, and hence a non-zero mag-
netic moment. In NMR, several nuclei are used for getting a signal from
the sample, but in medical applications the most common nucleus is hy-
drogen, which consists of a single proton, due to its quantity in human
tissues. In this thesis the term spin refers to 1H protons and their spin
property, unless otherwise speci�ed. Only the classical model for the
proton spin is introduced in this chapter, but a more detailed and pre-
cise approach can be achieved with quantum mechanics. In the classical
model, the proton spin is compared to an electrically charged spinning
top or gyroscope with a current loop around its spinning axis. Thus it
is a magnetic dipole capable of creating its own magnetic �eld and in-
teracting with external magnetic �elds. The angular frequency for the
precession of the magnetic moment vector can be denoted as

ω0 = γB0, (1)

where γ is the gyromagnetic ratio speci�c for each nuclear species. For
hydrogen its value is 42.6 MHz/T. B0 is the strength of the main mag-
netic �eld. The equation above is called the Larmor equation and the
frequency ω0 the Larmor frequency (Figure 1a). [4, 6]

When the external magnetic �eld B0 is applied, the magnetic moments
of spins align parallel or anti-parallel to B0. Slightly more magnetic mo-
ments align to the parallel orientation, since it is the lower energy state,
according to quantum mechanics. As a result, when magnetic moments
from all spins are summed together, the group of spins has a net mag-
netization vector M parallel to B0, with a magnitude M0. To receive a
proper signal from the object, the net magnetization M has to be tipped
from the equilibrium state, that is, parallel to z-axis, towards the xy- or
transverse plane. This is done by applying a radio frequency (RF) pulse,
oscillating at the Larmor frequency, that �ips the net magnetization vec-
tor perpendicular to the main magnetic �eld B0, if a π/2 or 90° pulse
is used. The �ip angle determines how much the RF pulse turns the
net magnetization vector. The 90° �ip to the transverse plane is not the
only possibility, as many sequence designs use smaller or larger angles
to allow faster imaging. The energy of the RF pulse causes some of the
spins to �ip to the higher energy state, thus averaging the longitudinal
net magnetization components. At the same time, the spins move in the
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same direction, or in phase, and the resultant phase coherence causes the
transverse magnetization to occur (Figure 1b). The transverse magneti-
zation precess within the xy-plane at the Larmor frequency, creating a
changing magnetic �eld which induces a detectable current to a receiver
coil. [4, 6]

After the RF pulse is switched o�, the spin system begins to dissipate
energy to its environment and spins start to lose their phase coherence.
The process in which the longitudinal component of the net magnetiza-
tionM begins to increase towards its initial state is called T1 relaxation,
longitudinal relaxation or spin-lattice relaxation. When spins �ip their
orientation back to the lower energy state, the longitudinal magnetiza-
tion increases. Spins exchange their energy with each other and with
neighbouring molecules tumbling near the Larmor frequency. Relaxation
is a continuous process, so T1 is the time when the longitudinal magne-
tization is restored by exponential growth as

Mz = M0(1 − exp(−t/T1)), (2)

or ≈ 63 % of its initial value (Figure 1c). [4, 6]

The decrease of the transverse magnetization is called T2 or spin-spin
relaxation, and it occurs when spins lose their phase to each other, in
other words, a phase di�erence is developed between the transverse mag-
netization components of spins. This can happen in di�erent ways. First,
T1 relaxation always leads to T2 relaxation. Second, T2 relaxation can
occur without T1 relaxation. This is the so called secular contribution
to T2 and it is caused by certain dipolar interactions [7]. When protons
experience local static magnetic �elds from other nuclei, the Larmor fre-
quencies between protons di�er slightly from each other and a phase
di�erence is developed between spins, triggering T2 relaxation. T2 is the
time constant when the transverse magnetization has decayed as

Mxy = M0(exp(−t/T2)), (3)

or ≈ 37 % from its initial value (Figure 1d). [4, 6]

Equations (2) and (3) are valid if it is assumed that the longitudinal
magnetization is fully converted into the transverse magnetization by
the RF pulse. Hence Mz(0) = 0 and Mxy(0) = M0. In real imaging
situations, there are always some inhomogeneities causing spin dephasing,
most of them caused by de�ections in the main magnetic �eld B0. When

5



this phenomenon is taken into account, the actual T2 is always shorter
or equal to the predicted T2 and is denoted as T2*. [4, 6]

Figure 1: NMR and relaxation. a) In NMR, the spin axis of a proton
precesses about the direction of the main magnetic �eld B0 at the Larmor
frequency. b) After the RF pulse about half of the spins �ip to the
higher energy position towards B0. At the same time spins move in
phase and as a result the longitudinal magnetization Mz is converted
into the transverse magnetizationMxy. Spins start to return to the lower
energy state and lose their phase coherence as the relaxation process
begins. Eventually, the spin system returns to the initial state preceding
the RF pulse. The red arrows in the �gure represent longitudinal and
transverse components of the net magnetization and some of the spins
are marked with orange arrows. c) A diagram showing the recover of the
longitudinal magnetization, the T1 relaxation. d) A diagram showing the
decay of the transverse magnetization, the T2 relaxation. [N. Lee and T.
Hyeon. "Designed synthesis of uniformly sized iron oxide nanoparticles
for e�cient magnetic resonance imaging contrast agents". In: Chem.
Soc. Rev. 41 (2012), pp. 2575-2589] - Reproduced by permission of The
Royal Society of Chemistry [8].

2.1.2 MRI basics and relevant parameters

As mentioned in the previous subsection, the main magnetic �eld B0

needs to be added to induce the net magnetization in the object to be
imaged. In clinical MRI systems, its strength is typically 1.5 T or 3 T
and it is created with a superconducting liquid helium cooled coil. The
homogeneity of B0 can be improved with passive shimming, in which
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some metal is added near the magnet, or with active shimming, in which
additional shim coils are used to compensate the distortions of the main
�eld. RF-coils are used to transmit the Larmor frequency signals to a spin
system for �ipping the net magnetization, and to receive signals caused
by the rotation of the net magnetization. Transmitter and receiver coils
can be separate coils or one coil. In a single, homogeneous main �eld,
all spins precess at the same Larmor frequency and the signal from the
object can not be encoded spatially. To achieve spatial encoding, gradient
�elds are added to the main �eld. Signals are phase- and frequency-
encoded. Frequency encoding is also used for the slice selection. The
spatial frequency information is stored to the data matrix called k-space,
and is then transformed to image using Fourier transform. [6]

After application of the 90° pulse the net magnetization vector M pre-
cess about the z-axis along a spiralling path towards the initial condition
before the RF pulse, as both T1 and T2 relaxations occur. This preces-
sion induces a dampening sine wave with the frequency ω0 to the receiver
coil. This sine wave signal is called the free induction decay (FID). FID
signal degeneration can be accelerated by applying a dephasing gradient
produced with the gradient coils. The gradient-accelerated spin dephas-
ing is a reversible process and the application of a rephasing gradient
restores the phase coherence of spins back together producing an echo
signal called gradient echo (GRE). GRE is one of the basic MRI signals.
Another very important signal type is a spin echo (SE) signal. Spin
echo utilizes that part of T2 relaxation which is caused by the constant
inhomogeneities of B0. If the spin system is excited by a π or 180° re-
focusing pulse, those spins in the transverse plane that are dephased by
the B0 inhomogeneities are refocused together in the same manner as in
GRE, resulting in SE signal to occur. Many advanced pulse sequences
are available nowadays. Although several things a�ect sequence design
and sequences di�er from each other considerably, there are always two
important operator selectable sequence parameters. The time between
the 90° RF pulse �ipping the magnetization and the center of the echo
signal is called the echo time (TE). If the pulse sequence is repeated,
the time between the corresponding parts of two subsequent sequences
is called the repetition time (TR). Some other parameters and pulse se-
quences, such as rotating frame relaxation times, proton density (PD)
and fat suppression, are also mentioned in the research section, but these
are not discussed in this thesis. [4, 6]

To investigate the e�ects of orientation on T2 relaxation time, T2 values
within tissue must be measured. SE sequences with long TR and long
TE are commonly applied to produce T2-weighted images. [4]. A T2 re-
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laxation map can be calculated using multiple images acquired with same
TR and di�erent TE values. Multi-echo spin echo (MESE) sequences are
a fast way for image acquisition. One sequence used especially for T2
measurements is the Carr-Purcell-Meiboom-Gill (CPMG) sequence. In
a simpli�ed case, after acquisition, T2 can be calculated pixel-by-pixel
by �tting the equation (3) to the data using mono- or multiexponential
�t. Then a map containing a distribution of T2s within tissue can be
created. [9, 10]

2.2 Magic angle e�ect

Water forms di�erent compartments or layers in tissues determined by
the rate of molecular motion. Water in and near macromolecules is called
bound water, where tightly bound water in macromolecules act like solid
material and hydrated water near the molecules like viscous liquid. Other
water in tissues is called free or bulk water. Dipolar interactions and
chemical exchange between these compartments causes spins in them to
a�ect each other and form one common net magnetization within tissue,
the process called magnetization transfer [11]. In many tissues, the rapid
movement or tumbling of protons averages out the net e�ect of dipolar
interactions when the protons are exposed to local magnetic �elds from
other nuclei, resulting in intermediate T2 times and observable signal
intensity. However, tissues containing highly ordered structures such
as large immobile proteins restrain the tumbling and the orientation of
protons in bound and free water, and in that case the secular contribution
static �eld dipolar interactions between protons play an important role
in the formation of T2 relaxation [7]. One group of such tissues are
those including collagen, protein that encompasses one-third of human
protein. Tendons, ligaments and cartilage are highly collagenous tissues
in which T2 is a�ected by the dipole-dipole interactions between protons.
The strength of these interactions is dependent on the angle between the
tissue and the main magnetic �eld B0, and at the certain angle value
called the "magic angle" the dipolar interactions disappear. [2, 12]

2.2.1 Collagenous tissues

Collagenous connective tissues di�er from each other in the type of colla-
gen they contain, in the total amount of collagen and in tissue geometry.
All these tissues have their own specialized composition, but the main
components in tendons, ligaments and cartilage are the same. They
are composed of a supporting structure called the extracellular matrix
(ECM) and specialized cells, chondrocytes in cartilage and �broblasts in
other tissues, which create and maintain ECM [13]. Extracellular matrix

8



mostly consists of water (50-80%) and macromolecules: collagen protein
(60-100% of the dry weight) and proteoglycans [14, 15, 16]. The col-
lagen molecule is composed of three α-chains which form a triple helix
structure called the tropocollagen molecule. These molecules associate to
form micro�brils, micro�brils form �bers and �ber packages ultimately
constitute the macroscopic tissue structure (Figure 2). In some degener-
ative diseases such as osteoarthritis, the ECM maintaining fails causing
�brillation and erosion, and ultimately the loss of tissue. Distinguishing
lesions and the early stages of degeneration in collagenous tissues is im-
portant, but it has proven to be complicated in some cases when using
MRI due to imaging artifacts and the structures of these tissues. [2, 3,
5]

Figure 2: The recurring structure of collagenous tissues. α-chains form
triple-helices which join together to compose �brils and �bers and even-
tually macroscopic tissue structures. Reprinted from Journal of Biome-
chanics 36.10, F. H. Silver, J. W. Freeman and G. P. Seehra, "Collagen
self-assembly and the development of tendon mechanical properties", pp.
1529-1553, Copyright 2003, with permission from Elsevier [17].

In tendons and ligaments the alignment of collagen �bers and molecules is
mostly linear, while in cartilaginous tissues the �ber orientation is circular
or more complex due to the layer composition of cartilage [3]. Articular
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cartilage has four basic zones which di�er from each other. In the most
super�cial layer, the tangential zone, collagen �bers are oriented parallel
to the articular surface. In the transitional zone below the orientation
of collagen is more random. Collagen �ber orientation in the radial zone
is perpendicular to the cartilage surface. Finally, in the calci�ed zone
at the cartilage-bone interface the �ber orientation is arcadelike. Type
I collagen is the most common collagen type in tendons and ligaments,
while in cartilage type II is the most abundant. However, all collagen
types have the same basic structure. [2, 15]

Each α-chain consists of a backbone composed of carbon and nitrogen
with hydrogen, oxygen and di�erent amino acids bonding to these atoms.
Amino acid residues, such as glycine, proline, hydroxyproline and many
others, are repeated in varying triplets along the molecule backbone to
make the structure more rigid. These chains have also positive NH+ and
negative CO− groups, and water molecules from the surrounding water
bath are able to form hydrogen bonds between these groups. Water can
bind between NH+ and CO− groups in the same α-chain or between
groups in separate chains. These bound water molecules are so called
intra- or interchain and intermolecular water bridges and they are nec-
essary for collagen triple helix and overall collagen structure formation.
The same water bridges are the major source of magic angle e�ects in
collagenous tissues. A water molecule has two positively partial charged
hydrogen atoms, or protons. When water molecule binds between posi-
tive and negative groups with one of its protons, the other proton is able
to rotate about the water bridge axis (Figure 3A). Water molecules are
also able to oscillate in a plane perpendicular to the bridge axis. There
is a dipole-dipole coupling between the freely rotating proton and the
bound proton in the same water molecule, causing a magnetization from
the rotating proton towards the bound one. When the proton-proton
vector p-p rotates about the bridge axis as the proton rotates and all p-
p vectors from all water bridges in three α-chains are summed together,
there is a net time-average magnetization P-P which is parallel to the
tropocollagen molecule (Figure 3B). Due to di�usion, the autoprotolysis
of water and quick hydrogen bond formation and breaking between tissue
bulk water and collagen, rotating protons in water bridges fast exchange
with protons in bulk water molecules. When a proton is a part of a
bridge molecule, it aggregates a phase shift dependent on the time spent
in the bridge and the orientation of tropocollagen molecule in relation
to B0. Protons get di�ering phase shifts and keep these shifts, or spin
orientations, when exchanging back to bulk water molecules. Protons
in water molecules "sample" the dipolar �elds of immobile bridge pro-
tons and accumulated phase shifts cause fast transverse relaxation and
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short T2 times in collagen rich tissues. The phase shift is relative to the
orientation of tissue in the main magnetic �eld B0 as

∆ω = γB0(θ), (4)

where θ is the angle between the P-P vector and B0. It is also the angle
between the tissue axis and B0 if collagen molecules are perfectly aligned
with the tissue axis, like in tendons and ligaments in many cases. As
the magnitude of the phase shift is relative to the strength of the dipole-
dipole interaction between protons, the maximum frequency shift ∆ωmax
is achieved at θ = 0° and no phase shifts occur at θ = 54.7° angle as the
dipole-dipole interaction disappear. If the collagen orientation in tissue is
more complex, like in cartilage, there is a distribution of angles θ within
the tissue and weaker or stronger magic angle e�ects are seen in many
di�erent imaging angles. [2, 18]
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Figure 3: Water bridge rotation and formation of the P-P vector. A) A
water molecule binds to an α-helix and forms a water bridge which rotates
about the bond axis. B) The water bridge rotation and the dipole-dipole
interaction between bridge protons cause the time-average net magne-
tization P-P parallel to tendon axis. This orientational restriction is
transferred to free water by fast exchange. [G. D. Fullerton. "CHAP-
TER 4 The Magic Angle E�ect in NMR and MRI of Cartilage". In:
Biophysics and Biochemistry of Cartilage by NMR and MRI. The Royal
Society of Chemistry, 2017, pp. 109-144] - Reproduced by permission of
The Royal Society of Chemistry [2].

2.2.2 T2 relaxation dependence on tissue orientation

The simplest model for the dipole-dipole interaction between two protons
is the interaction of two current loops, or dipoles. If two dipoles are
parallel to the z-axis and the main �eld B0, the Bz-component of the
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local �eld produced by one dipole and experienced by the other is

Bz =
µ

r3
(3cos2θ − 1), (5)

where µ is the magnetic dipole moment, r is the distance between two
dipoles and θ is the angle between the internuclear vector r and B0. Bz

disappears as the term 3cos2θ−1 goes to zero. This is true for four angle
values, of which the lowest is 54, 74° (the magic angle). [2, 12]

As mentioned earlier, T2 can occur through two di�erent mechanisms,
with or without T1, and the main �eld B0 inhomogeneities shorten T2
relaxation time. Hence T2* consists of three parts

1

T2∗
=

1

T2
+

1

T2′
+ γH0, (6)

where T2 is the relaxation time related to T1, T2' is the dipole-dipole
(secular) contribution and γH0 is the B0 inhomogeneity contribution.

In collagen, T2' in equation (6) can be replaced with the term γB0(θ)
from equation (4) so the equation (6) can be rewritten as

1

T2∗
=

1

T2
+ γB0(θ) + γH0. (7)

At the magic angle the term γB0(θ) goes to zero and equation (7) is
reduced to form

1

T2∗
=

1

T2
+ γH0. (8)

In this case, T2* is not a�ected by dipolar interactions but depends only
on T1 related relaxation mechanisms and B0 inhomogeneity. So at the
magic angle, collagenous tissues act like other tissues with no signi�cant
macromolecules in their structure. [2, 12]

2.2.3 Methods for reducing magic angle artifact

Short T2 relaxation times in collagenous tissues reduce signal intensity
and tissues appear dark in images. At the magic angle, however, signal
intensity can be signi�cantly higher and tissues may show up bright in
images. When recognized for the �rst time, magic angle e�ects were at
�rst considered as an undesirable source of artifacts. [3]
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In the study by Richardson et al., experienced musculoskeletal radiol-
ogists were surveyed concerning the magic angle e�ect and parameters
related to it. Richardson et al. found that radiologists underestimated
the occurrence of the magic angle e�ect in di�erent situations, and em-
phasized the importance of MR physics education for radiologists. [19]

Increasing TE has been the basic method of avoiding such artifacts be-
cause magic angle e�ects are apparent with moderate and short TEs and
are decreased with long and ultrashort TEs (UTE). However, this method
can lead to a loss of T2 sensitivity and the e�ects caused by disease may
disappear from images if the disease increases T2 less than the magic an-
gle e�ect. Ultrashort TE sequences, when used with long T2 suppression,
can detect signals from collagen rich tissues even when positioned at 0°

angle to B0, while decreasing signal from tissues orientated at the magic
angle. There is also at least one study by Zurlo et al. [20] showing that
magic angle e�ects can be avoided by using larger �ip angles with TE
< 30 ms in GRE sequences. It is also possible to avoid the magic angle
e�ects by using T1-weighted approaches, in which the T2 contribution
to signal intensity is minimized because magic angle e�ects do not have
signi�cant impact to T1 relaxation. However, as mentioned in the article
by Karantanas et al. [21], magic angle e�ects are seen at least with T1-
and PD-weighted SE sequences and GRE sequences with short TE, so
in some cases T2-weighting is preferable. Patient positioning is a way to
control magic angle e�ects as well, although somewhat limited and di�-
cult one in many cases. Furthermore, when using vertical �eld magnets
or open MRI systems, the possibility of various magic angle e�ects must
be taken into account. [3, 16]

The magic angle e�ect can be used as an imaging method as well. In
magic angle imaging, tissues are orientated near the magic angle for
higher signal or better contrast (Figure 4) [3]. For example, signal
changes in the Achilles tendon due to tendinopathy can be better vi-
sualized [22], or the macromolecular structure of cartilage can be studied
[23] by using this method.
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Figure 4: UTE sequence magic angle imaging. The highest intensity val-
ues of the signal from the Achilles tendon and enthesis are achieved when
the tissue is orientated near the magic angle. Reprinted from Magnetic
Resonance Imaging 27.4, J. Du et al., "Magic angle e�ect in magnetic
resonance imaging of the Achilles tendon and enthesis", pp. 557-564,
Copyright 2009, with permission from Elsevier [24].

3 Research on magic angle e�ect

3.1 Formation of current understanding

This subsection introduces some of the more recent studies closely re-
lated to the formation of the current understanding about the magic
angle e�ect in collagenous tissues. Over the past decades, there have
been many uncertainties about the biophysics of these tissues, which has
led to misconceptions and unsatisfying theories about the origins of this
phenomenon.

The macromolecular origins of magic angle e�ects in collagenous tissues
were already hypothesised in the paper by Berendsen [1], but even after
the introduction of MRI it took several years before the research associ-
ated to this subject truly started to grow. As MRI technology and pulse
sequences have developed, it has become easier to control and measure
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magic angle e�ects in collagen rich tissues. In 1995, Timins et al. [25]
adduced di�erent theories that could explain the signal intensity vari-
ation in the rotator cu� tendons, but the authors also mentioned that
�ndings from di�erent studies are in contradiction to each other. In 2000,
Karantanas et al. [21] noted in their paper that the variation of patel-
lar tendon position in their study may be a drawback and there was a
lack of knowledge about the magic angle e�ect with more complex pulse
sequences. New technological innovations and research concerning the
basis of the magic angle e�ect were clearly needed. [2]

Mosher et al. studied the orientational dependence of T2 relaxation time
on femoral cartilage in vivo. The purpose of the study was to investigate
if the magic angle e�ect in vivo is as signi�cant as ex vivo, and if T2
anisotropy is the cause of intensity di�erences in cartilage. The study
was done with eight, from 24 to 42 years old asymptomatic male volun-
teers using a 3 T MRI spectrometer. Mosher et al. reported 8.6 % longer
T2 times at the magic angle compared to relaxation times at 0° position
for the radial zone of cartilage. Corresponding changes for tangential
and super�cial zones were 18.3 % and 29.1 %. The group concluded that
because of the smaller orientational changes in T2 compared to prior ex
vivo studies, the magic angle e�ect is an unlikely cause of the regional
di�erences in cartilage T2 observed in clinical MRI, unlike prior stud-
ies have predicted. Instead, Mosher et al. hypothesized that regional
di�erences in cartilage compression are the reason for the T2 variation.
[26]

In the commentary on the article by Mosher et al. [26], Kneeland points
out that studies about the magic angle e�ect contradict each other. Al-
though some studies have indicated that the increased signal and the
laminar appearance of cartilage could result from the magic angle e�ect,
the other studies are not supporting these �ndings. The author also
states that further research about the cause and the importance of the
magic angle e�ect is essential for knowing if the increased signal from
tendon or ligament is caused by the degeneration or the magic angle
e�ect. [27]

Indeed, there have been di�ering conceptions about the importance of the
magic angle e�ect. Mlynárik [28] questions the results of the study made
by Mosher et al. [26] and mentions that a multiexponential magnetiza-
tion decay analysis with short and long T2 components could explain the
results observed by Mosher et al. When using a multiexponential �t, T2
has two or more components and the appearance of di�erent components
is dependent on TE. Since the magic angle e�ect a�ects mostly the short
T2 component, Mlynárik claims that Mosher et al. disregarded the magic
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angle e�ect by using a monoexponential �t which corresponds mainly to
the long T2 component. In the answer to Mlynárik [28], Mosher et al.
say that the short T2 component is not apparent in clinical imaging since
TEs are too long. Based on this debate, it seems that there have been
uncertainties about the appearance of the magic angle e�ect particularly
in clinical studies, in which many di�erent imaging sequences and TEs
are used. As a result, it has been unclear how much the magic angle
e�ect accounts to the regional variation of cartilage T2, di�ering from
the histological variation, in clinical imaging and how much physiolog-
ical factors, such as degenerative changes and compression, a�ect this
variation and imaging appearances of collagenous tissues in general.

Xia et al. studied the orientational dependence of T2 relaxation in a
µMRI study. A 7 T NMR spectrometer was used with a sample-rotating
device to remotely move each sample to di�erent orientations inside the
spectrometer. Six prepared canine articular cartilage samples were ro-
tated to 12 di�erent positions and 48 T2-weighted images were acquired
from each sample. Twelve T2 maps with a resolution of 13.7µm were
produced using monoexponential �ts. Xia et al. noticed that T2 approx-
imately followed the orientational dependence of the dipolar interaction,
although there was some deviation from the expected T2 maxima values.
The magic angle e�ect was strongest in the radial zone of cartilage, in-
termediate in the super�cial zone and minor in the tangential zone. To
explain the experimental results, Xia et al. introduced a model based
on three spin populations: one isotropic, free water associated spin pop-
ulation and two anisotropic, collagen associated spin populations. The
model assumes that the averaged "long" T2 components are divided into
these two anisotropic subpopulations, which are related to collagen �brils
perpendicular to each other. Thus, T2 values of these subpopulations are
in 90° phase to each other and the dipolar interaction is governed by both
(3cos2θ−1) and (3cos2θ−π/2−1) terms, and the overall T2 of the tissue
depends on the respective ratio of these two �bril populations within the
tissue. The authors claimed that the model explains the observed results
very well, but more research would be needed. [29]

Xia et al. [29] also mention the study by Mosher et al. [26] and disagree
with its conclusions and speculations. Although Xia et al. mention the
paper by Mosher et al. as "a valuable �rst step in the clinical investiga-
tion of T2 anisotropy in cartilage", they state that it is not reasonable
to compare an in vivo study with previous ex vivo studies. Xia et al.
criticise that Mosher et al. reported percentage variations using the un-
normalized percentage increment which has no upper limit. Instead, the
better way would have been to use the normalized percentage decrement,
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whose values range between 0 % and 100 %, and convert the data from
previous studies into the same scale for comparability. Xia et al. also
mention the voxel averaging e�ect, the loss of signal in the radial zone,
patient movement and the heterogeneity of tissue properties as the causes
of errors in clinical studies and suppose that the only way to compare
alternative techniques and studies is to use the same type of tissue or
even the same tissue specimen in them. [29]

Finally, in the book by Xia and Momot, Fullerton summarizes the cur-
rent understanding about the magic angle e�ect in cartilage and tendon
referring to several studies. Fullerton mentions the crimping of collagen
�bers as the main reason for misconceptions. Due to the biomechanical
function of cartilage, the collagen molecules in cartilage are stretched
by osmotic pressure and collagen crimping is reduced, while in tendon
samples collagen is not under stress and �brillar crimping is signi�cant.
When tendon is stretched, the magic angle e�ect in it is almost identical
with that measured in the radial zone in cartilage. The size of the crimp-
ing domains in tendon is approximately 200µm, which prevents the T2
averaging by di�usion within tendon. According to Fullerton, this leads
to the orientational domains of bound water which cause the orientation
dependent T2*(θ) relaxation, which in turn results in fast dephasing and
very short T2* times in tendon as described in the theory section earlier.
Fullerton says that previous attempts to explain this continuous-like T2*
relaxation behaviour with �xed multicomponent T2 values related to the
compartmentalization of bound water pools is incorrect, since these mul-
ticomponent or -exponential �ts did not success to explain experimental
results properly, and no such compartments to prevent T2 averaging have
been detected from tendons. The use of UTE sequences can, however,
cause in-voxel compartmentalization e�ects in cartilage if di�usion can
not average T2 from collagen water and glycosaminoglycan water and
these two signals are detected separately. According to Fullerton, crimp-
ing is a signi�cant cause of the magic angle e�ect in tendons, but in
cartilage crimping is reduced and other orientational structures related
to biomechanics and physiological function of cartilage cause magic angle
e�ects that vary within the tissue depth (Figure 5). Alhadlaq and Xia
[30] found that magic angle e�ects in cartilage became more obvious as
the external compression to cartilage increased. Fullerton also notes that
many studies still consider the multicomponent T2 model although latest
molecular level studies do not support this explanation. For example, in
the study by Hager et al. [31], the authors stated that "the mechanisms
of mono- and biexponential decay in human meniscus are still not fully
understood". Hager et al. used mono- and biexponential �tting to their
measurement results, but mentioned that their compartmentalization-
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based biexponential hypothesis does not explain all the results. These
�ndings support the conclusions about the origin of the magic angle e�ect
in collagenous tissues outlined by Fullerton. [2]

Figure 5: Cartilage T2 values as a function of tissue depth. The square
line shows the signi�cantly increased T2 values as the sample is rotated at
the magic angle. Y. Xia, J. B. Moody, and H. Alhadlaq. "Orientational
dependence of T2 relaxation in articular cartilage: A microscopic MRI
(µMRI) study". In: Magnetic Resonance in Medicine 48.3 pp. 460-469,
Copyright 2002 Wiley-Liss, Inc. [29].

The latest molecular models about collagen biophysics and biochemistry
have greatly improved the understanding of the magic angle e�ect in
collagen rich tissues, but in older and even in more recent studies there are
many confusing explanations and contradictions about this phenomenon.
The fact that the magic angle e�ect can mean slightly di�erent things
in di�erent collagenous tissues due their di�erent properties makes the
understanding of the e�ect even more challenging. The "simplest" way
to perceive the phenomenon is the one Fullerton explains in detail in the
book by Xia and Momot [2], in which the magic angle e�ect in tendon is
characterized as the orientational variation of T2. This is the case also
with cartilage, although as written by Fullerton, functional heterogeneity
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of cartilage causes T2 to vary with depth. As de�ned by Xia et al.,
"the disappearance of the cartilage laminae associated with the 55° angle
is known as the magic angle e�ect in MRI of cartilage" [29]. So, the
magic angle e�ect does not just a�ect the tissue signal intensity, but it
also seems to determine the cartilage structure in images. This laminar
appearance of cartilage T2 has been problematic since it has proven to be
di�cult to relate the laminae observed with MRI to the polarized light
microscopy -based histology or macromolecular structure of cartilage.
This confusion is also seen in the debate between Mlynárik and Mosher
et al. [28].

In summary, discoveries related to the biophysics and molecular compo-
sition of collagen have made it possible to create more precise models
for the magic angle e�ect and correct wrong assumptions. For example,
according to the current knowledge, cartilage compression does have an
in�uence on the macroscopic structure of cartilage, but tissue compres-
sion and the magic angle e�ect are actually related to each other and not
two completely separate phenomena as the article by Mosher et al. [26]
suggests.

3.2 Tendon and ligament studies

This subsection introduces a few studies performed by using tendon or
ligament samples or by imaging these tissues on volunteers in vivo. The
next subsection is about cartilage studies, in which the tissue composition
is more complex. In Clinical studies -subsection, three in vivo studies, in
which the magic angle e�ect is seen during clinical patient imaging, are
considered.

Peh and Chan studied the critical values of TE at which the magic angle
e�ect vanishes and how TE a�ects the signal intensity (Figure 6). The
group imaged a bovine tendon with T1- and PD-weighted SE sequences
in a 1.5 T scanner. The tendon was oriented at 55° angle and imaged
keeping TR constant and increasing TE. The results were compared to
values acquired with 0° and minimum TE of 13 ms for T1-weighted and
12 ms for PD-weighted imaging. The same measurements were repeated
using a 1.0 T scanner and di�erent coils. The Achilles tendon of an
asymptomatic human volunteer was also imaged in vivo. Peh and Chan
observed that the critical TE value of 37 ms remained the same regardless
of sequences or coils used. The quality of images was still good using TEs
above 37 ms. [32]
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Figure 6: E�ect of TE on the magic angle e�ect. The solid exponential
line shows the tendon signal intensity decrease at the magic angle as TE
is increased. The dotted straight line is the tendon signal intensity at 0°

angle. The intersection of these two lines is the critical TE value. W. C.
G. Peh and J. H. M. Chan. "The magic angle phenomenon in tendons:
E�ect of varying the MR echo time". In: British Journal of Radiology
71. JAN. pp. 31-36, Copyright 1998 The British Institute of Radiology
[32].

Zurlo et al. investigated the combined e�ect of the �ip angle and TE on
the magic angle e�ect. The �exor hallucis longus tendon of ten healthy
volunteers were scanned at the magic angle (51° − 59°) with a 1.5 T
scanner and the anterior tibial tendon was used as a normal control.
For signal-to-noise ratio comparison, all volunteers were �rst scanned
with T1-weighted SE, that showed magic angle artifacts, and with T2-
weighted FSE with no observed magic angle e�ect. Zurlo et al. used
di�erent GRE sequences with di�erent TEs and 20° and 70° angles. The
magic angle e�ect existed with all sequences and angles, but the greatest
artifact was found at short TE of 10 ms and 70° �ip angle. Zurlo et al.
concluded that increasing the �ip angle when using short TE strengthens
the magic angle e�ect, but the e�ect should be taken into account in all
GRE sequences with any �ip angle. [20]
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Li and Mirowitz examined the magic angle e�ect in bovine Achilles ten-
don by varying the tendon orientation and TE in conventional SE (CSE),
fast spin echo (FSE) and GRE sequences. Intact bovine Achilles tendon
in the agarose gel were imaged with a 1.5 T scanner. Di�erent TEs were
used with 0°, 20°, 40°, 55°, 70° and 90° angles. Li and Mirowitz observed
that the magic angle e�ect was most noticeable in CSE, lesser in FSE
and weak in GRE. They also noticed that the magic angle e�ect can be
reduced by using TEs above certain critical values. These values were
40 ms for CSE, 70 ms for FSE and 30 ms for GRE sequence. [33]

Du et al. studied the in�uence of clinical- and UTE sequences to the
magic angle e�ect in the Achilles tendon and entheses. Five cadaveric
ankle specimens were imaged with a 3 T scanner. Four samples were
imaged at 10 di�erent angles from 0° to 90° including the 55° magic
angle, and one at 18 di�erent angles from 0° to 175° including 55° and
125° magic angles. T1-weighted, FSE, PD-weighted FSE and 8µs UTE
sequences with and without fat suppression were used at every angular
orientation. T1 and T2* times were also measured at each angle with
UTE sequence. Signal increased at the magic angle in all sequences, and
the smallest increase was observed with UTE sequences (Figure 7). In
the Achilles tendon or entheses, there was no signi�cant increase in T1
relaxation time from 0° to 55° angle, but the signal intensity was increased
prominently in both, more in the Achilles tendon than in entheses. [24]
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Figure 7: Signal intensity peaks in the Achilles tendon due to the magic
angle e�ect with di�erent pulse sequences. Peaks are shifted from the
magic angle values because the tendon orientation deviates from the ankle
orientation. Reprinted from Magnetic Resonance Imaging 27.4, J. Du et
al., "Magic angle e�ect in magnetic resonance imaging of the Achilles
tendon and enthesis", pp. 557-564, Copyright 2009, with permission
from Elsevier [24].

Chappell et al. studied the possibility to use magic angle directional
imaging to detect ligament changes. In the method the group used, the
collagen structure within tissue is determined by analysing the intensity
variations caused by the change in the tissue orientation. Ten canine and
six caprine knees were examined in a 3 T scanner changing the orientation
in relation to B0. Chappell et al. used Monte Carlo simulations in
scan planning and data processing, computed tractogaraphy- and vector
�eld plots and de�ned the Alignment Index to measure the orientation
distribution. Chappell et al. reported that these indicators and dissection
results con�rmed that it is possible to use the method to detect ligament
injuries and maturity-related changes reliably while performing 50 % less
scans than reported in previous studies. [34]
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3.3 Cartilage studies

Li et al. investigated how proteoglycan and collagen contents and the
magic angle e�ect in human osteoarthritic cartilage a�ect T1ρ and T2
relaxation times. Li et al. scanned nine cartilage specimens from human
knees with a 3 T scanner at 0°, 54.7° and 90° angles. The increase in
T2 from 0° to 54.7° were about 21 % and for T1ρ at 500 Hz spin-lock
frequency the increase was about 16 %. The di�erence was smaller be-
tween 54.7° and 90°. All results considered, Li et al. suggested that these
sequences could provide imaging biomarkers for osteoarthritis. [35]

Shao et al. studied the e�ect of the magic angle on T1ρ and T2 relaxation
times. Samples from eight human patellae were examined with a 3 T
clinical scanner. Each sample was scanned at six positions from 0° to
100° with 20° steps. Shao et al. reported 231.8 % average increase in T2.
For T1ρ at 500 Hz spin-lock frequency the average increase was 92 %.
The magic angle e�ect in abnormal cartilage was 4 − 10 % smaller than
in healthy cartilage. Shao et al. noted that their results were considerably
higher than those reported by Li et al. and concluded that signi�cant
increments in both relaxation times make the use of these sequences as
degeneration markers more complicated. [36]

Hänninen et al. examined the orientational dependence of di�erent re-
laxation parameters in articular cartilage. Four bovine patellar samples
were examined with a 9.4 T scanner ex vivo. Samples were imaged at
seven di�erent orientations and a comparison to the polarized light mi-
croscopy �ndings was done. The group measured the orientational varia-
tion of several quantitative MRI relaxation parameters, including T1, T2
and T2*, CW-T1ρ, adiabatic T1ρ, adiabatic T2ρ and TRAFF2. T2, T2*,
adiabatic T2ρ and TRAFF2 parameters showed the highest orientational
dependence, whereas T1, CW-T1ρ and adiabatic T1ρ had the lowest de-
pendence. However, using hyperbolic secant pulses with greater stretch-
ing factors for adiabatic T1ρ or lower spin-lock frequencies for CW-T1ρ
increased the orientational dependence for these parameters. Hänninen
et al. concluded that especially T1 and adiabatic T1ρ are promising, sen-
sitive parameters for detecting degeneration of articular cartilage. They
are less orientation-dependent than the other quantitative MRI param-
eters and can be used within the clinical SAR limits. Because param-
eters with stronger orientational dependence are usually more sensitive
to changes related to degeneration, Hänninen et al. still concluded that
it is uncertain what is the best parameter for diagnosing degenerative
changes in collagenous tissues. [37]
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Casula et al. studied the e�ect of the magic angle on T2 relaxation time
of articular cartilage in vivo. Eleven knees from eight asymptomatic
volunteers were scanned at two orientations with a 3 T scanner using
spine and body matrix coils and a 3D-printed knee brace. Knees were
imaged fully extended and at 90° �exion so that the normal of tibial
cartilage surface was near 0° and near the magic angle in relation to
B0 (Figure 8). The increase in T2 was measured for three regions of
interest (ROI). The increase due to the magic angle e�ect was 43 % for
full-thickness ROI, 102 % for deep ROI and 18 % for super�cial ROI.
Casula et al. concluded that the results were consistent with the collagen
structure of cartilage. The magic angle e�ect may impact T2 more than
pathological changes and the e�ect must be considered if T2 is used to
examine cartilage degeneration. [9]

Figure 8: Increase in T2 values of tibial cartilage of the knee at the magic
angle (right), compared to the values at 0° angle (left) with respect to
B0. Reproduced with permission from Casula V, et al. in Proceedings
of the International Society of Magnetic Resonance Imaging, Copyright
2019 ISMRM [9].

Hager et al. examined T2* relaxation in the human meniscus. The
purpose of the study was to determine the usefulness of microscopic MR
T2* mapping as well as the orientational dependence and decay of T2* in
meniscus. A 7 T clinical scanner with a microimaging system was used for
the ultrahigh resolution T2* mapping of one osteoarthritic meniscus and
for the orientational dependence measurements of another osteoarthritic
meniscus at 0°, 55° and 90° angles. Polarized light microscopy and stain-
ing was used for histological assessment and mono- and biexponential
models were �t to the results. Hager et al. concluded that meniscal sub-
structures can be identi�ed with MR microscopy and this method o�ers
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T2* maps with a 100 times higher voxel resolution compared to ordinary
imaging methods. T2* relaxation had a strong orientational dependence
in the meniscus, but no signi�cant biexponential decay characteristics.
[31]

3.4 Clinical studies

Karantanas et al. studied the magic angle e�ect in human patellar tendon
in vivo. Sixty patients were imaged with a 1.0 T scanner using a quadra-
ture coil and di�erent pulse sequences. A T2-weighted sequence was used
to rule out tendinitis in patients with anterior knee pain. Karantanas et
al. found that fat suppressed 3D based T1-weighted pulse sequences are
prone to magic angle e�ects and it must be taken into account to avoid
misdiagnosis of patellar tendinitis. [21]

Marshall et al. imaged eight asymptomatic volunteers and three patients
with an Achilles tendon disease. Imaging was performed with a 1.0 T
scanner at the magic angle for maximal T1 to visualize the uptake and
dispersion of the gadodiamide contrast agent. Marshall et al. observed
faster and more widely spread contrast enhancement in abnormal tendons
and concluded that certain changes in the ECM of tendon might be the
cause of this behaviour. [38]

Wang and Regatte compared the magic angle e�ect in subregions of hu-
man femoral cartilage in vivo with �ve healthy volunteers and �ve os-
teoarthritic patients. T2 maps were acquired from di�erent regions at
di�erent angles with a 3 T scanner. Ventral regions of cartilage showed
greater magic angle e�ects than dorsal regions (Figure 9). Wang and
Regatte noted that according to their results it is important to compare
T2 mappings of cartilage subregions to distinguish the magic angle e�ect
from changes caused by osteoarthritis. [39]
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Figure 9: T2 values of ventral and dorsal cartilage regions at di�erent
angles in healthy volunteers and patients with osteoarthritis. Reprinted
from Academic Radiology 22.1, L. Wang and R. R. Regatte. "Investiga-
tion of Regional In�uence of Magic-Angle E�ect on T2 in Human Ar-
ticular Cartilage with Osteoarthritis at 3 T", pp. 87-92, Copyright 2015,
with permission from Elsevier [39].

3.5 Devices designed for magic angle e�ect studies

Devices developed to perform studies in which the magic angle e�ect
must be taken into account are introduced in this subsection.

Schlueter and Budinger introduced a magnet design that creates a magic
angle rotating �eld (MARF) to allow the magic angle spinning (MAS)
technique for in vivo studies. A small scale prototype consists of a ro-
tating permanent magnet ring whose magnetic �eld is perpendicular to
the static magnetic �eld generated by an electromagnet solenoid. By
adjusting the solenoid current the device can form a magnetic �eld that
rotates at 54.7° angle with respect to the specimen or subject being im-
aged. Schlueter and Budinger based the device on idea that rotating
speeds much less than those used in conventional MAS spectroscopy are
su�cient to get the necessary spectral information. [40]

Rea et al. described three 1 degree of freedom (DOF) devices (Figure
10) and one 3 DOF device for magic angle imaging in their paper. The
three devices are for the Achilles tendon, hand and upper limb position-
ing and the 3 DOF device is developed for the knee. All the devices are
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driven pneumatically. The 3 DOF knee positioning platform uses optical
encoders to determine the position, a two-part receiver coil and a limb
holder with two �ducial markers for automatic slice positioning. The
device uses the speci�cally designed prostate biopsy robot tracking se-
quence to detect the markers. The 3 DOF device is partially composed of
glass and plastic parts to prevent artefacts. Rea et al. tested the devices
in 1.5 T and 3 T scanners and concluded that all the devices worked well
and are useful for in vivo magic angle studies. [41]

Figure 10: 1 DOF devices for limb positioning. M. Rea et al. "Devices
to facilitate magic angle studies in peripheral MRI". In: Concepts in
Magnetic Resonance Part B: Magnetic Resonance Engineering 37 B.4.
pp. 220-225, Copyright 2010 Wiley Periodicals, Inc. [41].

McGinley et al. presented a 0.15 T MRI device speci�cally designed
for magic angle imaging of limbs and especially the knee joint (Figure
11). The device comprises of two nested rotating rings which can move
the main magnetic �eld B0, parallel to permanent magnet panels in the
center, to any angle in respect of the subject. McGinley et al. speculated
that a scaled up version suitable for whole body imaging could be made
using superconducting coils instead of permanent magnets. [42]
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Figure 11: Open MRI system for magic angle imaging. Reprinted from
Journal of Magnetic Resonance, 271, J. V. M. McGinley, M. Ristic, and
I. R. Young, "A permanent MRI magnet for magic angle imaging having
its �eld parallel to the poles", pp. 60-67, Copyright 2016, with permission
from Elsevier [42].

4 Summary

The magic angle e�ect is a phenomenon which is seen in many di�erent
situations in di�erent tissues, and this has confused researchers since the
breakthrough of clinical MRI technology. The theory behind the magic
angle e�ect has been improved quickly during the most recent decades, as
researchers have studied the ultrastructure of collagenous tissues. Para-
doxically, this same e�ect has helped scientists to solve cartilage and ten-
don structure in µMRI studies. The magic angle e�ect seems to be useful
in quantitative studies, and even in clinical practise in some cases. If ra-
diologists recognize the e�ect in clinical imaging and a su�cient amount
of images at di�erent angles is gathered from the object, it is possible to
distinguish the magic angle artifact from disease and even use the phe-
nomenon to make contrast between di�erent tissues. To prevent magic
angle artifacts, ultrashort or long TEs can be used and combined with
larger �ip angles and other parameters. However, the magic angle e�ect
may be the reason to prefer T1, adiabatic T1ρ and other quantitative
MRI parameters over T2 in the development of a noninvasive diagnostic
tool for collagenous tissue diseases. Many di�erent technological innova-
tions from new sequence designs to limb positioning systems have been
developed, and this development process still continues and hopefully
will make the magic angle e�ect more useful than harmful.
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