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Zusammenfassung

Arthrose (OA) ist eine degenerative, schmerzhafte und funktionell einschräkende Gelenkserkran-
kung, in deren Verlauf ein progressiver Verlust des Gelenkknorpels, Eburnation der subchon-

dralen Knochen und Entzündungen der Gelenkkapsel auftreten. Durch die hohe Inzidenz und das
Fehlen einer effektiven Therapie stellt OA eine große sozioökonomische Last in den meisten Indu-
strieländern dar (Kapitel 2). Eine beträchtliche Einschränkung bei der Beurteilung neuer Therapien
und Medikamente gegen OA ist das Fehlen einer robusten nichtinvasiven Methode zur Evaluation des
Krankheitsverlaufs.
Da degenerative Veränderungen in der Kollagenmatrix als Ausgangpunkt irreversibler Gelenkschä-

digungen angesehen werden, stellt der Gelenkknorpel eine sehr wichtige Entität für die frühzeitige
Diagnose von OA dar. In den letzten Jahrzehnten war es der Gegenstand intensiver Forschungen
MRI-Methoden zur nichtinvasiven Darstellung der Integrität der extrazellulären Knorpelmatrix zu
entwickeln (ein detaillierter Überblick f ndet sich in Kapitel 3). Die Relaxationszeit T2 ist, neben
anderen quantitativenMRI-Parametern, besonders zur Diagnose von OA geeignet, weil sie der einzige
leicht zugänglicheMR-Parameter ist, der hauptsächlich von der Struktur der Kollagenmatrix abhängig
ist.
Obwohl in der Vergangenheit bereits gezeigt wurde, dass T2 sensitiv auf den Abbau des Gelenk-

knorpels ist [Dardzinski97, Mosher00, Mosher04b], hat sich die T2-Messung in der klinischen Routi-
ne noch nicht etabliert. Das liegt zum einen an den langen Akquisitionszeiten und der Notwendigkeit
der Bildnachverarbeitung, zum anderen aber auch an Schwierigkeiten bei der Interpretation der T2-
Maps. Wie in Figur 6.2 gezeigt, ist die Verteilung von T2 in gesunden und OA-erkrankten Probanden
sehr ähnlich, so dass globale Werte wie der Mittelwert oder die Standardabweichung von T2 weder
sensitiv noch spezif sch zwischen gesundem und bereits erkranktem Knorpel unterscheiden können.
Nur in Anwesenheit einer fokalen Lesion mit hohen T2-Werten kann eine T2-Map leicht interpretiert
werden; tatsächlich wurde gezeigt, dass quantitative T2-Maps eine höhere Sensitivität für die Identi-
f zierung fokaler Läsionen aufweisen als das Standard-MRI-Protokoll [Hannila07].

T2 hat ein großes Potential für den Vergleich sukzessiver Untersuchungen, das mangels geeigneter
Vergleichsmethoden bis jetzt weitgehend ungenutzt bleibt. In T2 Langzeitstudien wurden bisher T2-
Werte, die entweder über den ganzen Gelenkknorpel [Blumenkrantz04, Stahl07] oder über eine auf
einer Läsion def nierten ROI [Trattnig07a, Welsch08a, Domayer09, Welsch09] gemittelt wurden, für
die Evaluierung des Krankheitsverlaufs benutzt. Zwar ist der Mittelwert von T2 leicht zu berechnen,
hat aber den Nachteil, dass er nur eine grobe Abschätzung bietet und nicht sehr sensitiv auf etwaige
Veränderungen im Knorpel reagiert. Zudem verwirft man durch die Mittelung wertvolle Informatio-
nen über Vorgänge, die sich auf einer kleineren Skala abspielen.
Die ideale Methode zur Auswertung von Nachfolgeuntersuchungen sollte in der Lage sein, Verän-
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Zusammenfassung

derungen auf der kleinstmöglichen Längenskala (d.h. auf Voxelbasis) nachzuweisen. Die Entwicklung
einer solchen Methode erfordert eine akkurate Berechnung der T2-Werte in jedem Voxel, eine Metho-
de zur Registrierung von auseinander folgenden Messungen und eine genaue Charakterisierung des
Messfehlers, um statistisch signif kante Veränderungen der T2-Werte identif zieren zu können. Ba-
sierend darauf ist es nun möglich einen Zusammenhang zwischen signif kanter T2-Änderungen und
physiologischen Veränderungen herzustellen.
Ziel dieser Doktorarbeit war die Entwicklung einer Methode, die es erlaubt, in Longitudinalstudien

anhand der Bestimmung von T2 den Krankheitsverlauf im Gelenkknorpel auf Voxelebene darzustel-
len. Dieses Ziel wurde in vier Schritten erreicht:

1. Genauigkeit und Präzision der T2-Werte: Im Allgemeinen wird T2 gemessen, indem ei-
ne Exponentialfunktion an mit verschiedenen Echozeiten (TE) gemessene Daten angef ttet
wird. Wegen der kurzen T2-Zeiten im Gelenkknorpel, der nötigen hohen Ortsauf ösung und der
beschränkten Akquisitionszeit leiden diese Daten unvermeidlich an einem niedrigen Signal-
zu-Rauschen-Verhältnis (signal to noise ratio, SNR). Charakteristisch für die Verteilung des
Rauschens in MR-Bildern ist der nichtverschwindende Mittelwert in Abwesenheit eines Si-
gnals. Deswegen geht das gemessene Signal bei langen TE-Zeiten nicht auf Null zurück. Wenn
nun eine Exponentialfunktion an solche Daten gef ttet wird, folgt daraus unausweichlich eine
Überschätzung der T2-Zeit.

In Kapitel 4 werden zwei neue Fitmethoden vorgeschlagen, die die statistische Verteilung des
Rauschens berücksichtigen: der Fit an eine rauschkorrigierte Exponentialfunktion und der Fit
an eine Exponentialfunktion des quadrierten Signals abzüglich der doppelten Varianz des Rau-
schens. Genauigkeit und Präzision dieser Methoden wurden in Simulationen und Phantom-
messungen bestimmt. Konventionelle Fitmethoden (Lineare Regression und nichtlinearer Fit
zu einer Exponentialfunktion) führten zu einer niedrigen Genauigkeit bei kurzen T2-Zeiten mit
Überschätzungen um bis zu 500%. Die neu eingeführten Fitmethoden erzielten eine sehr ho-
he Genauigkeit für alle T2-Werten und SNR-Verhältnisse. Zudem resultierte der Fit mit einer
rauschkorrigierten Exponentialfunktion in Präzisionen, die an die bestmögliche Präzision (be-
stimmt mit der Cramér-Rao lower bound Methode) heranreichen. Die Bedeutung der Fitmetho-
de für in-vivo Messungen wurde in 7 Nachfolgeuntersuchungen des Patellaknorpels in sechs
gesunden Probanden demonstriert.

2. Entwicklung eines Algorithmus zur starren 3D-Registrierung:Die Beobachtung des Kran-
kheitsverlaufes erfordert den Vergleich von zu verschiedenen Zeitpunkten aufgenommenen
Datensätzen. Voraussetzung dazu ist eine räumliche Registrierung der Datensätze mit einem
Fehler, der kleiner als die räumliche Auf ösung sein muss. In Kapitel 5 wird ein neuer Algo-
rithmus zur starren 3D-Registrierung vorgestellt, der auf der Maximierung des überlappenden
Volumens der zu registierenden Datensätze beruht. Der Algorithmus wurde mit numerischen
Simulationen und mit in-vitro Untersuchungen validiert. Dabei wurde gezeigt, dass der Feh-
ler weniger als 25% der Voxelgröße betrugt. Mit diesem Algorithmus wurde die voxelweise
Reproduzierbarkeit von jeweils sieben T2-Messungen in sechs Probanden überprüft. Andere
Anwendungen werden ebenfalls in Kapitel 5 vorgestellt.

3. Bestimmung derT2-Messfehler in Nachfolgeuntersuchungen:Das Konzept des “Messfeh-
lers” wird hier sehr weit gefasst und berücksichtigt alle Fehlerquellen, die beim Vergleich zwei-
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er Datensätze auftreten können (Kapitel 6). Abgesehen vom SNR, das die größte Fehlerquelle
darstellt, fallen darunter auch der ‘Magic-Angle-Effect’, die Registrierungsmethode, die Seg-
mentierung sowie die Interpolation. Eine unkomplizierte und überschaubare Methode zur Be-
stimmung der Messfehler basiert auf wiederholten Messungen in gesunden und OA-erkrankten
Probanden. Da kurzfristig keine physiologischen Änderungen des Knorpels zu erwarten sind,
ref ektieren Änderungen im T2-Wert ausschließlich den Messfehler. Kennt man den Messfeh-
ler, so können die signif kantiven Veränderungen des T2-Wertes in Follow-up-Untersuchungen
identif ziert werden.

4. Zusammenhang zwischenT2-Änderungen und PhysiologischeÄnderungen: Zur Interpre-
tation von T2-Änderungen wird in Kapitel 6 ein 2σ -signif cance chart eingeführt. Dieser er-
laubt eine direkte Klassif zierung von T2-Änderungen, die in aufeinanderfolgenden Messungen
auftreten können. Diese Klassif zierung unterscheidet sieben verschiedene Fälle und stellt da-
mit vielfältige diagnostische Informationen bereit. Diese sieben Fälle können als farbkodierte
Parameterkarten dargestellt werden und erleichtern dadurch die visuelle Analyse von Follow-
up-Untersuchungen. Als globales Maß für die T2-Änderungen wird die mittlere signif kante
Änderung ∆T2 vorgeschlagen, die nur die Voxel berücksichtigt, deren Wert sich signif kant
geändert hat.

Um den Nutzen dieser Methode zu demonstrieren, wurde eine kleine Patientengruppe (n= 5), die
mit MACT behandelt wurde, zufällig aus einer Population aus einer in unseren Institut laufenden
MACT Studie ausgewählt. T2-Maps dieser Patienten wurden 1.5, 3, 6 und 12 Monate nach dem Ein-
griff gemessen. Die mittlere signif kante Änderung von T2 korrelierte signif kant (r2 = 0.72) mit dem
Kniezustand, der mit dem subjektiven Knieformular der International Knee Documentation Com-
mittee (IKDC) bestimmt wurde. Interessanterweise, zeigte die mittlere signif kante Änderung von
T2 außerdem eine hohe Korrelation (r2 = 0.92) mit der Anzahl der Chondrozyten im transplantierten
Scaffold, was auf die Relevanz der Zellanzahl für den Erfolg der Therapie hindeutet.
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Chapter 1 Introduction

“El agua no tiene huesos”
(“Water has no bones”)
Spanish proverb

Osteoarthritis (OA) is a degenerative, painful and functionally limiting disease of the joint, which
involves progressive loss of articular cartilage, eburnation of subchondral bone and inf amma-

tion of the joint capsule. Due to the high incidence of OA and the lack of an effective therapy, OA
represents an enormous socioeconomic burden in most industrialized countries (see Chapter 2). A
considerable limitation in the assessment of new therapies and drugs for OA is the absence of robust
non-invasive methods for monitoring the progression of joint disease.
Articular cartilage is a very important entity in the diagnostic workup of OA, since degenerative

changes of the collagenous network in the cartilage matrix are considered to be an entry point in
the process of irreversible joint degradation. In the last decades, much effort has been invested in
developing magnetic resonance imaging (MRI) methods to non-invasively assess the integrity of the
cartilage extracellular matrix (see Chapter 3 for a detailed review). Among other quantitative MRI
parameters, the relaxation time T2 is especially suitable for diagnosis of OA, since it is the only easily
accessible MRI parameter that is mainly sensitive to the organization of the collagen matrix.
Although T2 has demonstrated to be sensitive to the degradation of the collagen matrix of the articu-

lar cartilage [Dardzinski97, Mosher00, Mosher04b], its use in the clinical routine has not yet become
established. This is partially caused by the long acquisition times of the sequences for T2 measure-
ment, the necessity of image processing and more principally by diff culties in the interpretation of
the T2 maps. As can be seen in Fig. 6.2, the distribution of T2 in healthy and OA-diseased volun-
teers is very similar, so that global T2 estimators, such as the bulk mean or standard deviation, cannot
sensitively and specif cally discriminate healthy from early-OA cartilage. Only if a focal lesion with
high T2 values is present, the T2 maps can be easily interpreted. Indeed, quantitative T2 mapping has
been revealed to be more sensitive for the detection of focal lesions than the standard MRI protocol
[Hannila07].

T2 has a great potential for comparison of successive examinations, which has been poorly ex-
ploited due to the lack of adecquate tools for comparison of T2 maps. Long-term studies of T2 in
articular cartilage used mean T2 values to evaluate disease progression. These mean T2 values are
calculated either over the complete cartilage [Blumenkrantz04, Stahl07], or over a region of nterest
(ROI) def ned on a lesion [Trattnig07a, Welsch08a, Domayer09, Welsch09]. Although the mean T2
has the advantage of being straightforward to calculate, it is a coarse and not very sensitive measure of
the changes undergoing in cartilage. Even more, the use of the averaged T2 values means discarding
the information of what is happening at a scale lower than the region where it is averaged.
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Ideally, a method for comparison of follow-up examinations should be able to detect changes at
the lowest scale, i.e. on a voxel basis. Developing such a method requires an accurate calculation
of the T2 values at each voxel to be as sensitive as possible, a method for registration of datasets
acquired in different imaging sessions and an exact characterization of the measurement errors in
T2 to discriminate statistically signif cant changes in T2. Furthermore, it is possible to establish a
connection between the signif cant changes in T2 and the physiological changes undergoing in the
cartilage.
This PhD thesis is devoted to the development of a method for the voxel-based assessment of

disease progression in the articular cartilage with MRI follow-up examinations of the T2 relaxation
time. This objective was achieved in four steps:

1. Accuracy and precision ofT2 values:T2 is usually measured by f tting data acquired at differ-
ent echo times (TE) to an exponential function. In the articular cartilage the low T2 times, the
high resolution necessary to resolve the cartilage layers and the limited acquisition times un-
avoidably result in low signal-to-noise ratio (SNR) images for T2 calculation. A characteristic of
the noise distribution in MR images is that in absence of signal intensity it has a non-vanishing
mean. As a consequence, at larger TEs the measured signal intensity does not decay towards
zero. Therefore, if the measured signal intensity is f tted to an exponential function, which
decays to zero, overestimation in T2 will occur.

Two new voxel-wise f t methods are proposed in Chapter 4, which consider the distribution of
noise: f t to a noise-corrected exponential and f t toan exponential function of the squared signal
intensity minus two times the variance of noise. Accuracy and precision have been analyzed
in simulations and in phantom measurements. Traditional f t methods (linear regression and
nonlinear f t to an exponential) led to a poor accuracy for low T2 with overestimations of the
exact T2 up to 500%. The noise-corrected f t methods demonstrated a very good accuracy for
all T2 values and SNR. Even more, the f t to a noise-corrected exponential resulted in precisions
comparable with the best achievable precisions (Cramér-Rao lower bound). The importance of
the f t method for in vivo T2 calculation was assessed in 7 repetitive acquisitions of the patellar
cartilage in 6 healthy volunteers.

2. Development of a 3D rigid registration algorithm: Monitoring disease is based on the com-
parison of cartilage datasets acquired at different time points during disease progression. This
requires spatial registration of the datasets with an error lower than the voxel size. In Chapter 5,
a new rigid 3D registration algorithm is introduced, which is based on the maximization of the
overlap volume of the datasets to be registered. The registration algorithm was validated with
numerical simulations and in vitro examinations demonstrating a registration error lower than
25% of the voxel size. The registration algorithm was used to investigate the voxel-based re-
producibility of T2 in 7 repeatedly acquisitions of the patellar cartilage in 6 healthy volunteers.
Other applications of the registration algorithm are also presented in Chapter 5.

3. Calculation of T2 measurement errors in follow-up examinations:The concept of measure-
ment errors is used here in a broad sense including all source of errors involved in the process
of the comparison of two datasets (Chapter 6). Additionally to the SNR, which is the most im-
portant source of T2 measurement errors, sources of errors are, among others, the magic-angle
effect, the registration method, the segmentation and the image interpolation. A straightforward
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1 Introduction

method to assess the measurement errors in T2 is based on repeated acquisitions of healthy and
OA-diseased volunteers. Since in short-term acquisitions no physiologic change in the carti-
lage is expected, the differences in T2 are a consequence of the measurement errors only. The
characterization of the errors allows identifying signif cant changes in T2 in follow-up, since for
each measured T2 the range of expected T2 values in follow-up is known a priori. Deviations
from this range likely indicate a true change in T2.

4. Relationship between the changes inT2 and physiological changes in cartilage:To inter-
pret the changes in T2 a 2σ -significance chartis introduced (Chapter 6). The 2σ -signif cance
chart allows for straightforward classif cation of changes in T2 that occur between two acquisi-
tions of the same subject. This classif cation differentiates between 7 possibles outcomes, thus
providing manifold diagnostic information. Color-encoded maps of the outcomes represent a
great simplif cation in the interpretation of follow-up examinations. As a global measurement
of the changes that occurred in T2, the mean signif cant change, ∆T2, is proposed, which only
considers those voxels whose T2 has signif cantly changed in follow-up.

To test the usefulness of the method, a small cohort of patients (n= 5) who had undergone matrix-
associated autologous chondrocyte transplantation (MACT) was randomly selected from the MACT
patients included in an ongoing study in our department. T2 maps of the patients were acquired in
follow-up examinations 1.5, 3, 6 and 12 months after surgery. The mean signif cant change in T2
was signif cantly (r2 = 0.72) correlated with the knee condition as assessed with the subjective knee
evaluation form of the International Knee Documentation Committee (IKDC). More interesting, the
mean signif cant change in T2 showed a high correlation (r2 = 0.92) with the number of chondrocytes
in the transplanted scaffold, thus indicating the relevance of the number of cells in the success of
therapy.
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Chapter 2 Anatomy and physiology of the
articular cartilage

2.1 Anatomy

Hyaline cartilage is a highly structured connective tissue, which covers the contact surfaces of
bones in joints. Other locations of hyaline cartilage are in the nose, the larynx and between the

ribs and the sternum. Healthy hyaline cartilage is a translucent bluish-white tissue with stiff mechani-
cal properties. Functions of the hyaline articular cartilage are the reduction of friction between bones
in the joint, distribution of the load to the bony ends and to a less extent absorption of mechanical
shocks.
The subject of this thesis is the articular cartilage of the knee. The knee is the largest and one of

the most complex joint in the human body (Fig. 2.1). The knee presets a very thick cartilage, which
due to the high load bearing of the knee is very commonly affected by OA (see Section 2.3).

Figure 2.1: Schematic representation of the anatomy of the knee.
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2.1 Anatomy

2.1.1 Composition

The articular cartilage consists of a gel solution of proteoglycans (PG) and other ionic components
(especially Na+), trapped in a network of collagen f brils. The collagen network also nests the chon-
drocytes, which are the only cellular component of the hyaline cartilage. In the following the different
constituents of the cartilage matrix are described in order of their abundance in cartilage.

1. Water: Water is the principal component of articular cartilage. Laboratory measurements in
healthy cartilage revealed that water content decreases with age from (75±1.1)% at ages of 3–
19 y to (69.6±0.6)% at ages of 60–90 y [Venn77, Maroudas80]. Water does not have a uniform
distribution in cartilage. Typically, the water content decreases from 75% at the articular surface
to 67% near to the bone-cartilage interface [Venn77, Maroudas80].

Since MRI bases on the detection of 1H, which is mostly bound in water molecules, the water
volume fraction (WVF)1 can be measured with MRI. In a separate study not included in this
thesis [Raya08a, Raya08b], we performed in vitro measurements of the WVF at 17.6 T in
patellar cartilage. In the healthy patellar cartilage WVF showed a continuous decrease from
the articular surface to the bone-cartilage interface (Fig. 2.2). An increase in WVF with the
OA grade has been also observed [Raya08a, Raya08b]. Averaged water volume fraction was
(74±5)% in healthy cartilage, (77±5)% in moderate OA and (80±5)% in severe OA.

Figure 2.2: Example of a map of water volume fraction measured at 17.6 T on a healthy sample extracted from
the patellar cartilage of a 23-year-old donor.

1Water content is def ned as the fraction of water mass to the total wet mass of the sample. However, in MRI only the
volumetric water content is determined (also known as the water volume fraction). The transformation of the volumetric
water content into the mass water content involves the dry density of the sample.
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2 Anatomy and physiology of the articular cartilage

2. Collagen: The collagen represents approximately two thirds of the dry weight of the hu-
man articular cartilage. The collagen content decreases with age from 18.5% of the wet
weight at ages of 3–19 y to 16.9% at the ages of 60–90 y [Muir70, Maroudas80]. Col-
lagen distributes nonuniformly in cartilage, decreasing from the articular surface (21%) to
the middle zone (15%) and then increasing again towards the bone-cartilage interface (19%)
[Muir70, Venn77, Maroudas80].
There are more than 28 types of collagen described in literature, but in cartilage only the colla-
gen types II, IX and XI are signif cantly present. Type II collagen represents more than 90% of
collagen in mature human articular cartilage [Buckwalter98b]. Also present, although in small
extents, are the collagen type IX (1%) and XI (3%) [Eyre02]. Collagen appears in f brils of thin
(≈30 nm) and thick (≈100 nm) diameters [Muir70, Clarke71, Ratcliffe84, Glaser02, Kadler08].
Although the process of formation of f brils (f brilogenesis) is not completely understood, it
seems plausible that collagen type XI, which is only found in thin f brils [Keene95], acts as a
nucleator initiating the collagen f brillogenesis [Kadler08]. In the process of maturation (thick-
ening) of the f bril, the collagen type IX and XI are progressively removed and substituted by
type II collagen [Eyre02, Kadler08].
A relevant property of the collagen molecules with important consequences for the relaxation
time T2 in cartilage, is the interaction between water and collagen [Bella94]. Water interacts
with collagen by hydrogen bridges and forms a highly ordered hydratation network, which
helps stabilizing the collagen molecules [Bella94, Brodsky08]. By this interaction the motion
of water molecules becomes restricted, so that the hydrogen atoms of bounded water molecues
experience an effective dipole-dipole interaction between each other. This interaction is an
eff cient mechanism of relaxation, which is responsible for the short T2 times in cartilage.

3. Proteoglycans (PG):PG represents up to 10% of the wet weight of the cartilage [Maroudas80,
Knudson01, Kiani02]. Proteoglycan consists of a central core protein to which glycosamino-
glycan (GAG) side chains are covalently linked [Wight92, Bayliss99, Knudson01]. In cartilage,
90% of all the proteoglycan is present in form of aggrecan, which is a PG composed of the
GAGs chondroitin sulfate (100 - 150 chains per aggrecan) and keratan sulfate (30 - 60 chains
per aggrecan) [Bayliss99, Kiani02].
The aggrecan can binds non-covalently by a link protein to a strand of hyaluronase (a non-
sulfated GAG), forming an aggregate. A single hyaluronase strand can bind up to 100 aggre-
cans [Buckwalter98b, Kiani02], forming a large aggregate which is entrapped in the collagen
network compressed to only a fraction of their volume in water solution. The PG bind to the
collagen network through the regions rich in keratan sulfate GAG.
Under physiological conditions, the sulfate and carboxil residues of the GAGs are ionized and
as a result PG becomes so negatively charged, that it could disintegrate the cartilage if not
neutralized by Na+. Therefore, a great difference in Na2 concentration between cartilage and
synovial liquid occurs, which is one important factor of the osmotic pressure in cartilage (see
Section 2.2).

4. Chondrocytes:The chondrocytes are the only cellular component of the cartilage and represent
approximately 1% of the cartilage volume [Buckwalter98b]. Chondrocytes are responsible
for the synthesis and degradation of all macromolecules in the extracellular matrix and their
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2.1 Anatomy

organization into a highly ordered structure. Although chondrocytes in articular cartilage vary
in shape, size, orientation and metabolic activity [Aydelotte88b, Aydelotte88a, Aydelotte92],
all chondrocytes contain the organelles necessary to synthesize the matrix components.

Chondrocytes origin from undifferentiated mesenchymal cells that cluster together and be-
gin to synthesize molecules of the extracellular matrix in a process known as chondrogenesis
[Goldring06]. As the extracellular matrix grows the chondrocytes progressive separate from
each other. During the formation and growth of articular cartilage the chondrocytes show their
highest metabolic and division rates [Goldring06]. With skeletal maturation, the metabolic rate
decreases and cell division stops, so that chondrocytes remain unchanged in position and ap-
pearance for decades [Tallheden06]. However, recent in vitro and in vivo experiments have
evidenced that under certain stimulus the chondrocytes can migrate through the extracellular
matrix [Morales07].

The balance between the catabolic (synthesis) and anabolic (degradation) activities of the chon-
drocytes is regulated through interaction with the extracellular matrix. The deformation of the
matrix produces a variety of signals (electrical, mechanical...), that can be detected by the chon-
drocytes [Guilak95]. The chondrocytes respond to these signals with the release or inhibition of
cytokines (interleukins, interferons, tumor necrosis factors and growths factors), which causes
enhance or retardation of the matrix synthesis and degradation [Lotz95, Huber00, Goldring08].
However, the details of the regulation mechanism remains poorly understood [Goldring08]. In
the absence of disease, the chondrocytes maintain a low rate of replacement of cartilage matrix
proteins with a half-life of collagen over 100 y [Verzijl00] and a half-life of PG in the range of
3–24 y [Maroudas98].

5. Other components: Other components of the articular cartilage are present in lower frac-
tions (< 1% of the wet weight), but are also the basis of important functions. Free cations
(principally 23Na) guarantee the electroneutrality of the extracellular matrix. Due to the high
electronegativity of PG molecules, free cations in the articular cartilage are present in a much
higher concentration than in the surrounding tissues. 23Na concentration in cartilage varies
from approximately 200 mmol/L at the surface to 390 mmol/L in the deep cartilage with a
mean concentration of 320 mmol/L [Shapiro00], which is 150% higher than in synovial liquid
[Gray08]. Anions, especially Cl−, are present at much lower concentration than in the synovial
f uid. The concentration of Cl− in cartilage is 50% lower than in synovial liquid. The differ-
ence in the electrolyte concentration between the cartilage matrix and the synovial f uid is an
important factor for the osmotic pressure in articular cartilage (see section 2.2).

Several non-collagenous proteins are present in the articular cartilage. Most of these proteins
help in binding the different components of the extracellular matrix: Anchorin CII anchors
chondrocytes to the pericellular region [Mollenhauer84], f bronectin and tenascin bind different
molecules of collagen type II and collagen type XI to form collagen f brils [Keene95]. However
the role of the non-collagenous proteins needs to be elucidated.

2.1.2 Structure

Although the f rst work supporting that the cartilage contains a f brous component oriented mainly
vertically to the joint surface was published as early as 1743 [Hunter43] the existence of a f brous
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2 Anatomy and physiology of the articular cartilage

structure in the cartilage remained controversial until the beginning of the 20th century. In 1925,
the publication of the seminal work of Benninghoff [Benninghoff25] introduced the model that the
collagen f brils arrange in an arcade-like form and ended a controversy lasting almost two centuries
[Clarke71].
The discovery of the electron scanning and transmission microscopy allowed examination of the

cartilage matrix at micrometer scales and thus resolving the f ber structure of the cartilage [Clarke71].
Observed in the scanning electron microscopy (SEM), the articular cartilage presents four well dif-
ferentiated zones according to the orientation of the collagen f brils (Fig. 2.3). The collagen f brils
anchor to the subchondral bone in the calcif ed zone, which borders to the radial zone across a wavy,
irregular interface known as the tidemark. In the radial zone, collagen f brils of thick diameters (100-
140 nm) arrange perpendicular to the bone-cartilage interface. The transitional zone is characterized
by a fuzzy arrangement of the collagen f brils, with an increasing fraction of f brils oriented paral-
lel to the articular surface, with decreasing distance to the articular surface. In the tangential zone,
just underneath the articular surface the densely packed thin (30-60 nm) collagen f brils are oriented
parallel to the articular surface. The tangential zone is enclosed by the lamina splenden [Weiss68],
a layer of f ne f brils with no cellular component, which acts as a f lter preventing macromolecules
larger than 6 nm to enter or escape from the cartilage matrix.
The relative height of the zones varies from one cartilage to the other and, within a cartilage plate,

between different anatomical regions. For example, in the patellar cartilage the relative thickness
of the different zones as measured with SEM are: (65±12)% radial, (30±16)% transitional and
(5±9)% tangential [Filidoro08].
The proteoglycans do not distribute homogeneously from the articular surface to the bone-cartilage

interface (Fig. 2.4). With a combination of chemical and histochemical methods Stockwell and
Scott [Stockwell67] were the f rst to demonstrate an increased GAG content in the deep-zone of
the cartilage. Further studies with chemical methods [Maroudas69, Bayliss83], the cation tracer
method [Maroudas76, Venn77, Maroudas80], immunoelectron microscopy and radioinmunoassay
[Ratcliffe84] and a hyaluronan binding region-link protein complex [Parkkinen96] consistently cor-
roborated the inhomogeneous distribution of PG. The measured f xed charge density in articular car-
tilage, which is almost entirely due to the GAG side chains of the PG, varies between 50 mmol/L at
the surface to 200 mmol/L in the deep radial zone [Maroudas76, Venn77, Maroudas80]. The concen-
tration of PG depends on the mechanical stress on the cartilage [Slowman86], and decreases with age
[Venn78, Buckwalter85, Buckwalter94, Brown98, Bayliss99].
Chondrocytes show a higher cell density near the articular surface (Fig. 2.4). In the tangential zone

chondrocytes are elliptically shaped with the principal axis oriented parallel to the articular surface.
In the transitional zone chondrocytes are predominantly spherical and appear isolated, whereas in the
radial zone columns of chondrocytes are usually observed. Chondrocyte concentration also varies
with the anatomical location, likely due to differences in the loading conditions of each cartilage
region [Huber00, Quinn05].
In the matrix the chondrocytes are located in the so-called lacunae (see the holes in the histological

cuts in Fig. 2.4). Under the electron microscope the structure of the collagen matrix around the cells
allows to differentiate three regions: the pericellular, territorial and interterritorial regions. The f rst
region surrounding the chondrocytes is the pericellular region, a thin matrix rich in PGs and with no
collagen that binds the cell membrane to the extracellular matrix. The territorial region is formed
by thin collagen f brils, which adhere to the pericellular region, and provides mechanical protection
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2.2 Physiology

Figure 2.3: SEM images of the different zones of articular cartilage, obtained with a resolution of 6000×.
In the overview (right, acquired with a resolution of 20×), squares approximately indicates the
position of the details.

to the cell by loading and deformation of the matrix [Poole97, Buckwalter98b]. The interterritorial
region differs from the territorial region in the thickness of the collagen f brils and their orientation
[Buckwalter98b, Huber00].

2.2 Physiology

The unique mechanical properties of cartilage result from the balance between the swelling pressure
due to the highly compressed and negatively ionized PGs and the restraining forces exerted by the
collagen network.
The osmotic pressure induced by PGs have two components. On the one hand, the PG in the

cartilage matrix are so densely packed that they occupy only a fraction of their aqueous volume,
thus causing a strong non-ideal osmotic pressure. On the other hand, the high difference in 23Na
concentration between the extracellular matrix and the synovial f uid induced by the PG generates
an additional osmotic pressure. Both components of the swelling pressure are approximately of the
same order of magnitude with values as high as 1.7×105 Pa (1.7 atm) [Maroudas76, Maroudas85].
The nonuniform distribution of PG from the articular surface to the bone-cartilage interface in healthy
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2 Anatomy and physiology of the articular cartilage

Figure 2.4: Examples of Safranin-O stained 7 µm histological cut sections. Safranin-O stain binds to the
GAG side chains of the PGs, so that the intensity in red is a semi-quantitative measurement of the
GAG concentration. A. Sample of a healthy patellar cartilage of a 29-years-old female donor. The
PG shows a concentration increasing from the articular surface to the bone-cartilage interface. B.
Sample of a healthy patellar cartilage of a 39-years-old male donor. Histology revealed loss of
the PG in 25% of the superf cial cartilage. C. Slice cut of the patellar cartilage of a 43-years-old
male with signs of f brillation. Observe the high concentration of chondrocytes ate the tangential
zone marked by the Safranin-O, thus indicating increased PG production D. Histological cut of
the patellar cartilage of a 73-years-old male, demonstrating great PG loss but with an apparently
intact collagen structure.

cartilage produces a smooth gradient in the osmotic pressure, with lowest values at the articular
surface, thus protecting the collagen network from long term fatigue [Maroudas76].
In equilibrium, the elastic force exerted from the collagen network balance the osmotic pressure

generated by the PGs. If an external force compresses the cartilage, water is squeezed from the
most superf cial layers dragging the cations with it [Burstein93, Duvvuri98, Lüsse95], so that the
f xed negative charge of the GAGs experience a strong repulsive electrostatic force, which opposes
the compressive stress [Maroudas85, Xia00]. After removal of loading, the osmotic pressure of the
PGs accounts for a rapid recovery of the cartilage. In a separate study not included in this thesis we
performed a mutiparametric MRI examination of the changes which occurred in the cartilage under
compression [Raya08c]. We observed a redistribution of water and a reorientation of the collagen
network (Fig. 2.5).
The differences in orientation and composition of the collagen f brils in the different zones of the

cartilage (see section 2.1.2) are a consequence of their specif c dedicated mechanical functions. The
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densely packed collagen f brils parallel to the articular surface in the tangential zone distribute the
compression force applied at the articular surface to a broad region in the transitional zone [Xia00],
where the random organization of the f brils with numerous f brils oriented obliquely optimally resist
the shearing forces. The thick f brils in the radial zones eff ciently transmit the stress towards the
tide mark. The wavy and irregular shape of the tidemark transforms the shear forces into tensile and
compressive forces, which are absorbed by the subchondral bone [Imhof00]. The articular cartilage
is a poor shock absorber. Only between 1% and 3% of the loading forces are absorbed in the cartilage
[Hoshino87], whereas subchondral bone is responsible for 30% of the stress attenuation. The residual
stress is absorbed by the cortical bone and the joint capsule [Hoshino87].

Figure 2.5: MRI maps (ADC, FA, f rst eigenvector (1st EV), T2, T1, and water volume fraction (WVF) mea-
sured on the same sample native, under indentation and four hours after indentation. Lines and
arrows indicate signif cant change in the MR parameters under loading conditions. Indentations
lead to signif cant alteration of all MRI parameters, although in different ranges, since the different
MRI parameters are sensitive to different components of the cartilage (see Chapter 3) [Raya08c].
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2.3 Osteoarthritis

OA is the most common joint disease affecting a majority of the population older than 65 y. OA pro-
duces a progressive degeneration of the joint with cartilage loss, inf ammation of the synovial capsule,
f brosis and subchondral bone remodelling. OA is therefore associated with pain, joint stiffness and,
in its latest stages, with functional impairment and disability of the joint. Due to its large prevalence
OA represents a major socioeconomic burden in most industrialized countries (see 2.3.6).

2.3.1 Pathogenesis

According to the origin of OA it is differentiated between primary or idiopathic OA, i.e. OA occurring
in the absence of a known cause, or secondary OA, when occurs as a consequence of injury, infection,
metabolic disorder... Yet, idiopathic OA is by far the most common cause of OA.
Although many of the mechanisms responsible for cartilage degradation are still unknown, the

fundamental pathogenetic process in OA is characterized by an imbalance between the anabolic and
the catabolic activity of chondrocytes. The process of cartilage degradation is usually divided in three
overlapping stages:

1. Macromolecular degradation of the cartilage matrix. The PG concentration decreases f rst at
the articular surface and later also at the bone-cartilage interface [Buckwalter98a]. The loss of
PG causes a redistribution of the osmotic pressure, which result in additional mechanical load
in other regions of the collagen network. [Maroudas76].

2. Response of the chondrocytes to the process of degradation. Changes in the extracellular matrix
induce changes in the osmolarity, the charge density and the strain, which act as signals that
the chondrocytes receive. Chondrocytes react to these signals with a transient proliferation and
increased metabolic activity, thus stimulating the synthesis of macromolecules.

3. Failure of the chondrocytes in restoration of the cartilage, with premature apoptosis of the
chondrocytes. In the last years, the importance of the cytokines and inf ammatory mediators
in the process of cartilage degeneration has become more evident [Fernandes02, Goldring08].
These molecules inhibit the collagen synthesis and provoke the chondrocytes to produce nitric
oxide, NO, and metalloproteinases (responsible for the degradation of PG) [Krasnokutsky07,
Goldring08]. NO is a fast messenger between cells, which seems to play an important role as
inhibitor of PG synthesis, metaloproteinase activation and the premature apoptosis of chondro-
cytes [Amin95, Hancock08].

As chondrocytes fail, progressive loss of cartilage takes place, thus leading to pathological
changes in most of the joint structures. Cartilage loss causes changes in the subchondral bone,
which includes increased density of the subchondral bone and the appearance of bony spurs
(osteophytes). Osteophytes are small round lumps of extra bone that grow at the bone-cartilage
interface and usually around the periphery of the joint, thus frequently causing motion restric-
tion and pain. The synovial membrane often shows inf ammatory reaction and may contain
fragments of articular cartilage [Myers92]. With time, the ligaments, capsule and muscles be-
come contracted, related to the stiffness and weakness associated with OA.

17



2.3 Osteoarthritis

Finally, due to the absence of innervations in the articular cartilage, pain in OA occurs due to
the damage induced by the cartilage loss in the neighbouring joint structures (subchondral bone,
joint capsule, ligament...) [Hancock08]. Therefore, the severity of the damage of cartilage is
not closely related to the severity of the clinical symptoms.

2.3.2 Risk factors

Multiple risk factors have been identif ed, which affect the onset and progression of OA. These factors
can be divided into systemic risk factors, which inf uence susceptibility of any joint to OA, and local
mechanical risk factors, which determine the exposure of individual joints to injury.
Age is the most important systemic risk factor for idiopathic OA. The incidence of OA increases

strongly with age. Almost 60% of the population over 70 years suffers from OA [Arden06]. It should
be mentioned that OA is not simply the result of aging in the cartilage [Buckwalter98a, Horton06].
The relation between aging and degradation of the cartilage remains still uncertain [Horton06]. Gen-
der is also a relevant systemic risk factor for OA. The incidence of OA in women is higher than in
men, especially after an age of 50 y [Oliveria96]. Other systemic risk factors are bone density and
osteoporosis, genetic factors and nutrition [Arden06, Goldring07].
Local mechanical risk factors include, among others, obesity, repetitive joint loading, joint insta-

bility, intra-articular crystal deposition, muscle strength and weakness [Arden06, Goldring07].

2.3.3 Diagnosis

Gold standard for the diagnosis of OA remains the plane projection radiograph in combination with
clinical symptoms. Signs of OA in radiographs include narrowing of the joint space, presence of
osteophytes and changes in the subchondral bone. Nowadays, the most widely used criteria, which
were developed by the American College of Rheumatology [Altman86], combine recurrent joint pain
in the last month and radiographic f ndings.
The most broadly used classif cation of OA grade according to the radiographic f ndings is the

Kellgren and Lawrence classif cation [Kellgren57], which is a f ve point scale from 0 to 4. A score
of 0 (none) is assigned if no osteoarthritic features are found. A score of 1 (doubtful) indicates
osteophytes of doubtful importance. A score of 2 (minimal) indicates def nite osteophytes without
narrowing of the joint space. A score of 3 (moderate) is given when the joint space has diminished.
A score of 4 (severe) is assigned if greatly reduced joint space and sclerosis of the subchondral bone
is observed.
The diagnosis of OA based on the analysis of X-ray images is not sensitive to the biochemical

composition of cartilage, and does not correlate well with the clinical symptoms [Arden06], and the
results may depend on the chosen direction of X-ray projection [Duncan06]. From post-mortem
studies it is known that the pathological process starts several years before radiological detection of
OA is possible [Byers70]. There is a great potential of MRI with respect to the radiographic gold
standard, since MRI potentially offers the diagnosis of early degenerative changes in the cartilage
matrix. This is the subject of Chapter 3.
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2 Anatomy and physiology of the articular cartilage

2.3.4 Prevalence and incidence

Not all the joints are equally affected by OA. Knee, hip and hand are the most commonly affected
joints. Spine and foot joints are also frequently affected by OA. Less affected are the wrist, shoulders
and ankles. Involvement of more than one joint is also common, and epidemiologic studies demon-
strate that this occurrence cannot be explained by chance or age alone [Cushnaghan91]. This thesis
is conf ned to the knee articular cartilage and thus the data about the prevalence and incidence of OA
will be restricted to the knee.

Prevalence

First data about the prevalence of OA were obtained by systematic autopsy studies. In a population
over 70 y, more than 60% of the male knees and more than 70% of the female knees presented some
f ndings of OA (cartilage loss, subchondral bone alteration, osteophytes...) [Arden06].
Population-based studies using plane radiographs resulted in lower prevalence due to the low sen-

sitivity of radiographs to detect mild OA. A study from the Netherlands included 6 585 inhabitants
randomly selected of the total population of a dutch village [Saase89]. The prevalence of knee OA
strongly correlated with age and presented clear gender differences (see Fig. 2.6). There is no similar
study for Germany.
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Figure 2.6: Prevalence of knee OA as estimated from 6 585 inhabitants of a dutch village [Saase89]. Preva-
lence correlates strongly with age. Markedly gender differences can be appreciated. KL +2 denotes
Kellgren and Lawrence scale greater or equal to 2, KL +3 denotes Kellgren and Lawrence scale
greater or equal to 3.
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2.3 Osteoarthritis

Incidence

There are several epidemiological studies of the incidence of OA [Wilson90, Oliveria95, Cooper00].
The total incidence of knee OA in these studies varies between 164 and 250 per 100 000 persons-year.
Again incidences showed an important gender and age dependence. Oliveria et al. [Oliveria95] found
that the incidence of knee OA varies between 75 per 100 000 persons-year at age of 30-39 y to 380
per 100 00 persons-year in man and 475 per 100 000 persons-year in woman at age of 70-79 y.

2.3.5 Therapy

Nowadays there is no effective treatment against OA. Indeed, most of the international guidelines
recommend nonpharmacological treatments as the f rst-line management of OA patients [Jordan03,
Conaghan08, Zhang08]. The core of nonpharmacological interventions include information of the
patient, strengthening exercise to reinforce the musculature, education of the patient to avoid positions
or movements, which overload the cartilage, and interventions to achieve weight loss if the person
is overweight or obese. For pain reduction additional nonpharmacological treatments are suggested:
local application of heat and cooling, stretching, transcutaneus electrical nerve applications, use of
suitable footwear (shock absorbing) and support and braces for those persons who cannot develop
their daily living normally.
The pharmacological treatments focus on pain relief. Paracetamol and topical non-steroidal anti-

inf ammatory drugs are at f rst recommended for low to moderate pain. If this fails, opioid analgesics
can be supplied. Moderate to severe pain is considered as indication for intra-articular corticosteroid
injections.
In advanced stages of OA, as pain, stiffness and reduced function of the articulation limits the

patient’s quality of life, joint replacement surgery (arthroplasty) can be performed. In arthroplasty,
the joint surface is partially or totally replaced by a prosthesis to permit recovery of the joint motion.

2.3.6 Socio-economical aspects of OA

OA is the leading cause of physical disability in most industrialized countries, and therefore represents
an enormous burden for the social and welfare systems. According to the data published by theRobert
Koch-Institute[Koch-Institut06], almost every fourth German is diagnosed as suffering from OA. The
Deutsche Bundesamt für Statistikperform every two years a survey of the direct health care expenses
caused by the most relevant diseases [Bundestamt08]. From 2002 until 2006 (last data reported)
there was a clear trend of increasing direct expenses caused by OA: 7 123 Mio ¤ in 2 002, 7 275
Mio ¤ in 2 004 and 7 474 Mio ¤ in 2 006. In addition, a considerable proportion of lost workdays,
early retirements and rehabilitation measures are caused by OA, making it one of the most important
chronic diseases affecting the German economy. Together with indirect expenses, which amounted to
3 000 Mio ¤ in 2002, this results in a total amount of costs of 10 200 Mio ¤(approximately 0.5% of
the gross national product).
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Chapter 3 MRI of articular cartilage

The unique mechanical properties of the articular cartilage are a consequence of its molecular
structure and organization. As described in Section 2.3, in the early stages of OA a progres-

sive loss of PG from the articular surface to the bone-cartilage interface occurs with a subsequent
destruction of the collagen network [Buckwalter98a]. Due to the low ability of the chondrocytes to
regenerate the extracellular matrix (especially the collagen f brils, which have a mean life in the ma-
trix over 100 years), an early diagnosis of OA may have an important inf uence on the outcome of
OA patients. Nowadays, nonpharmacologic treatments, whose effectiveness critically depends on an
early onset of the therapy, are recommended by international guidelines as the f rst-line management
of patients with OA (see Section 2.3.5).
Gold standard for the diagnosis of OA remains the plane radiograph in combination with clinical

symptomatic (see Section 2.3.3). Plane radiographs are insensitive to the integrity of the cartilage
matrix, so that the diagnosis bases on indirect manifestations of OA. From post-mortem studies it
is known that the pathological process takes place several years before conventional radiological
detection of OA is possible [Byers70]. Even more, the symptoms of OA do not correlate well with
the radiographic features of OA.
MRI presents many advantages for the imaging of the joint, since it is non-invasive, radiation-free

and has an excellent contrast for soft tissues. In the last decades, much effort has been invested
in developing MRI methods to noninvasively assess the integrity of the extracellular matrix. In the
following, the most relevant MR imaging methods for the cartilage are brief y described. See Table 3.1
for a summary of the methods described in this chapter. Only for the T2 relaxation time, on which this
thesis bases, the measurement techniques and the current results in articular cartilage are addressed
in more detail.

3.1 MRI of the proteoglycans

The most widely used MRI methods for the measurement of the PG content base on the indirect
measurement of the f xed charge in the cartilage matrix, which is mostly, if not completely, due to
the GAGs [Maroudas69]. The key idea of these methods is to image the equilibrium distribution of
free-mobile ions in cartilage, which is determined by the distribution of the f xed negative charge.
The cation 23Na, which is responsible for the electroneutrality in cartilage, is the natural tracer of
the f xed negative charge. Another possibility is to introduce MR-visible ions, such as the anionic
contrast agent Gd−DTPA−2 (a complex of gadolinium with a chelating agent, diethylenetriamine
penta-acetic acid). Another parameter has been demonstrated to be sensitive to the PG content is
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3.1 MRI of the proteoglycans

Table 3.1: Summary of the MRI methods for the knee

Method Sensitive to Validated Advantages Disadvantages
PG Coll. Early OA

23Na-MRI + + - - + + + + Na equil. with GAG Low SNR, hardware
dGEMRIC + + - + + + + Early OA, robust Use of Gd(DTPA)2−

T2 - + + + + + Collagen sensitive Taq, magic-angle
T1ρ + + ? + + No Gd(DTPA)2− Unspecif c, Taq, SAR

Volume - - - + - + + Reproducible, robust Not for early OA
DTI + + + - - Collagen, PG Taq, SNR

gagCEST + + - - ? - - PG specif c Clinical evaluation
UTE - - + ? - - Imaging BCI Diagnostic value?

Coll. = Collagen, Taq = acquisition time

the relaxation time in the rotating frame, T1ρ , although it gives no direct quantif cation of the PG
concentration.

3.1.1 Sodium MRI

The nucleus of the sodium atom is composed of 11 protons and 12 neutrons and has a nuclear spin of
3/2, which invest the nucleus with a non vanishing quadrupole moment. The gyromagnetic ratio (γ)
of sodium is γNa = 11.3 MHz/T, so that sodium MRI cannot be performed with the same hardware as
proton MRI. Due to the spin 3/2 and its abundance, sodium is after 1H the most visible nucleus in the
human body.
In healthy articular cartilage, 23Na shows a concentration of 362 mmol/L, that means a proportion

of 1 23Na atom for each 307 atoms of 1H [Shapiro00]. Since sodium also presents a lower the gyro-
magnetic ratio than hydrogen, the SNR of 23Na-MRI is much lower than that of 1H-MRI. Therefore,
23Na-MRI requires from high magnetic f elds (>3 T).
The 23Na relaxation time T2 is governed by the quadrupolar interaction between the non-spherical

23Na nucleus and the surrounding electric f eld gradients. In cartilage, 23Na-T2 presents a bi-exponent-
ial decay with a slow component of about 10–12 ms with a weight factor of approximately 40% and
a rapid component of approximately 1–2 ms with a weight factor of 60% [Reddy97]. Therefore,
the quantitation of the sodium concentration requires using ultra-short RF pulses and fast acquisition
schemes to measure also the rapid component of T2.
The f rst in vivo images of human 23Na were acquired by Reddy et al. [Reddy97]. First 23Na

images with an in-plane resolution of 5 mm and a total of 20 slices were acquired in 20 min with
a SNR of 8 [Reddy97]. Insko et al. [Insko97] provided the f rst high resolution Na images with
sub-millimeter in plane resolution and a SNR up to 40.
The f rst proof of the potential of 23Na-MRI for the detection of early degradation in OA was

given by Reddy et al. [Reddy98]. High contrast in signal intensity between the two lateral facets
of a bovine patella, one of them with induced PG depletion, was observed with Na MRI. Posterior
studies have systematically analyzed the effect of PG depletion in the Na relaxation times [Insko99,
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3 MRI of articular cartilage

Shapiro00, Borthakur06]. With a 50% PG depletion Na relaxation time T1 increased from 18 to
26 ms, whereas the T2 reduced to about 50% [Insko99]. Experiments performed in vivo with Yokshire
pigs demonstrated that the quantif cation of Na is sensitive so cartilage degradation and correlates well
with histological f ndings [Wheaton04a] (Fig. 3.1).

Figure 3.1: A. Transverse section from the three-dimensional sodium map of a healthy human subject. The
bar scale on the left represents sodium concentration in millimoles. The cartilage in the patella
and in the femoral condyle is labeled accordingly. The sodium concentration in the healthy car-
tilage is homogeneous throughout both the medial and lateral sides. B. Transverse section of a
three-dimensional sodium map from a symptomatic subject. The region of decreased sodium con-
centration that corresponds to decreased FCD is outlined in white. (Adapted from [Wheaton04a])

In spite of the high specif city of 23Na-MRI to the measured PG content, the additional hardware
required to perform 23Na-MRI, the low 23Na relaxation times in articular cartilage, which still de-
crease with PG loss, combined with the limitations in the shortest achievable echo times due to the
gradient strength, make 23Na-MRI a technique far beyond clinical routine.

3.1.2 Delayed Gadolinium enhanced MRI of the cartilage (dGEMRIC)

The idea of using the MRI contrast agent Gd(DTPA)2− to detect the f xed negative charge of the
extracellular matrix with 1H-MRI was f rst proposed in 1996 by Bashir et al. [Bashir96]. The
imaging technique based on this idea is known as delayed Gadolinium enhanced MRI of the car-
tialge (dGEMRIC). For in vivo imaging Gd(DTPA)2− is injected intravenous with a concentration of
0.2 mmol/L/kg (“double concentration”). Afterwards, the patient is asked to walk or do some exercise
for a short time (between 10 and 15 min), to facilitate diffusion of the contrast agent. 90 min after
injection it is assumed that the Gd(DTPA)2− is balanced in the joint [Burstein01]. Due to the anionic
character of Gd(DTPA)2−, in equilibrium its concentration is inversely proportional to the concen-
tration of the f xed charge. The Gd(DTPA)2−concentration can be measured with the T1 relaxation
time, which grows almost linear with the Gd(DTPA)2− concentration (at least for the concentrations
observed in the cartilage). In MRI, T1 is usually measured with inversion-recovery turbo-spin-echo
sequence (TSE) or with a saturation-recovery fast low-angle shot (FLASH) sequence.
If the condition of equilibrium is known, as is the case in measurements in vitro, T1 measured

after Gd(DTPA)2− injection can be converted to the GAG concentration [Bashir97]. The dGEMRIC-
measured GAG concentration has been demonstrated to correlate very well DATA with the GAG
concentrations measured with 23Na-MRI and biochemical assays [Bashir96, Bashir97, Bashir99], al-
though dGEMRIC slightly overestimated the GAG concentration measured with biochemical meth-
ods [Bashir96].
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3.1 MRI of the proteoglycans

In vivo the equilibrium condition is unknown, thus it is only possible to calculate relative GAG
concentrations. However, several factors may inf uence the equilibrium conditions, so that in the
practice the T1 measured after Gd(DTPA)2− injection is used directly as a dGEMRIC index [Gray08].
Validation of dGEMRIC in vivo has been performed in patients undergoing total joint arthroplasty by
measuring the knee before and after arthroplasty and correlating this measurements with histology
[Bashir99]. In vivo, regional reproducibility of the dGEMRIC from day to day was lower than 12.9%
[Multanen08].
Abnormal dGEMRIC indices have been observed in patients whose plain radiographs did not show

any sign of OA [Williams03], thus indicating the potential of dGEMRIC for the early diagnosis of
OA. The dGEMRIC index appears to be sensitive to cartilage-modifying injuries, such as the rupture
of the anterior cruciate ligament [Williams05], and can monitor the process of cartilage repair in
autologous chondrocyte transplanted (ACT) patients [Gillis01, Vasara05, Kurkijärvi07, Trattnig07b].
Roos and Dahlberg [Roos05] reported the f rst in vivo evidence that mechanical stimulation of the
cartilage can modulate the GAG concentration.

Figure 3.2: dGEMRIC images of the right medial compartment from before and after a posterior cruciate
ligament tear showing a drop from the baseline dGEMRIC index at one and three months after the
injury and a return to baseline values by six months. (Adapted from [Williams05])

dGEMRIC is a well validated MRI technique for the imaging of the GAG-concentration with
potential for the early diagnosis of OA. The principal disadvantage of dGEMRIC is to ensure that
Gd(DTPA)2− is in equilibrium before the imaging session, which requires waiting for 90 minutes
after Gd(DTPA)2− administration for MRI.

3.1.3 T1ρ imaging

T1ρ (the spin-lattice relaxation time in the rotating frame), is the relaxation time measured under the
continuous irradiation of a low-power radio frequency (RF) f eld. This technique was f rst proposed
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3 MRI of articular cartilage

in 1955 [Redf eld55] in solids, and subsequently extended to liquids [Bull92]. In this method the
magnetization is rotated into the transversal plane with a 90◦ pulse (mostly a short block pulse). Once
in the transversal plane, the magnetization relaxes to the longitudinal axis while irradiated with a low-
power RF pulse, which continuously refocuses the transversal magnetization. Under these conditions
the relaxation is determined by the interactions between macromolecules and bulk water. In cartilage,
it is expected that the relaxation is dominated by the PG and collagen content of the cartilage, so that
T1ρ is sensitive to early degeneration of cartilage.
The low-power RF pulse effectively locks the magnetization to its initial resonant state, so that the

relaxation occurs as if it would occur in the rotating frame. Therefore, the relaxation time, T1ρ , is also
called “T1 in the rotating frame” and the measurement technique is known as spin-lock. The duration
of the low-power RF pulse (or spin-lock f eld) is termed the spin-lock time (TSL) and determines the
T1ρ -weighting of the image. The magnetization in the rotating frame decays with TSL following an
exponential function,

S(TSL;T1ρ ,S0) = S0 exp
(

−TSL
T1ρ

)

(3.1)

where Sis the signal intensity after a pulse of duration TSL and S0 is the signal intensity at zero TSL.
To measure T1ρ , several (at least two) measurements with different TSL must be performed. T1ρ is
calculated with an exponential f t or a linear regression analysis of the measured signal intensities.
In order to obtain T1ρ -weighted images, which can be used to calculate T1ρ , the magnetization must

be space-encoded. Therefore, the T1ρ -weighted magnetization is f rst pulled back into the longitudi-
nal axis with a short 90◦ pulse, so that imaging can be performed with any standard sequence: 2D
TSE sequence [Duvvuri01], a 2D FLASH sequence [Regatte03b, Akella03], a 3D FLASH sequence
[Borthakur03]...
First studies of T1ρ in the cartilage were performed in vitro on animal specimens. Reddy et al.

[Reddy95] reported the f rst in vitro T1ρ maps of the articular cartilage indicating that the exchange of
water molecules with the macromolecules in the cartilage may be responsible for the values of T1ρ .
Posterior in vitro studies with series of progressively depleted bovine cartilage have demonstrated that
T1ρ correlates with the GAG content [Duvvuri97, Akella01, Regatte02]. However, T1ρ seems to have
also a dependence on the collagen concentration. At different f elds and at different orientations both
T2 and T1ρ showed almost identical spatial distributions, thus indicating a dependence on collagen
content [Mlynárik04]. Wheaton et al. [Wheaton04b, Wheaton05] found strong correlations between
bulk T1ρ and PG content (r2 = 0.93), and between T1ρ and the mechanical properties (r2 = 0.86) in
bovine cartilage explants.
Diff culties to measure T1ρ maps in vivo lie in the long acquisition times needed for imaging and

in the limits on the specif c absorption rate (SAR) for application in humans. The f rst T1ρ -weighted
images in vivo were acquired on the patella of 5 healthy volunteers and one symptomatic patient using
a T1ρ prepared 2D TSE sequence [Duvvuri01]. The lesion on the symptomatic patient presented
in T1ρ -weighted images a 25% better contrast to noise than in T2-weighted images. Regatte et al.
[Regatte03a] published the f rst T1ρ maps of the human tibial cartilage (Fig. 3.3). In subsequent
systematic studies, Regatte et al. [Regatte04, Regatte06] demonstrated in vivo that patients with OA
presented increased cartilage T1ρ values compared to healthy controls, and that the T1ρ has a larger
dynamic range than T2.
Observational evidence indicates that T1ρ is very sensitive to the process of cartilage degradation,

although the relaxation mechanism of T1ρ seems to be unspecif c. Initially, the application of T1ρ
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3.2 MRI of the collagen network

Figure 3.3: A. In vivo transverse T1ρ relaxation maps of the patellofemoral joint in a 30-year-old healthy
human volunteer. B. In vivo transverse T1ρ map of the patellofemoral joint in a 40-year-old woman
with knee pain. The high signal intensity in the lateral patellar facet (arrow) of cartilage ref ects
an increase of approximately 45% in T1ρ relaxation time compared with baseline values. The bar
scale at the right in B indicates variations in T1ρ relaxation time. (Addapted from [Regatte03a])

in the routine has been hampered by the long imaging time required and the SAR limits. However,
recent sequence developments, which overcome these limitations, have approached T1ρ to the clinical
routine.

3.2 MRI of the collagen network

3.2.1 T2 relaxation time

In contrast to the other MRI techniques presented here, which have been specif cally applied to carti-
lage to quantify one of its components, the value of the relaxation time T2 as a measure the integrity
of the collagen network was partially a matter of serendipity. The unexpected laminar appearance of
the cartilage in the f rst high-resolution MRI studies of the knee, motivated an intense investigation to
explain it, which demonstrated the conection between T2 in articular cartilage and the collagen matrix
[Xia00].

Significance of T2 in the cartilage: The magic-angle effect

Early high-resolution MRI studies of the knee used spin-echo (SE) sequences with TEs larger than
20 ms and reported a homogeneous appearance of cartilage [Reicher85, Burk86, Gylys-Morin87], al-
though a laminar structure of the cartilage could be clearly seen. The f rst mention of a laminar struc-
ture of the cartilage in T2-weighted images was a comment in the work of Tyrrell et al. [Tyrrell88].
Lehner et al. [Lehner89] performed the f rst systematic study of the laminar structure of the cartilage
in excised bovine patellae. They used inversion recovery SE and SE sequences to demonstrate that the
layers were a consequence of T1- and T2-weighting of the image. The authors attributed the laminar
structure to differences in the relaxation times T2 and T1, water content and histology between the
deepest and superf cial layers of the cartilage [Lehner89]. Subsequent studies corroborate the laminar
structure of cartilage with different sequences (SE [Modl91], 3D gradient echo (GE) [Paul93], fast
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3 MRI of articular cartilage

imaging with steady precession (FISP) and FLASH [Uhl98]), and tried without great success to cor-
relate the MR laminar structure with the histological f ndings [Modl91, Cova98, Uhl98, Goodwin98,
Goodwin00].
Rubenstein et al. [Rubenstein93] f rstly identif ed “an orientation-dependent T2 of collagen f bers”

as the cause of the laminar appearance of cartilage. Inspired by previous studies, which demon-
strated the orientation-dependent signal intensity and T2 relaxation time in tendons [Berendsen62,
Fullerton85, Erickson91], Rubenstein et al. [Rubenstein93] investigated the laminar structure of car-
tilage in vitro for different positions of the articular cartilage with respect to the external magnetic
f eld. T1-weighted SE images of excised bovine cartilage were acquired by varying the orientation of
the sample with respect to the magnetic f eld in increments of 5 ◦ (41 increments). A clear peak of the
signal intensity at the orientations corresponding to the magic angle was observed. The magic-angle
effect is a consequence of the presence of an effective dipolar-dipolar interaction between the water
molecules in tissue. If the water molecules cannot move freely (as is the case of the water molecules
bound to the collagen f brils), they experience an effective dipolar-dipolar interaction, which is a very
effective mechanism of relaxation. A characteristic of the dipolar interaction is that it depends on
the orientation of the water molecules with respect to the external magnetic f eld. At certain angles,
known as the magic-angles (54.7◦, 125.3◦, 234.7◦and 305.3◦), the dipolar interaction is effectively
zero. At this orientations occurs an increment of the T2 relaxation time and hence on the signal
intensity.
Henkelman et al. [Henkelman94] analyzed the effect of cartilage orientation on T2, T1, diffusion

and magnetization transfer parameters. They found two components in T2 (a short T2 of 20 ms and a
large T2 of 55 ms), which changed with orientation. At the magic angle, where the dipolar interaction
is less effective, the short T2 component appeared clearly diminished compared to an orientation of
0◦.
The f rst imaging study which quantitatively analyzed the variation of T2 and T1 with the orien-

tation was performed by Xia [Xia98]. High-resolution (14 µm) T2 and T1 maps of excised canine
cartilage were obtained at different angles to the normal of the articular surface and the external mag-
netic f eld (-35◦, 3◦, 25◦, 40◦, 57◦and 85◦). No orientation dependence of T1 was found, but a clear
orientation dependence of T2 was observed in the deep radial and the tangential zones, where the
collagen f brils demonstrate greater organization (Fig. 2.3). No signif cant change of T2 with the ori-
entation was found in the transitional zone, where the cartilage shows almost random orientation of
the collagen f brils (Fig. 2.3). In a posterior study Xia et al. [Xia01] demonstrated that the transitional
zone in T2 prof les correlates with a zone of smooth variation in polarized microscopy. Nieminen et
al. [Nieminen01] found in bovine cartilage a good correlation between high-resolution T2 prof les and
the inverse of the birefringence index measured with polarized-light microscopy, thus demonstrating
a close connection between the laminar T2 structure and the collagen architecture. The magic angle
effect has been estimated in vivo on sagittal T2 maps of the femur [Mosher01]. A maximal increase
in T2 of 29.1% at the magic angle was found at the articular surface. However, this estimation relayed
on the assumption of an uniform structure throughout the complete cartilage.

Measurement of T2 in the cartilage

The standard method for T2 calculation is to acquire several (at least two) SE images at different echo
times TE, and f tting the signal intensity at different TEs to a model, which for most applications is a
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mono-exponential function (see 4.1).
The SE sequence offers the methodological advantage that all lines in k-space are acquired exactly

at the same TE. However, the SE sequence requires long acquisitions times, since the repetition time,
TR (i.e. the time between the acquisition of two lines in k-space), must be of the order of f ve times
the relaxation time T1, in order to allow complete relaxation of the magnetization to its initial state
(and thus maximal signal), before the new excitation. Since the typical T1 values in the cartilage are
of the order of 1 s, the TR in a SE sequence should be of the order of 5 s. Due to the high resolution
necessary to resolve the cartilage, which has a thickness of 2–4 mm, the matrix-size of the images
should be at least 256 with a f eld of view (FOV) around 15 cm to avoid aliasing (isotropic in-plane
resolution of about 0.6 mm). That means a total acquisition time of approximately 256×5 s≈ 21 min
for one TE, and 2:40 h for 8 different TEs.
The acquisition of the same line in k-space at different TEs can be performed one after the other by

consecutive refocusing of the transversal magnetization with a train of 180◦ pulses. This technique,
called multi-echo, allows the complete acquisition of all the images at different TEs of one slice in
only 21 min. For further reduction of the measurement time, multi-echo acquisitions of several slices
can be performed in an interleaved manner, thus optimally using the large TR. To avoid any cross-talk
effect between the slices, an even-odd interleaved acquisition scheme of the slices is recommended.
This method is known as multi-slice and the sequence which combines multi-echo and multi-slice
techniques is called multi-slice multi-echo (MSME, Fig. 3.4). A MSME sequence can acquire 20
slices at 8 different TEs in only 21 min. The scanning time can still be accelerated if partial acquisi-
tion of the k-space is performed with partial Fourier or parallel imaging. However, due to the SNR
limitations (especially in the later echoes) only a partial Fourier factor of 6/8 or an iPAT factor of two
can be applied.
The use of MSME sequences however are tied with some problems, which can result in signif cant

bias of the calculated T2 values. The f rst problem is the formation of stimulated echoes due to the
impossibility of obtaining perfect 180◦ inversion prof les [Schick97]. Stimulated echoes occur in an
echo train when a fraction of the transversal magnetization is rotated back to the longitudinal axis
by an imperfect 180◦ pulse and subsequently pushed back into the transversal plane by a posterior
180◦ pulse in the echo train. Since between the two 180◦ pulses the magnetization decays with
T1, stimulated echoes have a mixed T2- and T1-weighting, which results in artif cially lengthened
calculated T2 values.
There are two possibilities to correct a MSME sequence from stimulated echoes. One possibility

is to use crusher gradients of variable amplitude around the 180◦ pulses within the same echo train
[Poon92] (Fig. 3.4). In SE sequences crusher gradients are used to avoid spurious free-induction-
decay signal coming from the tilting of any residual longitudinal magnetization (after imperfect 90◦
excitation), into the transversal plane by 180◦ pulse. Any residual longitudinal magnetization rotated
into the transversal plane by an imperfect 180◦ pulse, will be dephased by the crusher gradient after
the 180◦ pulse, so that it will not produce any signal. The transversal magnetization, which is correctly
inverted, is f rst dephased by the crusher gradient before the 180◦ pulse and after inversion rephased
by the second crusher gradient. In multi-echo sequences crusher gradients are required around each
180◦ pulse, but using the crusher gradients of the same amplitude in each 180◦ pulse is unfavorable.
If a stimulated echo occurs, it will be dephased by the f rst crusher gradient of the 180◦ pulse, which
rotates it into the longitudinal direction, and rephased by the crusher gradient after the 180◦ pulse,
which pull it back to the transversal plane. If the amplitude of those crusher gradients are different the
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Figure 3.4: Diagram of a MSME sequence with two different echo times. Pulse gradients are represented in
all three spatial directions (encoded as readout, phase and slice). At the bottom are represented
the RF pulses. The dashed pulse gradients are the crusher gradients and the gray pulse gradients
are the slice selection gradients. Note the implementation of the mechanisms for stimulated echo
suppression: Crusher gradients and slice selection gradients of different heights.

stimulated echo would not be rephased and it will not contribute to the signal. The second possibility
of reducing stimulated echoes is to use 180◦ pulses with a slice thickness 1.2 times larger than the
slice thickness of the 90◦ pulse to achieved a more homogeneous inversion prof le over the excited
magnetization in slice direction (Fig. 3.4).
A second problem of MSME sequences for T2 calculation is the increasing diffusion-weighting

along the echo train, which causes a signal loss additionally to the T2 weighting. Therefore, f tting
the measured points to a signal-model (mostly mono-exponential) would result in underestimation
of T2. However, the underestimation of T2 is much smaller than the measurement errors due to the
low SNR as demonstrated in Section 4.4.3. Although multi-slice sequences are also inf uenced by
magnetization transfer effects, they do not alter the measured T2 since the magnetization transfer
effectively reduces the S0 without altering the exponential decay of the signal [Yao96, Mendlik04].
All measurements of the T2 relaxation time included in this thesis are acquired with a self-developed

MSME sequence including the two corrections explained above [Mendlik04]. The T2 values mea-
sured with the MSME sequence were compared with the T2 values calculated with the much more
time consuming SE sequence. On excised human patellar cartilage the MSME sequence showed a
mean underestimation of 8% respect to the T2 values measured with the SE sequence [Mendlik04]. In
all in vivo images included in the present work the MSME sequence parameters were kept con-
stant (TR=3000 ms, initial TE=13.2 ms, 8 echoes, echo spacing 13.2 ms, FOV=160×160 mm2,
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matrix=256×256, acquisition time=12:48 min). Image resolution was 0.625×0.625×3 mm3.

Studies of T2 in the cartilage

The characteristic appearance of the cartilage in T2-weighted images is a consequence of the orienta-
tion of the collagen f brils in the external magnetic f eld. Water molecules bind to the collagen f brils
in different layers [Fullerton85, Bella94], so that the dipolar interaction between them do not average
to zero. The dipolar interaction depends on the orientation to the magnetic f eld and is a very effective
mechanism of T2 relaxation, which is responsible for the short T2 relaxation times in cartilage and
tendons.
If the collagen network becomes degraded its ability to bind water decays, so that the water

molecules can move more freely, thus decreasing the dipolar interaction they experienced and leading
to an increase in T2 relaxation time, which can be measured with MRI. The diagnosis of pathological
changes in the collagen matrix is a very important question, since degradation of the collagen matrix
is considered to be an entry point in the process of irreversible joint degradation [Bank00].
The f rst in vivo T2 maps of the human cartilage were acquired on the patellar cartilage of 6 healthy

and 1 symptomatic volunteers by Dardzinski et al. [Dardzinski97]. With a MSME sequence without
correction of stimulated echoes, Dardzinski et al. found increasing T2 values from the bone-cartilage
interface (32 ms) to the articular surface (76 ms), as expected from the orientation of the collagen
f brils with respect to the magnetic f eld. The symptomatic patient examined in this study showed
increased T2 values of 55-70 ms in the deep radial and transitional zones. In a posterior study, 32
healthy and 6 symptomatic volunteers were examined to analyze the change in T2 with age and early
OA [Mosher00]. The population over 45 y presented a signif cant increase of the T2 in the most
superf cial 25% of the cartilage compared to the population under 45 y [Mosher00, Mosher04b]. In
symptomatic volunteers, a signif cant (P <0.05) increase in T2 was found, which presented three dif-
ferent patterns: small focal areas of increased T2, heterogeneously increased T2 and a locally increased
T2 associated with a tear [Mosher00].
Several studies have investigated the ability of T2 to predict the grade of OA. In a f rst multipara-

metric study, Mlynárik et al. [Mlynárik99] investigated the value of T1, T2 and dGEMRIC in vivo to
assess the integrity of cartilage in patients prior to complete joint replacement. Mlynárik et al. did not
f nd the expected increase of the T2 relaxation time. However, they observed that T2 was increased in
regions of cartilage f brillation. David-Vaudey et al. [David-Vaudey04] performed an in vitro study
on fresh human cadaveric knees. Cartilage samples from different locations of the patellar, femoral
and tibial cartilage were imaged at 1.5T for T2 calculation. After imaging, cartilage samples under-
went histology and polarized light microscopy. T2 values showed a positive correlation with the OA
grade as assessed by histology.
In vivo the relationship between radiological diagnosed OA and T2 has been investigated on 55

volunteers with diverse OA grade [Dunn04]. The grade of OA in all 55 volunteers was assessed with
plane radiographs and classif ed in healthy (n= 7, Kellgren-Lawrence = 0), mild OA (n= 20, Kellgren-
Lawrence = 1–2) and severe OA (n= 28, Kellgren-Lawrence = 3–4). Signif cantly larger bulk T2 val-
ues were found in the volunteers affected by OA compared to the healthy population. However, no
signif cant difference in T2 could be seen with OA grade. A poor correlation of T2 with the radio-
graphic grading of OA was found on 113 symptomatic volunteers [Koff07]. However, a signif cant
(P < 0.037) relationship between T2 and molecular biomarkers for OA (serum cartilage oligomeric
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matrix protein and cleaved collagen neoepitope) in male symptomatic patients was reported [King04].
In clinical routine, quantitative T2 mapping has been revealed to be more sensitive for the detection

of focal lesions than the standard MRI protocol [Hannila07]. Twenty-eight lesions were detected both
on MRI and T2 maps, while eight lesions were only visible on T2 maps. Even more, the lesions ap-
peared signif cantly wider and thicker in T2 than in standard images. A crucial point for the diagnostic
value of T2 is how reproducible T2 measurements are. Therefore, much effort has been invested in the
study of the T2 reproducibility in cartilage [Glaser05, Glaser07, Schneider08, Welsch08c, Koff09].
Reproducibility is normaly characterized by the coeff cient of variation (CV), which is the ratio in
percent between the standard deviation and the mean value. Bulk T2 times showed CVs between 3%
and 7% at 1.5 T [Glaser05, Glaser07] and between 3.2% and 4.7% at 3 T [Glaser07, Welsch08c].
In a multi-centre study global T2 reproducibility at 3 T varied longitudinally over 3 years from 2.3
to 18.8% [Schneider08]. Regional reproducibility showed clear variations across the cartilage with
mean value of 8.62% at 1.5 T [Glaser05] and 9.66% at 3 T [Glaser07]. Voxel-based reproducibil-
ity with the method presented in Chapter 5 showed only slightly worse CVs between 7% and 18%
[Raya09].
The value of T2 in monitoring the disease progression has been investigated in OA and autologous

chondrocyte transplanted (ACT) patients (Fig. 3.5). In a 2-year longitudinal study with OA patients
Blumenkrantz et al. [Blumenkrantz04] observed a signif cant (P <0.05) increment of bulk T2 in all
cartilage compartments with the exception of the tibial plateau. In a 1-year follow-up study [Stahl07],
the tibial and femoral cartilage of 8 OA female patients with body mass index greater than 30 were
observed with MRI at 3, 6, 9 and 12 months after baseline MRI. No differences of the bulk T2 of
the tibial and femoral cartilage was observed with respect to an 8 age-matched healthy volunteers,
although signif cantly higher T2 was found in OA patients than in age-matched healthy volunteers
was found.

Figure 3.5: Follow-up examinations on a 39-years-old patient after MACT transplantation in the right knee.
From left to right, T2 maps of examinations at 1.5, 3 and 6 months after intervention. Observe the
reduction of T2 in the examination at 6 months, which indicates healing of the lesion. MRI images
has been stretched to improve visibility of the cartilage.

ACT lesions can be monitored with the T2 relaxation time, since the collagen network of the im-
planted allografts is unordered, so that the lesion initially present large T2 values, which decrease in
the process of healing. In 2-year follow-up examinations of ACT patients the mean T2 in allografts is
increased compared to the T2 values measured in a healthy collective in the f rst year, and equals the
healthy values in the second year [Trattnig07a]. Welsch et al. [Welsch09] examined 15 ACT trans-
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planted patients in two-year follow-up examinations. Mean T2 values over the complete cartilage
were not sensitive to the process of healing, but zonal variations in the lesion could be used for moni-
toring. After surgery, T2 appears homogeneous, but following healing progressive zonal stratif cation
was observed [Welsch09].
Since T2 is the only easily accessible MRI parameter sensitive to the organization of the collagen

network, an increasing number of studies simultaneously measured T2 and PG-sensitive MRI param-
eter (dGEMRIC, T1ρ ...) to completely assess the integrity of the extracellular matrix. One of the
best candidates to combine with T2 is dGEMRIC, although attention must be paid to the effect of
Gd(DTPA)2− in the shortening of T2. Nieminen et al. [Nieminen04, Kurkijärvi08] demonstrated that
at low f eld (1.5 T) the concentrations of Gd(DTPA)2− do not signif cantly shorten T2, so that both
parameters can be measured in the same imaging session. First in vivo study on ACT-transplanted
patients demonstrated that 10–15 months after surgery, ACT grafts showed signif cantly longer T2
values for bulk tissue as well as for the superf cial 50% and deep 50% of tissue as compared to con-
trol cartilage. However, dGEMRIC assessment in the sagittal and coronal directions did not show
signif cant differences [Kurkijärvi07].
Another possibility is to combine T2 with T1ρ , which is sensitive to the PG content. Regatte et

al. [Regatte06] compared T2 and T1ρ in patients which underwent total joint replacement. Both T2
and T1ρ were larger in patients than in healthy volunteers, however T1ρ demonstrated a wider range
of change. In patients, T2 increased between 5% and 50% whereas T1ρ increased between 30% and
120%.
In conclusion, T2 is the only easily accessible MRI parameter that is mainly sensitive to the or-

ganization of the collagen matrix. T2 demonstrated a great potential for the early diagnosis of the
degradation of the collagen network, which is considered as an entry point on the irreversible process
of cartilage degradation. Both in vitro and in vivo studies showed that T2 increased in OA. However,
a principal disadvantage of T2 is the relatively long acquisition time of MSME sequences, which may
restrict its use in clinical routine.

3.3 MRI methods sensitive to proteoglycan and collagen

3.3.1 Quantitative measurements of cartilage morphology

Since in OA the cartilage suffers a progressive degradation affecting its morphology, quantitating the
changes in morphology of cartilage can be used to monitor OA. Morphology quantitation include
measurement of the cartilage volume and thickness, assessment of the area of the articular surface
and the bone-cartilage interface, denuded subchondral area, lesion size, ...
In order to quantitate the morphology of the cartilage, high-resolution images (standard resolu-

tion is 0.3×0.3×1.5 mm3), are required with a good contrast between cartilage and adjacent tissues.
Nowadays, the most used sequences are FLASHwith water excitation and fat-suppressed T1-weighted
spoiled gradient echo (SPGR) [Eckstein06a]. Suppressing the fat signal improves the contrast at the
bone-cartilage interface and avoids chemical shift artifacts, which can bias the measurement of vol-
ume and thickness. Sequences for cartilage morphology must be carefully optimized by balancing
the image resolution, the acquisition time and the contrast-to-noise ratio at the articular surface and
the bone-cartilage interface.
To derive quantitative data the cartilage must be f rst segmented. Cartilage segmentation is a diff -
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cult task, especially in OA patients, where the denuded subchondral bone must be segmented and the
osteophytes be avoided. Therefore, all attempts to fully automate the segmentation did not produce
the desirable results in OA patients. Thus, only semi-automatic segmentation algorithms, like the one
used in this work [Hohe02], are used in the praxis.
After segmentation, quantitation of the morphology can be performed. Volume is straightforward

to calculate but it is not a valuable indicator for the integrity of the cartilage, since it depends both
on how large the bone-cartilage interface is and how thick the cartilage is. Therefore, the mean
thickness or the thickness distribution are more sensitive to the detection of local defects. However,
the calculation of these parameters require more image processing [Stammberger99, Raya06].
Since OA has a long natural history, which spreads over several years, a very important issue is the

accuracy (deviation of the measured values in average from the exact value), and precision (spread
of the values) of the quantitative morphology parameters. The accuracy of volumetric and thick-
ness measurements has been studied in cadaveric samples and in patients who underwent a complete
joint arthroplasty. Most of the studies reported non-signif cant differences between the parameters
measured with MRI and other invasive methods [Eckstein96, Eckstein98a, Cohen99, Cicuttini00].
Typical differences between MRI and other invasive methods were in the range from 3.8% to 9.2%
for the cartilage volume, from 2.5% to 8.4% for the thickness and from 5.1% to 17.4% for the mean
thickness.
Precision has been extensively analyzed with repeated acquisitions on the same volunteer. The pre-

cision is characterized with the CV. CVs for the cartilage volume vary from 0.8% and 8.2% depending
on the sequence used, the resolution and the cartilage examined [Glaser03, Eckstein06b]. Long-term
precision examined on healthy volunteers in a period of 9–12 months was not signif cantly larger than
short-term precision [Eckstein02]. The precision of the cartilage thickness (regional, maximum and
averaged) varied between 1.6% and 8.9% [Koo05, Eckstein05, Inglis07, Wirth08].
Cartilage loss has been measured with follow-up examinations of OA patients over several years

[Cicuttini01, Cicuttini02, Wluka02, Cicuttini04b, Raynauld08, Eckstein08a]. The rate of cartilage
loss varied from one cartilage to the other. The patellar cartilage showed the lowest rate of cartilage
loss, -4.1%/y, the tibial cartilage presented rates of -5.6%/y (lateral) and -6.0%/y (medial) and the
largest rates were found for the femur with -8.7%/y (lateral) and -7.6%/y (medial).
The correlation of cartilage loss and other nonradiological parameters (weight, muscle mass, ...),

has provided valuable information about the risk factors and evolution of OA. Tibial cartilage loss
is signif cantly correlated with a loss of muscle mass and is three times higher in patients with
meniscal extrusion [Cicuttini05]. Cartilage loss is also related with the pain scores and body-mass
index [Wluka02, Hunter03], and seems to predict the risk of undergoing total knee arthroplasty
[Cicuttini04a]. A positive correlation of the misalignment of the cartilage with the loss of cartilage
has been reported [Eckstein08b]. The use of quantitative morphological parameters can be combined
with dGEMRIC, thus complementing the morphological information with biochemical information
about the PG [Eckstein09].
Quantitative morphology, principally based on quantif cation of cartilage volume and thickness,

is a robust and well-established technique for measurement of cartilage degradation in OA. This
technique is not specif cally sensitive to any component of the cartilage matrix, so that it has low
potential to detect early degenerative changes. However, the application of quantitative morphology
to large cohorts of OA patients has resulted in valuable information about the risk factors inf uencing
OA.
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3.3.2 Diffusion tensor imaging (DTI)

Diffusion-weighted imaging (DWI) has proven to be a valuable method to trace the tissue micro-
scopic structure. This technique is based on the tissue-dependent signal attenuation caused by in-
coherent thermal motion of water molecules (Brownian motion). Changes of the mobility of water
molecules in biological tissue can be detected in various pathologic conditions. Initially, DWI was
successfully applied to neuroradiological settings [Le Bihan86]. The f rst conf rmation of its diag-
nostic possibilities was in the assessment of acute stroke, which DWI can detect within minutes of its
onset [Mintorovitch91]. DWI has also demonstrated a great potential in the differentiation of benign
and malignant acute vertebral fractures [Baur98, Raya05, Raya06, Raya07].
To quantitatively determine the diffusivity in tissue (also known as the apparent diffusion coeff -

cient, ADC), a method proposed in 1965 by Stejskal and Tanner [Stejskal65] as pulsed-gradient spin
echo measurement is used for almost all diffusion-sensitized pulse sequences. The idea is to perform
a position-dependent dephasing and rephasing of the spins using two identical gradients, the so-called
diffusion gradients, at both sides of a refocusing RF pulse. Since diffusing spins are always in mo-
tion the phases acquired during dephasing and rephasing (i.e. during the f rst and second diffusion
gradient) do not compensate and diffusing spins will only partially contribute to the signal inten-
sity, showing an attenuation which depends on their mobility. Spins with a large diffusivity scarcely
contribute to the resulting signal intensity, whereas spins with small diffusivity will show only little
attenuation. Indeed, with this simple method the signal intensity shows an exponential dependence
on the ADC,

S(b;S0,ADC) = S0 exp(−b×ADC), (3.2)
where S(b;S0,ADC) is the intensity in the presence of the diffusion gradients, S0 the signal without
diffusion gradients and b is the so-called b-value,

b = (γ gδ )2 (∆−δ/3), (3.3)

which depends on the gyromagnetic ratio γ , and on diffusion gradient parameters: their amplitude,
g, their duration, δ , and the separation time between the onset of the two diffusion gradients, ∆. In
order to obtain a purely diffusion-weighted image, it is necessary to explicitly calculate the diffusivity.
This can be easily performed due to the exponential dependence of the signal intensity on the ADC
Eq. [3.2]. First, several (at least two) images of the same slice are acquired with different b-values.
Then the ADC is calculated with an exponential f t or a linear regression analysis either using the
mean intensity of a region of interest or pixel-by-pixel. In the latter case, the resulting image, in
which each pixel contains an ADC, is the so-called ADC map.
The diffusion gradients introduced above have a certain spatial orientation, and only the com-

ponent of the molecule motion parallel to this gradient direction causes a signal attenuation in the
corresponding diffusion-weighted image. By varying the direction of the diffusion gradients it is pos-
sible to calculate the ADC in different directions. A complete description of the spatially varying
diffusivity is given by a symmetric 3×3 matrix of diffusion coeff cients called the diffusion tensor
[Le Bihan01]. The imaging technique used to measure the diffusion tensor is known as the diffu-
sion tensor imaging (DTI). The most important properties derived from the diffusion tensor are the
mean diffusivity averaged over all spatial orientations (trace of the tensor), the diffusion anisotropy
as a measure of the orientational differences of diffusivity (the most broadly parameter is the frac-
tional anisotropy (FA)), and the eigenvector associated to the largest eigenvalue, which indicates the
preferred direction of diffusion.
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The value of ADC as a marker for OA is largely known. First invasive measurements of the dif-
fusion in cartilage were performed by Maroudas et al. [Maroudas68, Maroudas77], which obtained
mean ADCs in healthy cartilage of 1.37×10−3 mm2/s and 1.45×10−3 mm2/s in OA cartilage at 37 ◦C.
First ADC maps in cartilage demonstrated an increment on diffusivity from the bone-cartilage inter-
face to the articular surface an resulted in bulk ADC values of 1.45×10−3 mm2/s at 24 ◦C [Xia94],
and 1.42×10−3 mm2/s at 25 ◦C [Henkelman94].
Henkelman et al. [Henkelman94] were the f rst who analyze the effects of anisotropy in dif-

fusion. They did not perform standard DTI measurements, but rotated the sample in the magnet
f eld. Interestingly, they did not report any “angular dependence” in cartilage, probably because
they only performed spectroscopic measurements. In spectroscopic measurement the signal coming
from different parts of the cartilage with different collagen structures and therefore with different
anisotropies is averaged. However, posterior DTI studies have demonstrated an evident diffusion
anisotropy in human [Filidoro05, Deng07] and bovine cartilage [Meder06, Visser08a] (Fig. 3.6). Fil-
lidoro et al. [Filidoro05] demonstrated that the f rst projection vector on the image plain showed
a distinct zonal pattern, being oriented tangentially and radially in the upper and lower portions
of the cartilage, respectively. These f ndings were corroborated in human [Deng07] and bovine
cartilage [Meder06, Visser08a]. DTI showed good correlation with scanning electron microscopy
on human samples [Filidoro08] and with polarized-light microscopy in bovine patellar cartilage
[Meder06, Visser08a].

Figure 3.6: Example of a ADC and FA maps acquired at 17.6 T on a sample of the patellar cartilage of
a healthy 23-years-old donor. ADC slightly decreased from the articular surface to the bone-
cartilage interface. Mean ADC over the sample was 1.15×10−3 mm2/s. FA decreases from the
bone-cartilage interface to the articular surface.

There are two studies which have investigated the effect of trypsin degradation of the cartilage
on DTI. An increase of ADC across the complete cartilage depth was observed after PG depletion,
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but no signif cant change in FA was observed. Experiments performed under strain showed reduced
ADC and FA under the indenter and re-arrangement of the f rst eigenvector parallel to the surface
of the indenter [Raya08c, Visser08b]. In human articular cartilage signif cant increased ADCs were
observed with increasing OA grade [Raya08b].
DTI of the cartilage gives information about both the PG content and the collagen structure and

is sensitive to the process of cartilage degradation. However, its application in vivo faces many
diff culties, principally due to the large acquisition times needed to acquire a DTI dataset. Reduction
of the scanning time with rapid-acquisition techniques (such as DW-HASTE or DW-EPI sequences)
seems unlikely due to the high resolution needed to meaningfully resolve the cartilage, the complex
anatomy of the knee with much tissue interfaces causing susceptibility jumps and the low T2 values
in the cartilage.

3.4 Emerging techniques

For the sake of completeness, some recently proposed techniques are brief y discussed. These tech-
niques have potential for the early diagnosis of cartilage degradation, although more experimental
evidence is needed to ultimately demonstrate their utility.

3.4.1 Ultra-short echo time MRI

In the calcif ed and deep radial zones of articular cartilage the T2 relaxation time has two components,
a fast T2 component of less than 5 ms and a slow T2 component of around 30 ms. In the calcif ed zone
the fast component represents approximately 80% of the signal [Shinar06]. Imaging of the bone-
cartilage interface may be of clinical relevance since micro-fractures in the calcif ed zone may play
an important role in the pathogenesis of OA [Imhof00].
MRI of the calcif ed and deep radial zones requires ultra-short echo times (UTE) sequences with

TEs as short as 0.08 ms (80 µs). To achieve these extreme short TEs, UTE sequences use a partitioned
excitation, which does not require the slice rephasing gradient, and a half-radial acquisition of the k-
space, which avoids the readout dephasing gradient prior to the echo readout [Robson03, Robson06].
In UTE images, the calcif ed zone of the cartilage appears very bright [Gatehouse04b] (Fig. 3.7).
The UTE sequences have also great potential for the imaging of all tissues with very low T2 such

as the menisci (T2 = 5–8 ms), ligaments (T2 = 4–10 ms), bone (T2 = 0.5 ms), ... [Bydder09]. With
this technique it was possible to differentiate the red and white zone of the menisci [Gatehouse04a].
This may have important consequences for the surgical planning to repair tears, since those in the red
zone show much greater capacity of healing.
UTE sequences are promising for the imaging of the bone-cartilage interface. However, UTE se-

quences are tied to some problems such as the ineff cient sampling of the k-space and their limitability
on many systems. The potential for diagnosis of OA in the cartilage must still be demonstrated.

3.4.2 gagCEST MRI

Recently, Ling et al. [Ling08] proposed a novel technique for the selective imaging of PG in ar-
ticular cartilage. The method bases in the chemical-exchange-dependent saturation transfer (CEST)
technique. In this technique the -NH and -OH spins of the GAG are saturated and the saturation is
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Figure 3.7: UTE image of the patellar cartilage in a healthy volunteer. The arrow indicates the bright line at
the bone-cartilage interface, due to the low T2 component. (Adapted from [Gatehouse04b]).

transferred to the bulk water in cartilage, thus allowing a great contrast enhancement. The gagCEST
method has been validated in a series of measurements on trypsin-depleted cartilage. Excellent corre-
lation was found with the GAG concentration measured with 23Na-MR. In one patient with occasional
knee pain, gagCEST MRI clearly demonstrated PG loss.
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Chapter 4 T2 calculation in conditions of low
SNR

Spinecho images for T2 calculation in articular cartilage are inherently affected from low SNR due
to the high resolution needed to meaningful resolve the structure of cartilage and its short T2 times

(between 10 and 50 ms). High resolutions in acceptable acquisition times can only be achieved at the
cost of SNR. On clinical 1.5 T scanners in-plane resolutions of 0.6×0.6 mm2 with acquisitions times
around 10 min are standard.
The measurement of the low T2 in cartilage requires using short TE, in order to appropriately

sample the rapidly decaying signal intensity. The shortest achievable TE in SE sequences is of the
order of 10 ms due to the minimum pulse duration necessary to obtain a good slice prof le and the low
bandwidth (of a few hundred Hz/pixel) required to keep the SNR as large as possible. Even more,
since the largest TE should be at least a 1.3 times [Jones96] of the largest T2 to be accurately measured
(approximately 50 ms), the signal of the voxels with short T2 times at the later echoes is dominated
by noise.
High noise levels seem to be an unavoidable element in the measurement of T2 in articular cartilage.

In magnitude reconstructed images, which are the images usually used in MRI, the noise distribution
in the absence of signal has a nonzero mean, so that the measured (noisy) signal intensity never
decays towards zero when TE≫ T2. Therefore, calculating T2 by f tting the measured signal to an
exponential function, which decays toward zero, may result in signif cant overestimation of the short
T2 times of the cartilage.
The purposes of this chapter are to establish a method for T2 calculation from low-SNR images

with minimal possible errors and to assess the impact of the f tting method on T2 values calculated
from in vivo images of articular cartilage. These objectives are achieved in the following steps:

1. Two new noise-corrected methods for pixelwise T2 calculation are introduced.

2. The accuracy and precision of the two new methods and the most frequently used f t
methods (linear least-squares regression and nonlinear f t to an exponential), are tested
with simulations and in phantom measurements.

3. The differences between the f t methods in the evaluation of in vivo images are assessed.
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4.1 Theory

The standard method for T2 calculation is to acquire several (at least two) SE images at different TEs,
and f tting the signal intensity to a model. In the absence of noise the signal intensity, S, of a magnitude
reconstructed SE image of a homogeneous system decays with TE following a monoexponential
function [Abragam04],

S(TE;S0,T2) = S0 exp
(

−TE
T2

)

, (4.1)

were S(TE;S0,T2) is the noise-free signal intensity at the echo time TE and S0 is the noise-free signal
intensity at zero TE.
Due to the presence of noise, the measured signal intensity, SM, is a random variable whose pos-

sible outcomes are determined by a probability density function PSM(SM|S,σ), which depends both
on the noise-free signal intensity, S, and the standard deviation of noise, σ . The concrete form of
PSM(SM|S,σ) is determined by the image acquisition (noise generated by the electronics and the object
being imaged, the coil used...) [Rice54, Henkelman85, Holden86, Gudbjartsson95, Constantinides97,
Dietrich08] and by the image reconstruction (use of f lters on the raw data, use of parallel imaging...)
[Dietrich08]. If the images are acquired with a single-channel coil and without using any partial ac-
quisition of the k-space or f ltering, as all images included in this thesis actually are, PSM(SM|S,σ) can
be analytically calculated from the noise distribution of complex MRI raw data.
Both the real and imaginary parts of the raw data are affected by Gaussian white noise. Fourier

transformation of raw data leads to complex image data, SM, which are the noise-free complex signal
intensity, S, superimposed with Gaussian white noise, n, of standard deviation σ , SM = S+ n. In
MRI, it is a common practice to work with magnitude images. Using the polar representation of the
complex numbers S,S= Sexp(iθ), and n, n = n exp(iφ), the magnitude of SM takes the form,

S2M = S2+2Sncos(φ −θ)+n2, (4.2)

where the variables n∈ IR+ and φ∈ [0,2π) are random variables with probability density functions,

Pn(n|σ) =
n

σ2 exp
(

− n2

2σ2

)

, Pφ (φ) =
1
2π

. (4.3)

PSM(SM|S,σ) is calculated by summing the probability Pn(n|σ)Pφ (φ) over all values of n and φ sat-
isfying Eq. [4.2] for a particular choice of SM and S, and results in a Rician distribution [Rice54,
Henkelman85, Holden86, Gudbjartsson95, Dietrich08],

PSM(SM|S,σ) =
SM
σ2 exp

(

−S2M+S2

2σ2

)

I0
(SMS

σ2

)

, (4.4)

where Iν represents the modif ed Bessel function of the f rst kind of ν-th order [Olver72].
For large SNR, PSM(SM|S,σ) approximates a Gaussian probability distribution with mean value S

and standard deviation σ , but as SNR decreases PSM(SM|S,σ) shifts, so that SM deviates on average
from S. Indeed, at vanishing S, PSM(SM|0,σ) = Pn(SM|σ), the probability of correctly measuring the
noise-free signal intensity (i.e. that SM = 0), is zero, the most probable value of SM is σ and SM has a
mean of σ

√

π/2 and a standard deviation of σ
√

2−π/2. Thus, the statistics of regions with S= 0
allow determining the value of σ .
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For long TE, as S approaches to zero, SM varies randomly around σ
√

π/2 and never becomes
zero (Pn(0|0,σ) = 0. Therefore, the decay of SM with TE is no longer described by an exponential
function. Thus, to correctly calculate T2, SM should be f tted to a function describing appropriately
its decay with TE, which cannot be the noise-free decay Eq. [4.1]. The main idea of this chapter is to
use the function describing the decay of the mean value of SM with TE as the signal model to f t SM.
The noise-corrected signal intensity, Σ(S,σ), is def ned as the average of SM for a given Sand σ ,

Σ(S,σ) =
∫ ∞

0
dSM SMPSM(SM|S,σ). (4.5)

Σ(S,σ) can be calculated for the Rician distribution (Eq. [4.4]) [Gudbjartsson95, Dietrich08],

Σ(S,σ) =

√

πσ2

2
exp(−α)

(

(1+2α) I0(α)+2α I1(α)
)

, (4.6)

where α =
(

S
2σ

)2
. The substitution of the noise-free exponential (Eq. [4.1]) in the def nition of

Σ(S,σ) (Eq. [4.6]), results in a noise-corrected exponential function, Σ(TE), which describes the
decay of the mean value of SM with TE (Fig. 4.1). For nonlinear f t methods it is convenient to have
the derivative of Σ(TE) with respect to T2 and S0 [Olver72],

∂Σ(TE)

∂T2
=

∂Σ
∂S

∂S
∂T2

=
∂Σ
∂S

S0TE
T2
2

exp
(

−TE
T2

)

,

∂Σ(TE)

∂S0
=

∂Σ
∂S

∂S
∂S0

=
∂Σ
∂S

exp
(

−TE
T2

)

, (4.7)

∂Σ
∂S

=

√

πα
2

exp(−α)
(

I0(α)+ I1(α)
)

,

and the asymptotic expansions [Olver72] of Eqs. [4.6,4.7],

Σ(TE)

σ
= 2α

1
2 +

α− 1
2

4
+

α− 3
2

64
+O(α− 5

2 ) (4.8)

∂Σ(TE)

∂S
= 1− 1

8α
+O(α−2).

Another method for T2 calculation in the presence of noise can be derived from Eq. [4.2]. As
Miller and Joseph observed [Miller93], the average of the variable S2M−2σ2 is a mono- exponential,
S2 = S20 exp

(

−TE/(T2/2)
)

, (the term cos(φ −θ) averages to zero and n2 to 2σ2). Miller and Joseph
[Miller93] interpreted this average as a necessary average to be performed over regions of the images
prior to the f t. Therefore, they limited their self to a region-based method, in which the signal
intensity for each TE is f rst averaged over a ROI and then f tted to an exponential.
However, according to the main idea of this Chapter, that the noise-corrected signal decay is the

adequate function to voxel-wise f t the data, the observation of Miller and Joseph [Miller93] can be
re-interpreted such that the function S2+2σ2 is the noise-corrected decay of the random variable S2M.
Therefore, T2 can be calculated not only for ROIs as suggested by Miller and Joseph but on a voxel
basis by f tting the S2M data to an exponential function plus a constant, S2+2σ2. Even more, it can be
demonstrated that from the theoretical point of view squaring the data does not affect the quality of
the f t (see Appendix A).

41



4.2 Methods

13.2 26.4 39.6 52.8 66.0 79.2 92.4 105.6
0

60

120

180

TE (ms)

S
ig

na
l I

nt
en

si
ty

Noise−free
SNR

0
=120

SNR
0
=60

SNR
0
=30

SNR
0
=20

SNR
0
=15

Figure 4.1: Example of a noise-free exponential decay (Eq. [4.1], black line) with T2 = 10 ms and S0 = 600
and the resulting noise-corrected exponential decays (Eq. [4.6], gray lines) for SNR at zero TE
between 15 and 120.

4.2 Methods

4.2.1 MRI measurement protocol

All measurements were performed on a 1.5-T whole-body scanner (Magnetom Symphony; Siemens
Medical Solutions, Erlangen Germany) using a circularly polarized quadrature knee coil. For T2 mea-
surements, the MSME sequence described in Section 3.2.1 was used (TR= 3500 ms, TEmin = 13.2 ms,
8 echoes, echo spacing = 13.2 ms, FOV= 160×160 mm2, matrix = 256×256, slices = 20, slice thick-
ness = 3 mm, acquisition time = 14:56 min, gap between slices = 0 mm, in-plane resolution = 0.6×
0.6 mm2). As in our experience it is problematic to adequately segment cartilage from MSME
images, T1-weighted FLASH images with water excitation were additionally acquired for cartilage
segmentation with the same slice geometry, resolution and positioning as for the MSME sequence
(TR/TE= 19/9 ms, f ip angle = 25◦, acquisition time = 2:55 min).
Segmentation of the cartilage was performed using proprietary software [Hohe02]. The FLASH-

based segmentation was overlaid on the MSME dataset and its overlap was visually controlled to
assure optimal delineation of cartilage in every dataset. In case of discrepancies between the FLASH
segmentation and the cartilage position in the MSME dataset, manual correction of the segmentation
was performed (necessary in 2 of the 6 volunteers for one MR imaging session each).

4.2.2 Calculation of the T2 relaxation time

The relaxation time T2 was calculated voxel-by-voxel with four different methods using self-written
Matlab programs (Matlab v7.0, The MathWorks, Natick, Massachusetts, USA):
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4 T2 calculation in conditions of low SNR

1. Minimum variance case of a linear least squares regression (LR) [MacFall86].

2. Nonlinear f t of SM to an exponential function (EXP).

3. Nonlinear f t of S2M−2σ2 to an exponential function (SQEXP) [Miller93].

4. Nonlinear f t of SM to a noise-corrected exponential function (NCEXP).

All nonlinear f ts were performed with the Levenberg-Marquardt algorithm, using the analytical
expressions of the derivatives (Eqs. [4.7,4.8] for the NCEXP method) [Levenberg44, Marquardt63].
The result of the LR method was used as the starting guess of T2 and S0. For the SQEXP and NCEXP
methods, the parameter σ was previously calculated for each slice as

√

2/π times the standard devi-
ation over all voxels in a background ROI located in the upper left corner of the 8 images of the same
slice acquired with different TEs (including 20×20×8 = 3200 voxels).

4.2.3 Calculation of the SNR

To avoid a T2 dependence in SNR, all SNR values in this work were calculated at zero TE as the
quotient of S0 and σ , and therefore denoted as SNR0. The value of σ is calculated from the noise
distribution in a background ROI (see Section 4.1). In the simulations, the value of S0 is a priori f xed.
For the MRI measurements, SNR0 is calculated as the quotient of S0 calculated with the NCEXP
method in the segmented cartilage and σ .

4.2.4 Numerical simulations

A synthetic phantom was def ned with 10 f elds with different T2 (10, 21, 32, 43, 54, 66, 77, 88, 99
and 110 ms); each f eld contained 1350 pixels. Noisy MR images of this phantom were simulated for
the same TEs as in the MSME sequence. In the simulations, S0 was kept constant, whereas σ was
varied to obtain SNR0 between 67 and 15. For each SNR0, T2 was calculated with the four methods.

4.2.5 Accuracy and precision

Errors in calculated T2 are characterized by the accuracy, which measures how close the mean of the
calculated T2 is to the true T2, and precision, which accounts for the spread, i.e. the standard deviation
(SD) of the measured T2. Only if the true T2 is known, which is the case in the numerical simulations,
can the accuracy and precision of the different f t methods be examined. In simulations, the accuracy
and precision were estimated from the T2 values calculated over 1350 identical voxels with the same
true T2. The accuracy was assessed by statistically testing if the mean of the calculated T2 values in
each f eld (i.e. with the same exact T2 value) for each SNR0 level and f t method after extreme outliers
removal deviates from the true T2 (Wilcoxon signed rank test, P <0.001). A T2 value is considered to
be an extreme outlier if its distance to the inter-quartile interval (i.e. the interval between the 25%-
and 75%-percentiles) exceeds three times the length of the inter-quartile interval.
The best achievable precision of T2 for any non-biased f t method (minimal possible SD of T2), can

be calculated if the noise distribution is known. This minimal SD is known as the Cramér-Rao lower
bound (CRLB) (see Appendix). The CRLB was compared (chi-square test, P <0.001) to the SD of
the calculated T2 in each f eld (exact T2), for each SNR0 level and f t method after extreme outliers
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removal. Moreover, the precision of the different methods was compared for each f eld and SNR0
level against each other using the Levene test (P <0.001) [Levene60], which tests for equal variance
in multiple samples without assuming normal distribution in the data.

4.2.6 Phantom measurements

Nine test tubes were f lled with distilled water with different concentrations of Gadopentetate dimeg-
lumine (USAN) (Magnevist, Bayer-Schering, Berlin, Germany), ranging between 2.3 mmol/L and
9.7 mmol/L to reproduce typical relaxation times of cartilage (between 60 ms and 15 ms, Table 1).
The tubes were placed on the same circularly polarized quadrature knee coil used for in vivo imaging
and six times imaged with the MSME sequence with increasing resolution (square acquisition matrix
of 64, 128, 192, 256, 384 and 512), and keeping all sequence parameters f xed as described above
(see Section 4.2.1). For each measurement, T2 was calculated with all four methods.

Table 4.1: Gd-DTPA concentration, true T2 times and SNR0 values for the phantoms.

Gd1∗ T2 2 SNR0
3

(mmol/L) (ms) 64×64 128×128 192×192 256×256 384×384 512×512
2.3 58.7 (0.9) 343 (19) 167.3 (6.7) 67.4 (2.4) 44.5 (1.6) 25.0 (0.8) 16.7 (0.5)
2.7 47.3 (0.6) 360 (17) 177.1 (5.6) 70.4 (2.0) 46.6 (1.3) 26.5 (0.7) 17.4 (0.4)
3.1 41.0 (0.6) 422 (14) 205.7 (2.4) 84.6 (0.7) 56.1 (0.5) 30.7 (0.6) 21.1 (0.2)
3.8 31.7 (0.7) 376 (20) 187.4 (4.7) 74.6 (1.8) 48.8 (1.1) 26.1 (0.6) 17.8 (0.4)
4.8 26.0 (0.4) 341 (15) 167.6 (3.1) 65.1 (1.1) 43.3 (0.4) 23.7 (0.6) 15.5 (0.2)
5.6 24.2 (0.4) 361 (16) 173.2 (2.9) 67.9 (1.0) 44.8 (0.6) 24.7 (0.3) 16.1 (0.2)
6.5 21.6 (0.3) 337 (15) 167.1 (3.2) 63.2 (1.1) 41.7 (0.3) 22.7 (0.6) 14.3 (0.2)
8.4 18.7 (0.2) 366 (15) 178.9 (2.1) 70.5 (1.0) 45.7 (0.7) 23.8 (0.3) 15.7 (0.3)
9.8 14.7 (0.4) 336 (15) 162.8 (2.1) 65.4 (1.2) 41.8 (0.8) 22.2 (0.2) 14.5 (0.1)

1Concentration.
2True T2 (mean (SD)) calculated on the 64×64 matrix.
3Mean (standard deviation).

Since the 64-matrix images have the highest SNR0, the T2 values calculated with the NCEXP
method from the 64-matrix images were considered the true, i.e. reference T2 values for analysis
of the accuracy and precision (Table 4.1). In the analysis of the accuracy and precision all voxels
in a single test tube acquired with the same resolution were considered together. Analogously to the
simulations, the accuracy was assessed by comparing the mean T2 calculated with each f tting method,
for each phantom at each SNR0 level with the true T2 value of the phantom. The precision was
compared with the CRLB for each phantom, f tting method and SNR0. The accuracy and precision
obtained on phantom images were compared with simulations performed for the same true T2 values
and SNR0 levels as measured in the phantom scans.
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4.2.7 In vivo measurements

Six healthy volunteers (3 male, 3 female, mean age 23.7±1.4) were examined at seven different time
points (four times in one imaging session with repositioning of the knees between the measurements
and one time in each of three successive imaging sessions separated by one week) with both, the
FLASH WE and the MSME sequences. The volunteers had no history of knee injury or surgery and
no episodes of knee pain in the past 3 years, and were asked to rest one hour before examination
in order to avoid inf uence from physical exercise [Eckstein98b]. Special care was taken to strictly
position the knees in an angle of 10◦ of f exion, neutral position without internal or external rotation
and with the long axis of the leg parallel to the main magnetic f eld. MRI slices were selected to
be perpendicular to the magnetic f eld, centred on the patellar cartilage and covering the complete
cartilage. All volunteers gave informed consent to participate in the study.
Since the true T2 values of cartilage are not known, it is not possible to directly assess the accuracy

and precision in vivo. Nevertheless, they can be tested indirectly by comparing with each other the
T2 values obtained with the different methods, and correlating these comparisons to the results of
the simulations. On this background the relative accuracy and precision are def ned as the accuracy
and precision calculated using the NCEXP T2 values as reference values, comparable to the true,
predef ned T2 values in the simulations. Since only the differences in T2 from the four f t methods
will be analyzed, all data of all voxels in all volunteers were pooled together. Voxels were pooled
according to their reference T2 in intervals of 1 ms (reference T2 between 10 and 11 ms, between
11 and 12 ms...). For each group, the accuracy (mean) and precision (standard deviation) of the T2
obtained with the other three methods were calculated after extreme outliers removal.
Simulations were performed using the same T2 distribution as the in vivo calculated NCEXP T2

values and the same SNR0 distribution as measured in the in vivo images. A synthetic phantom
with T2 values distributed according to the distribution of the NCEXP T2 values in vivo was created.
From this phantom simulations were performed with SNR0 distributed according to the distribution
of the SNR0 in cartilage. The relative accuracy and precision was calculated from the simulations and
compared with the in vivo results.

4.3 Results

4.3.1 Numerical simulations

The f rst row of Fig. 4.2 shows simulated MRI measurements calculated from the synthetic phantom.
The mean time needed to calculate T2 for a voxel with an SNR0 of 25 and an exact T2 between 10
and 110 ms in a 2.8 GHz computer was (0.24±0.21) ms with the LR method, (5.4±5.1) ms with the
EXP method, (28.0±4.5) ms with the SQEXP method, and (24.2±7.3) ms with the NCEXP method.
The number of extreme outliers in a f eld (N = 1350 voxels), was lower than 5 for all methods with
true T2 ≥ 21 ms independently of the SNR0 level (mean (SD) number of outliers were 1.0 (1.5), 0.62
(0.98), 0.36 (0.75), 0.57 (0.89) with the LR, EXP, SQEXP and NCEXP methods, respectively). For
T2 = 10 ms the number of extreme outliers grows from about 6 at a SNR0 = 26.0 to 84 at a SNR0 = 14.4.
Accuracy and precision of the simulated T2 measurements with the four described methods are

shown in Fig. 4.3 for SNR0 values between 67.0 and 14.6. Representative numerical values of accu-
racy and precision, i.e. mean and standard deviation calculated over all 1350 voxels in one f eld at
an SNR0 level, are summarized in Table 4.2. Both, the LR and EXP methods led to poor accuracy
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Figure 4.2: Example of simulated and MSME images for TEs of 13.2, 39.6, 66.0 and 92.4 ms. A. Synthetic
MR images. B. Phantom images acquired with a matrix of 256×256. C. Images of a healthy
volunteer (matrix 256×256).

at low SNR0 and T2, the LR method yielding worst results. For a T2 of 10 ms and SNR0 of 14.6, the
deviation of the mean value from the true value was as high as 772% with the LR method and 522%
with the EXP method (Table 4.2). The LR method led to a signif cant (P > 0.001) deviation from the
true T2 value for the complete range of T2 independently of SNR0, whereas the EXP method deviated
signif cantly for T2 ≤ 54 ms or SNR0≤ 30. The T2 calculated with the SQEXP method showed a
signif cant deviation from the true T2 value only for T2 = 10 ms and SNR0 ≤ 60 (maximal signif cant
deviation of 11.4%). The NCEXP method had no signif cant deviation from the true value for any T2
and SNR0 (maximal non-signif cant deviation 7.0%).

The precision of the NCEXP method was comparable with the CRLB (P <0.001) for T2 ≥ 21 ms
and SNR0 ≥ 21.5. The EXP method was comparable with the CRLB for T2 ≥ 32 ms and SNR0 ≥
21.5. The LR method was comparable with the CRLB only for T2 ≥ 66 ms and SNR0 ≥ 31.4. The
SQEXP method was not comparable with the CRLB for any T2 and SNR0.

The NCEXP method was the most precise of all four methods (P <0.001). The SDs obtained by
the EXP method were larger than the SD of the NCEXP method only for T2 < 32 ms (independent
of SNR0). The LR method leads to larger SDs than the EXP and NCEXP methods for T2 ≤ 56 ms or
SNR0 ≤ 18.
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Figure 4.3: Accuracy and precision of the T2 values in simulations with the LR, EXP, SQEXP and NCEXP
methods (from left to right). First row, the accuracy (mean T2) is represented against the SNR0.
Colors encode different true T2 (10, 21, 32, 43, 54, 66, 77, 88, 99 and 110 ms from dark blue to
dark red), and dotted lines represent the true T2 values. Second row, the precision (SD) is plotted
against the true T2. Colors encode here different SNR0 levels (67, 59, 31, 26, 21, 18, 16 and
15 from dark blue to dark red). Solid lines are the CRLB for the different SNR0 levels. Error
bars represent the 99% conf dence interval of the standard deviation. Error bars intersecting with
the CRLB indicate precisions comparable with the CRLB. The black rectangles represent typical
SNR0 and T2 values for in vivo articular cartilage.

4.3.2 Phantom measurements

An example of a phantom measurement and the corresponding calculated T2 maps are shown in the
second row of Fig. 4.2, and in Fig. 4.4, respectively. Mean SNR0 values of the images were 359, 177,
70.1, 46.0, 25.1 and 16.6 for increasing resolution from 64 to 512. T2 calculated with the NCEXP
method from the images with the lowest resolution was considered the true, i.e. reference, T2 value
(Table 4.1). Mean SNR0 of the images were 359, 177, 70.1, 46.0, 25.1 and 16.6 for increasing
resolution from 64 to 512.
Accuracy and precision of T2 measured from phantoms are represented in Fig. 4.5. The LR method

showed the lowest accuracy with a signif cant overestimation of T2 for all true T2 and SNR0 except
T2 ≥ 21.6 ms and SNR0>177. The EXP method, too, led to signif cant overestimation T2 for true
T2 ≤ 30.8 or SNR0 ≤ 23.9. The SQEXP and NCEXP did not show any systematic deviation of T2
for any resolution or SNR0 level. It is worth noting the good agreement between simulations and
phantom measurements.
The precision of the NCEXP and EXP methods was comparable with the CRLB for T2 ≥ 23.9 ms

or SNR0 ≥ 46.1. The NCEXP method was the most precise method for all values of T2 and SNR0
(P <0.001). The LR method led to the largest SDs, followed by the SQEXP method.
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Table 4.2: Accuracy and precision for different T2 and SNR0 values.

True1 T2 Fit method SNR0
67 30 25 20 15

10 ms LR 24.9 (4.7) 43.9 (11.1) 50.9 (14.8) 64.5 (22.8) 87.2 (41.7)
EXP 11.0 (1.7) 17.8 (8.8) 23.7 (13.1) 37.6 (23.3) 62.2 (39.6)
SQEXP 9.9 (1.6) 9.5 (4.7) 9.4 (5.5) 9.3 (7.4) 9.4 (10.0)
NCEXP 10.0 (1.6) 10.1 (4.6) 9.9 (5.4) 9.8 (7.5) 9.3 (11.3)

21 ms LR 22.6 (1.3) 28.8 (4.0) 31.1 (5.0) 36.1 (7.0) 44.3 (10.9)
EXP 21.4 (1.1) 23.2 (2.8) 23.8 (3.5) 25.8 (4.9) 30.1 (7.8)
SQEXP 21.1 (1.5) 21.2 (3.4) 21.1 (4.2) 21.5 (5.4) 21.4 (7.2)
NCEXP 21.0 (1.1) 21.1 (2.6) 20.9 (3.3) 21.3 (4.3) 21.3 (6.2)

32 ms LR 32.6 (1.2) 35.4 (3.1) 36.7 (3.9) 39.1 (5.1) 44.3 (8.2)
EXP 32.2 (1.2) 33.2 (2.7) 33.8 (3.4) 34.8 (4.2) 37.1 (6.3)
SQEXP 32.0 (1.7) 32.3 (4.0) 32.3 (4.8) 32.4 (6.1) 32.4 (8.2)
NCEXP 32.0 (1.2) 32.1 (2.7) 32.0 (3.4) 32.2 (4.2) 31.9 (6.2)

1 Mean (standard deviation) in ms.

4.3.3 In vivo measurements

Examples of in vivo images are shown in the third row of Fig. 4.2. The mean SNR0 of all cartilage
voxels in all examinations was 25.3, ranging from 12.4 to 34.1. Representative T2 maps obtained
with all methods and SNR0 maps are shown in Fig. 4.6. The T2 prof les illustrate even more clearly
that both the LR and EXP method resulted in signif cant overestimation of T2 at and close to the
bone-cartilage interface, where the lowest SNR0 took place.

The relative accuracy and precision of the LR, EXP and SQEXP methods compared to the NCEXP
method are shown in Fig. 4.7. The LR and EXP methods presented a poor relative accuracy, which is
particularly bad for low T2 values. Voxels with a T2 between 10 and 11 ms calculated with the NCEXP
method showed an averaged T2 of 47 ms with the LR method (overestimation of 370%), and 22 ms
with the EXP method (overestimation of 120%). The SQEXP method had a good relative accuracy
for T2 values lower than 35 ms (which include 80% all voxels), but an underestimation of T2 of up to
4.7 ms (underestimation of 8.7%) for T2 ≥ 35 ms. Simulations (dots in Fig. 4.7) coincided quite well
for the relative accuracy in the range between 15 and 35 ms (70% all voxels).

In vivo relative precision behaved similar to the simulations. The highest relative precision was
achieved with the SQEXP method for T2 < 20 ms and with the EXP method for T2 ≥ 20 ms. The
simulations also accurately described the relative precision for T2 NCEXP values between 15 and
35 ms, but tended to underestimate the relative precision outside this interval (Fig. 4.7).
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Figure 4.4: Example of T2 maps of phantom measurements of three tubes (true T2 of 14.7, 21.6 and 41.0 ms
calculated from the 64× 64 images with the NCEXP method) for the four methods (from left to
right the LR, EXP, SQEXP and NCEXP methods), and increasing resolution (matrix size indicated
on the left side of the f gure).

4.4 Discussion

In this work it is demonstrated that f tting to noise-corrected functions, which correctly describe the
decay of SM or S2M with the TE, results in accurate and precise T2 values, whereas f tting to the
noise-free function leads to inaccuracy or imprecision.
In most works concerned with the accuracy and precision of T2 values it is a common practice to

assume SNR0 ≥ 100 [MacFall86, Jones96, Graham96, Bonny96, Bastin98, Shrager98, Whittall99],
so that the noise distribution can be approximated by a zero mean Gaussian. In this case the noise-
corrected signal decay coincides with the noise-free signal decay (Eq. [4.1]), so that the exponential
function can be used for T2 calculation without signif cant loss of accuracy or precision. Recently,
Koff et al. [Koff08] reported the loss of accuracy in T2 values obtained in articular cartilage with the
different traditional methods, although they failed in identifying noise as the cause of these disagree-
ments.
To the best of our knowledge, only two correction methods for the calculation of MRI parameters

from decaying signal images in low-SNR conditions have been proposed in the literature. Miller
and Joseph [Miller93] proposed a ROI-based method, on which the SQEXP method is based (see
Section 4.1). In diffusion-weighted imaging, Dietrich et al. [Dietrich01] introduced a ROI-based
method in which the averaged signal intensity in a ROI is noise-corrected previous to exponential
f tting. This method has been extended to include multi-channel coil acquisitions [Koay06].
Although this work has been devoted to T2 calculation it has direct applications to the measurement

of other MR parameters calculated from an exponential decay, such as T1ρ or diffusion coeff cients
(see Chapter 3).
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Figure 4.5: Accuracy and precision of the T2 values in the phantom measurements with the LR, EXP, SQEXP
and NCEXP methods (from left to right). First row, mean T2 against the mean SNR0 level (359,
177, 70.1, 46.0, 25.1 and 16.6 from dark blue to the dark red). To improve visibility, all mean
T2 values of the same tube are f tted to an exponential function. The dotted lines represent the
true T2. Second row, the precision (SD) is plotted against the true T2. Colors encode results
obtained for different mean SNR0 levels. Solid lines represent the CRLB for the different mean
SNR0 levels. Error bars represent the 99% conf dence interval of the standard deviation. Error
bars intersecting with the CRLB indicate precisions comparable with the CRLB. In all plots, dots
represent the results of the simulations performed for the true T2 values and with same SNR0 levels
as in phantom images.

4.4.1 The fit methods

The LR method

In this work a least-squares regression weighted by the variance of the estimates of the SI was used
[MacFall86]. Such a linear regression has the property that the estimators of T2 and S0 are minimum
variance estimators (i.e. the highest precision) [MacFall86].

The major drawback of the LR method comes from the logarithm transformation of SM, which
causes great errors when S approaches zero. For vanishing S, the log(S) tends to minus inf nity,
whereas log(SM) varies randomly around log(σ). Thus, the LR method results in a large overestima-
tion of T2 and in an underestimation of S0.
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Figure 4.6: Examples of in vivo T2 maps, SNR0 maps and T2 prof les in two slices of the same volunteer
acquired in the same imaging session. Observe the increased T2 values in the LR and EXPmethods
compared with the lower T2 in the very similar SQEXP and NCEXP maps. Arrows in maps
indicate the location of the T2 prof les represented in the right side of the illustration. SNR0 maps
demonstrate low SNR0 values near to the bone-cartilage interface. In T2 prof les, the low SNR0
causes increased T2 values at the bone-cartilage interface with the LR and EXP methods.

The EXP method

The nonlinear f t method minimizes the sum of the quadratic distance of SM to the noise-free model
(Eq. [4.1]), and no logarithm transformation is needed. However, the inf uence of the noise-dominated
echoes in the f t is still large for low T2 and SNR0. For low T2, the noise-free signal intensity Sdecays
rapidly so that later echoes are dominated by noise. For low SNR0 and T2, the EXP method leads to
overestimates of T2 due to the large differences between Sand SM in the later echoes.

The choice of the starting guess for the nonlinear f ts was not a critical point in any of the nonlinear
f ts (EXP, SQEXP and NCEXP methods). The same results would be obtained if, instead of the T2
and S0 values calculated with the LR method, constant values of T2 and S0 (for example 30 ms and
800), would be used as the starting guess for the nonlinear f ts.
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Figure 4.7: In vivo relative accuracy (left) and precision (right) of the LR (light gray), EXP (dark gray) and
SQEXP (black) plotted over the reference T2 (NCEXP T2 values). Error bars represent the 99% CI
for the mean (relative accuracy) and the SD (relative precision). The distribution of the NCEXP
T2 values of all voxels is represented in the small inset.

The SQEXP method

In the SQEXP method S2M is f tted to an exponential plus a constant, S0 exp(−2TE/T2)+2σ2. Since
σ can be very accurately calculated from the image background, it should not be considered a f t
parameter. The calculation of σ from images acquired at different TEs is possible since the noise
in MRI is uncorrelated [Gudbjartsson95]. Considering σ as a free parameter could lead to cross-
correlations with T2 and S0 affecting the precision of T2. Only if there is evidence that σ is not
constant in the image (i.e. if f ltering or partial acquisition of the k-space is being used), σ should be
considered as a free-parameter to be f tted in the SQEXP or NCEXP method.
The SQEXP method is very accurate for all SNR0 and T2. Although from the theoretical point of

view a similar precision of the SQEXP and NCEXP methods is expected (see Appendix), larger SDs
were systematically observed for by the SQEXP method. This may indicate that the f t method does
not work optimally. Data are f tted using the least-squares criterion, which minimizes the squared
distance between the measured signal and the f t function. However, the S2M−2σ2 are not distributed
symmetrically around the exponential (the term n2−2σ in Eq. [4.2] has zero mean, but the probability
for n2− 2σ ≤ 0 is 1-1/e≈0.63 , which is greater than 0.5, Eq. [4.3]). Therefore, a least-squares
criterion, which does not consider an asymmetric distribution of the measured points around the
function, may be prone to poorer precision than predicted by the CRLB. A criterion based on the
maximum likelihood method could result in improved precision of SQEXP T2 values, although it
would make the implementation of SQEXP more complicated since it requires f nding a minimum of
Eq. [A.1].
The SQEXP method can be trivially extended to mean root (“sum of squares”) reconstructed

multi-channel acquisition by f tting S2M to the function S2 + 2nσ2, with n being the number of chan-
nels [Constantinides97, Dietrich08]. However, the method could fail if the noise distribution of
φ (Eq. [4.3]) becomes non uniform by the use of f lters, parallel imaging or noise correlations
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[Dietrich08]. The method can also be trivially extended to include other signal decays such as the
bi-exponential decay. In this case, the function to f t is no longer an exponential but the squared of
the noise-free bi-exponential signal decay model. An analysis of the precision and accuracy of the f t
in this case however is beyond the scope of the present thesis.

The NCEXP method

The NCEXPmethod is the most accurate and precise method for T2 calculation. Indeed, no systematic
deviation from the exact values could be demonstrated, and in simulations and high-SNR0 phantom
measurements the calculated T2 values were comparable with the CRLB. The NCEXP method can
be extended to other probability distributions such as acquisitions with multi-channel coils (see Ap-
pendix B), and to consider other signal decays than the monoexponential. The f t method remains the
same up to the calculation of the derivatives in Eq. [4.7], where the derivative of Swith respect to the
new parameters must be calculated.

Other fit methods

For the sake of clarity, only the most frequently used noise-free methods for T2 calculation found in
the literature (LR and EXP methods) were systematically compared to the noise-corrected methods
(NCEXP and SQEXP). However, any other f t method which do not use a noise-corrected function,
will inevitably lead to poor accuracy or precision in low-SNR images.
For example, it has been suggested, that adding a constant to the exponential f t [Mosher04a] will

improve the accuracy of the T2 values. Although the accuracy for low T2 is improved with this method,
it systematically underestimates T2, especially for large T2, where due to the high signal in all TEs the
inclusion of a constant is unjustif ed. Underestimation in large T2 would reduce the diagnostic value
of T2, since the range of pathology is shortened.
Other methods, such as the nonnegative least squares f t [Laws04], which involves a logarithm

linearization, or a threshold-selection the echoes for T2 calculation, which discard the information of
several echoes, would also suffer from inaccurate or imprecise T2 values. Weighting the data in the
EXP f t procedure is also inappropriate, since weighting only takes into account different (stochastic)
spread of the data along the echo train, but not the systematicdeviation of SM.
Improving SNR0 by averaging intensities of several voxels is also problematic, since at least

16 voxels must be averaged to increment the SNR0 form 15 (lowest SNR0) to 60, where the use
of the EXP method is acceptable. This is a large amount of voxels, since the cartilage only have
3-6 voxels in thickness. Even more, averaging must be very carefully performed in order to avoid
contamination of the signal intensity with the synovial liquid.

4.4.2 Numerical simulations

Simulations are a very useful tool to investigate the accuracy and precision of the different f t methods,
since the true T2 values are known. The most important conclusion of the simulations was the huge
loss of accuracy of the LR and EXPmethods at low T2 (Fig. 4.3), and the good accuracy of the SQEXP
and NCEXP methods. Interestingly, the SQEXP and NCEXP methods led to accurate results even for
a T2 of 10 ms, which is lower than the minimum TE.
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Figure 4.8: Accuracy and precision of the T2 values in simulations with the 3P-EXPmethod. Left, the accuracy
(mean T2) is represented against the SNR0. Colors encode the true T2 (10, 21, 32, 43, 54, 66, 77,
88, 99 and 110 ms from dark blue to dark red), and solid lines represent the true T2 values. Right,
the precision (SD) is plotted against the true T2. Colors encode here different SNR0 levels (60, 40,
30, 25, 20, 18, 16 and 15 from dark blue to dark red). Solid lines are the CRLB for the different
SNR0 levels.

Simulations allowed comparing the precision of the different f t methods to the highest achievable
precision predicted by the CRLB. For each σ , the CRLB is a convex function with a minimum. For
low SNR0 and the TEs used in this study the CRLB took its lowest values for T2 between 20 and 40 ms
(Fig. 4.3), corresponding to the range of T2 values in articular cartilage (see histogram in Fig. 4.7).
Outside this interval the precision decreased due to poor sampling of the signal decay (low T2) or due
to truncation of the sampling (large T2).

4.4.3 Phantom measurements

Phantom measurements allowed validating the results of simulations with real data. One of the major
problems in T2 measurement with a MSME sequence is the contamination of the signal intensity by
stimulated echoes, which lead to falsely increased T2 times. However the sequence used for image ac-
quisition was optimized to avoid stimulated echoes (see Section 3.2.1). The possible underestimation
of T2 with a MSME sequence due to diffusion effects are much lower than the measurement errors
caused by the SNR0. To demonstrate this, the pulse sequence with the same parameters as in scanner
was simulated with the Siemens IDEA software and the b-vales considering all gradients in the pulse
sequence calculated at the 8 TEs based on Mattiello et al. [Mattiello97]. The b-values increased lin-
early form 0.66 s/mm2 at the f rst TE to 4.35 s/mm2 at the eighth TE. The underestimation of T2 due
to the diffusion-weighting was an order of magnitude lower than the typical measurement errors and
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can therefore be neglected1. For a T2 of 100 ms the error (greatest error) is 0.41 ms, which is smaller
than the Crámer-Rao lower bound for a typical cartilage SNR0 of 25 (7.8 ms) (see Section 4.3.1).
In phantom measurements, the SNR0 can be easily modulated by varying the resolution of the

images without changing any other sequence parameter, so that all the images capture the same de-
caying curve but with different SNR0 levels. Therefore, the T2 values calculated from the images with
the highest SNR0 were considered the true T2 values and used for accuracy and precision analysis.
A caveat to this method is that the T2 values could change with the resolution due to the different
diffusion-weightings caused from the varying amplitude of the readout gradients. However, an exact
calculation of the b-matrix for all 8 echoes [Mattiello97] for a resolution of 64×64 and 512×512,
reveals that the largest diffusion-related apparent differences in T2 are only 0.05 ms.
The generally good agreement between the simulations and the phantom measurements (Fig. 4.5)

indicates that the results of simulations are also valid for phantom measurements. The small discrep-
ancies in precision between the simulations and the phantom measurements have different causes. On
the one hand, not all phantoms showed the same SNR0 (Table 4.1), and simulations were performed
with the mean SNR0. For example, the phantom with a T2 of 41 ms showed an increased SNR0 in all
resolutions, and its precision was below the CRLB. The phantom with a T2 of 47.3 ms had a SNR0
very similar to the average SNR0 and its values coincide rather well with the simulations. On the
other hand, the T2 maps of the lower resolutions were sometimes affected by residual artifacts (see
for example the ringing on the phantom with T2 of 41.0 ms in Fig. 4.4), which resulted in a larger SD
explaining the discrepancies at large SNR0.
The fact that the number of pixels included in the calculation of the mean and standard deviation

increased with the image resolution only slightly affected the error of the mean and standard deviation.
The typical errors in the estimation can be estimated with the bootstrap method, which does not
assume any specif c distribution for the data. As an illustration, the relative error of the estimation
of standard deviation of T2 in % def ned as, σσT2

/σT2 × 100 is presented in Table 4.3. The small
differences in the standard deviation between the 64 and the 512 matrix are not relevant for the
phantom measurements. For example, the errors in the determination of the standard deviation of T2
changed from 0.05 ms (7.7%) with the 64-matrix to 0.1 ms (2.2%) with the 512-matrix.

1Since the b-values increase linearly with TE, b = b0 +∆b· i and TE= ∆TE · i, the errors in T2 can be easily estimated,

S = S0 · exp
(

−bTED− TE
T2

)

S = S0 · exp
(

−b0D
)

· exp
(

−∆TE · i ·
(D∆b

∆TE
+

1
T2

)

)

, (4.9)

so that the apparent T2 time, Tapp
2 , is

1
Tapp
2

=
D∆b
∆TE

+
1
T2

=
1

Tb
2

+
1
T2

, (4.10)

and the difference is,

T2−Tapp
2 =

T2
2

T2 +Tb
2

. (4.11)

Tb
2 is 2.45×104 ms for a mean diffusion coeff cient in cartilage of D=1.0×10−3mm2/s [Raya08c]. For a T2 of 100 ms
the error (greatest error) is 0.41 ms which is smaller than the CRLB for a typical cartilage SNR0 of 25 (7.8 ms).
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Table 4.3: Relative errors in σT2 for different sample sizes

T2 Error in the standard deviation σσT2
/σT2 (in %)

(ms)1 64×64 128×128 192×192 256×256 384×384 512×512
58.7 7.76 6.81 5.26 4.87 3.71 2.86
47.3 8.03 5.83 4.55 3.21 2.67 2.05
41.0 9.41 5.61 4.02 3.37 2.32 2.05
31.7 8.31 5.65 4.52 3.33 2.46 1.92
26.0 8.32 5.60 4.03 3.67 2.61 2.12
24.2 5.49 4.10 4.02 3.20 2.40 1.87
21.6 8.19 5.84 4.76 3.81 3.02 2.46
18.7 7.57 4.40 4.26 3.38 2.59 2.02
14.7 5.97 4.76 3.93 3.77 2.41 2.05

Average 7.7 (1.2) 5.4 (0.8) 4.4 (0.4) 3.6 (0.5) 2.7 (0.4) 2.2 (0.3)
1True T2 calculated on the 64×64 matrix with the NCEXP method.

4.4.4 In vivo measurements

The LR and EXP method showed a very poor relative accuracy for T2 ≤ 25 ms, which involves 37%
of all cartilage voxels (Fig. 4.7). Voxels with low T2 and SNR0 are located at the bone-cartilage
interface (Fig. 4.6), therefore the use of an inadequate f t method artif cially increases calculated T2
in this region. This f nding may be more likely to explain the unexpected increased T2 values to-
ward the bone-cartilage interface observed by other authors than volume averaging with subchondral
bone marrow [Smith01, Mosher01, Dardzinski02], which could account for T2 increase either in the
femoral or the tibial bone-cartilage interface due to chemical-shift effects in readout direction but not
in both interfaces simultaneously [Smith01], since the chemical effect only occurs in one direction. A
correct determination of T2 may improve the detection of local lesions in the early stages of OA and
the diagnosis of diseases affecting the deep layers of the cartilage such as in autologous chondrocyte
transplanted patients.
Simulations account very well for the relative accuracy and precision in the range from 15 to

35 ms, which includes 70% of all cartilage voxels, thus indicating that the conclusions obtained from
simulations and phantom measurements also apply to in vivo measurements. The disagreement of the
measurements with the simulations has a different cause for low and large T2. Most voxels with a T2
lower than 15 ms were located near the bone-cartilage interface with the lowest SNR0 of the whole
cartilage (Fig. 4.6). However, in simulations the same SNR0 distribution is assumed for all T2 values.
Thus, simulations showed better relative accuracy and precision for low T2 values than in vivo data.
The excellent agreement with simulations of the SQEXP method conf rms this hypothesis, since the
accuracy of the SQEXP method does not depend on the noise level.
For large T2, the discrepancy to simulations may be caused to some extent by the presence of partial

volume effects. Voxels with NCEXP-determined T2 larger than 40 ms are predominantly located at the
articular surface, where they are prone to partial volume effects with the synovial f uid, which has a T2
about 250 ms. Fitting the signal of the voxels affected by partial volume effect to a monoexponential
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decay results in overestimation of the low T2 component, which varies from one method to the other.
In the NCEXP and EXPmethod the overestimation becomes much higher than in the SQEXPmethod,
where the squaring of the data enhance the low T2 component, thus resulting in lower T2 values. The
largest overestimation in T2 occurs with the LR method, since the logarithm transformation especially
emphasizes the long T2 component.

4.5 Conclusions

Establishing a method for accurate and precise T2 calculation from low-SNR0 images is far away from
being academic, since images for cartilage T2 calculation are unavoidably affected from low SNR0.
The non-zero mean distribution of noise in the absence of signal causes the traditional f t methods (LR
and EXP) to dramatically overestimate T2 (overestimation up to 500%). The main idea of this work
was to use the averaged decay of the measured signal intensity, SM , with TE as the f tting function.
The two noise-corrected f t methods (the SQEXP and the NCEXP methods) based on this idea and
introduced in this chapter lead to a very accurate determination of T2, although they differ in precision.
The NCEXP method is the most precise method for T2 calculation. Indeed, its precision coincides
with the maximally achievable precision (i.e. the Cramér-Rao lower bound) for SNR0≥ 20. For in
vivo images, using the traditional f t methods results in large overestimations of T2, especially in the
deep radial zone toward the bone-cartilage interface. This may explain the unexpected increase of T2
close to the tide mark in previous studies. The f t methods introduced in this study may contribute
to improve the sensitivity of T2 to detect pathology in cartilage and may contribute to increase the
sensitivity to change in T2 follow-up studies, e.g. in cartilage repair or OA patients.
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Chapter 5 Voxel based reproducibility of T2
with a new registration algorithm

Reliable assessment of abnormalities (focal and diffuse) in articular cartilage and its evolution in
time with T2 requires knowledge of the healthy T2 values in cartilage, and their reproducibility.

Reproducibility can be calculated comparing datasets of the same subject acquired at different time
points. The differences in patient and slice positioning between the repeated acquisitions does not
allow for a direct comparison of datasets at a voxel basis, so that images must be registered before
comparison. Since the articular cartilage is typically only 2–4 mm thick, registration should have
precision errors smaller than the dimension of a single voxel. After registration, the voxel-based
reproducibility can be calculated. At present, T2 reproducibility has been systematically assessed
only from comparatively large regions of interest [Glaser06, Glaser07, Koff09].
The purpose of this chapter was to develop and validate a registration method for the cartilage to

assess the voxel-based T2 reproducibility of patellar cartilage. Further applications of the registration
algorithm apart from the subject matter of Chapter 6, will be brief y presented.

5.1 Theory

Rigid registration algorithms rely on two datasets, one, usually called target, which is kept f xed
while the other one, called source, is successively transformed until reaching an optimal alignment.
The implementation of this procedure requires the def nition of three fundamental elements: A trans-
formation model determining how the source dataset is transformed, a measure of the alignment of
both datasets and an optimization method for maximization of alignment.

5.1.1 Transformation Model

3D Euclidean transformations, which include 3D rotations and 3D translations, have been used as
a transformation model. To apply the 3D Euclidean transformations, each voxel is represented by
the (metric) position vector and the Euclidean transformation is represented by a matrix. Voxels
are transformed by multiplication of their position vectors with the transformation matrix. Between
the different parameterizations of the rotation group, the Euler angles in the XYZ convention were
chosen.
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5.1.2 Measure of alignment

Given a source and a target datasets, the measurement of their alignment is a scalar function, usually
termed similarity function, which has an extreme for perfectly registered data. In the registration
algorithm presented here, the similarity function, Ω, is def ned as the overlap volume between the
two segmented datasets normalized to the mean volume of both datasets,

Ω =
VTrg∩Src

1
2(VTrg +VSrc)

, (5.1)

whereVTrg is the volume of the target image,VSrc the volume of the source andVTrg∩Src the intersection
volume between the target and the source datasets, so that Ω takes values between 0 and 1. The
position of the data sets which maximize the similarity function Ω is considered as their registered
position. Although the function Ω is normalized between 0 and 1, it should not be considered as a
goodness of registration alone, since the value of Ω depends both on how good the data are registered
and on how much target and source datasets really intersect. For example, cartilage voxels available
in the source dataset, but not acquired or segmented in the target dataset, contribute to the total
volume but not to the overlap volume; i.e., the value of Ω is reduced, even though the datasets may
be perfectly registered. Therefore, introducing a pure goodness of registration is non-trivial because
of the diff culty of differentiating whether a voxel is misaligned or simply belongs to a region not
imaged or segmented in one of both datasets.
The exact calculation of the overlap volume is very time consuming, since for each two cuboid-

shaped voxels it involves a total of 6 parameters describing their relative position and orientation. A
simplif cation can be achieved by discarding the relative rotation between images and considering
voxels as being parallel (parallel-voxel approximation). In a coordinate system oriented along the
voxels’ axes, two voxels with the same resolution, {∆Xi}i=1,2,3 centered at the positions

−→
X (1), −→X (2)

would produce an overlap volume, v,

v =







3
∏
i=1

(

1− |Xi(1)−Xi(2)|
∆Xi

)

∆Xi max
( |Xi(1)−Xi(2)|

∆Xi

)

≤ 1

0 max
( |Xi(1)−Xi(2)|

∆Xi

)

> 1
(5.2)

were | · | denote the absolute value and ∏ the Cartesian product.
Since in the parallel-voxel approximation the calculated overlap volume slightly differs when par-

allelizing the source voxels to the target voxels or the target voxels to the source voxels, the similarity
function must be rewritten as follows,

Ω =
VTrg∩Src+VSrc∩Trg

VTrg +VSrc
, (5.3)

whereVTrg∩Src is the overlap volume with source voxels parallelized to the target voxels, andVSrc∩Trg

is the overlap volume with target voxels parallelized to the source voxels. With this def nition the
similarity function is continuous and symmetric by interchanging the role of source and target.

5.1.3 Optimization method

For overlap maximization a quasi-Newton method based on the Broyden-Fletcher-Goldfarb-Shanno
(BFGS) estimation of the Hessian matrix [Fletcher00] was used. A f rst approximation of the desired
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registration can be quickly performed by aligning the principal inertial axes of the source dataset
to the inertial axes of the target dataset. Then small translations and rotations bring the images to
the f nal registered position. Low-angle rotations and small translations have the fortunate property
that they commute to a very good approximation, i.e. the result of an accomplished translation and
rotation is almost independent of their order.

5.1.4 Comparison of registered datasets

After registration the T2 value of each target voxel was compared to the interpolated T2 values of its
nearest-neighbor source voxels (trilinear interpolation). Differences in T2 were characterized by the
coeff cient of variation (CV), which for T2 takes the form

CV=
√
2
|T2,Trg −T i

2,Src|
T2,Trg +T i

2,Src

, (5.4)

where T2,Trg corresponds to the T2 value at the target voxel and T i
2,Src to the interpolated T2 values of

the nearest-neighbor source voxels to the position of the target voxel.

5.2 Methods

5.2.1 Numerical simulations

Patella model

Since the registration algorithm presented here is selectively based on the patellar geometry, simula-
tions with an accurate mathematical model of the patellar cartilage closely mimic the behavior of the
registration of real datasets.
In order to generate a mathematical model of the patellar cartilage an in vitro measurement of an

excised human patella was performed. A fresh human patellar cartilage specimen was harvested at
time of autopsy 24 hours after death. Following harvest, the sample was rinsed in physiologic saline
and wrapped in a plastic f lm to prevent drying. MRI was accomplished at room temperature with
a small amount of physiological saline between the cartilage surface and the plastic f lm to prevent
susceptibility effects from air and drying of the sample during measurements. The sample was imaged
with the FLASHWE sequence with a 1 mm slice thickness keeping all other parameters as described
in Section 4.2.1. After manual segmentation of the cartilage, the patellar model was generated by
linear interpolation of the points at the articular surface and bone-cartilage interface.

Simulation of MRI measurements

MRI measurements were simulated by calculating the intersections of the mathematical patellar car-
tilage model with 20 parallel slices (3 mm separation between the slices), randomly oriented in the
axial direction and randomly translated around the patellar center of mass. Each intersection was
f lled up with 0.6×0.6 mm2 voxels. The maximally allowed translation was half out of plane dis-
tance, i.e. 1.5 mm (a maximal relative distance between two slices of 1.5 mm in each direction, i.e.,√
3 · 1.5 mm=2.6 mm). As constantly 20 slices per dataset were acquired, a displacement in slice

position larger than 1.5 mm will effectively result in a shift in one slice number but not in larger
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errors. The maximal angle deviation in the axial direction was 15◦ (resulting in a maximal possible
relative angle between slices of 30◦), which was much larger than the deviations that typically occur
in routine clinical MRI.

Registration errors

The registration algorithm was implemented using Matlab software (The MathWorks, Inc., Natick,
Massachusetts, USA). For each of the 1000 simulated pairs of MRI measurements the registration
was performed twice, once for the complete patellar cartilage plate, and once for the BCI only.
The registration error was def ned for each voxel as the absolute value of the difference between

its registered and exact positions. In each simulation the distribution of the registration errors was
calculated for all source voxels. This distribution was characterized by the mean registration error
(MRE) and the maximum registration error (MARE), which are def ned as the mean and maximum
value of the registration errors over all source voxels.
Because of the anisotropic voxel size (0.6×0.6×3 mm3), errors were separately analyzed in each

direction. Therefore, the MRE and MARE were calculated for each direction separately. For the
distribution of registration errors, the registration error of each voxel in each direction was normalized
by the voxel dimension in this direction. For each voxel the largest relative error was considered for
the histogram of the registration errors.

Role of overlap volume

So far it has been hypothesized that the exact position of the datasets corresponds with the maximum
overlap, so that optimizing the overlap volume leads to the best registration. In order to examine
this hypothesis the differences between exact and calculated overlap volume were analyzed. Large
deviations may either indicate that the optimization method is unable to f nd the exact position or that
the overlap volume is not an appropriate measurement of alignment.
It has been also been explained that the overlap volume is not a measurement of the registration

quality. The relationship between overlap volume and registration quality is resolved by calculating
the Pearson’s correlation coeff cient between the overlap volume and the MRE and MARE.

5.2.2 In vitro measurement

Since in simulations segmentation occurs exactly, the inf uence of the segmentation errors in the
registration has to be analyzed separately. Before applying the registration algorithm to in vivo mea-
surements, the robustness of the registration algorithm has to be tested in the presence of segmentation
errors. With this aim ten consecutive datasets of an excised human patellar cartilage were acquired
with the MSME sequence. Special care was taken to maintain the precise position of the patella by
using a special f xation device in the small-extremity coil. This f xation device consisted of a Plexi-
glas half-cylinder f tting the (cylindrical) inferior part of the small extremity coil with an extractable
squared Plexiglas slice, on which the excised patella is glued with its bone side. Patellar cartilage was
manually segmented in each of the MSME images with the shortest echo time.
To analyze the effect of segmentation in the registration algorithm, all possible pairs of the 10

segmented datasets of the patella specimen, 45 in total, underwent registration. Registration errors
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were characterized by the MRE and MARE, assuming the initial position as the correct registered
position.

5.2.3 In vivo measurements

Volunteers

The voxel based reproducibility in the patellar cartilage was investigated on the same datasets as were
used for the estimation of the accuracy and precision of the different T2 f t methods (see Section 4.2.7).

T2 relaxation time

For the analysis of typical T2 relaxation times in healthy cartilage, the T2 values from the bone-
cartilage interface to the articular surface were calculated as a function of the distance. For each
multi-echo dataset, the bone-cartilage interface was separated and the normal vectors in the position
of all voxels at the bone-cartilage interface computed. A prof le is generated for each voxel in the
bone-cartilage interface by linear interpolation of T2 to eleven equidistant points in the line joining
this voxel with the articular surface along the direction of the normal vector. Prof les were averaged
after normalization of their length between 0 (bone-cartilage interface) and 1 (articular surface). Only
trajectories whose length was larger than 70% of the maximum thickness were considered.

Voxel-based T2 reproducibility

All possible pairwise combinations of the seven datasets of the same patient, 21, underwent regis-
tration. The only possibility to validate the registration method for in vivo measurements was to
use consistency measurements [Hill01], which measure in multiple (n > 2) acquisitions of the same
subject the differences in the registration when the data are registered in different ways. For the 7
datasets, I1, I2 ... I7 of the same volunteer, consistency was def ned as the differences in the position
of the voxels in the image I7, after registration with I1, I1◦I7 (◦ symbolizes the operation of registra-
tion with I1 as target and i7 as source), and after indirect registration with I1 including all pairwise
registrations, I1◦I2◦...◦I7. By perfectly aligned data both operations give the same positioning for I7.
Registrations errors would produce differences between both positions of image I7. These differences
provide an estimation of the registration errors and were characterized with the MRE and the MARE.
Consistency measurements were performed for the complete segmented cartilage, the bone-cartilage
interface and the articular surface.
Once registered all patellar datasets were divided into regions along the principal inertial axes in

order to allow a better overview and simpler visualization of the results: 3 in anterior-posterior (AP)
direction, 6 in left-right (LR) direction and 4 in cranio-caudal (CC) direction. All regions contained
approximately the same number of voxels. The intersections of the regions in all three directions
divided each patellar dataset into a total of 72 (6×3×4) elemental regions. Once the elemental regions
were def ned in all datasets, all voxels from the 21×6 = 126 registrations were grouped according to
the elemental regions they occupied. The distribution of the T2 CVs in each elemental region was
characterized by the median. To assess the signif cance of the differences between the elemental
regions the U-test was used.
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5.3 Results

5.3.1 Numerical simulations

The registration algorithm was applied to 1000 simulations of two complete cartilage plates with an
average of 2719 voxels per patella, and to 1000 simulations of two bone-cartilage interface with an
average of 538 voxels per bone-cartilage interface. Averaged over the 1000 simulations the computing
time for the registration of two complete patellar datasets was 59 s (7 s for the two bone-cartilage
interface ) on a Pentium 4 (2.8 GHz, 1 GByte RAM) computer.

Table 5.1: Mean and maximum registration errors

Mean registration error (MRE)1 Maximum registration error (MARE)1
LR AP CC LR AP CC

Patella Mean (Std) 128 (76) 90 (49) 233 (141) 267 (150) 210 (103) 457 (245)
(Simul.) Max-Min 490–7 280–4 823–10 922–14 617–11 1442–35
Patella Mean (Std) 89 (129) 78 (76) 137 (71) 249 (243) 188 (140) 340 (172)
(In vitro) Max-Min 533–2 265–7 282–29 733–6 681–79 835–17
Patella2 mean (Std) 144 (138) 78 (59) 874 (657) 233 (190) 222 (136) 1192 (682)
(In vivo) Max-Min 383–12 183–24 1918–110 494–45 436–72 1992–261
BCI Mean (Std) 137 (79) 94 (50) 244 (149) 265 (146) 211 (100) 454 (240)
(Simul.) Max-Min 490–7 280–5 822–10 915–17 617–11 1368–35
BCI2 Mean (Std) 220 (144) 113 (45) 537 (714) 380 (217) 225 (105) 962 (1001)
(In vivo) Max-Min 459–84 172–50 1939–62 699–155 402–78 2780–148
AS2 Mean (Std) 462 (307) 203 (92) 683 (473) 915 (698) 400 (139) 1475 (1163)
(In vivo) Max-Min 806–115 361–114 1324–161 1832–115 604–113 3166–161
1 All errors in µm. Voxel size = 612×612×3000 µm3.
2 Registration errors calculated using the consistence method (See 5.2.3)

The distribution of registration errors is represented for the complete patellar cartilage (including
2.71 Mio voxels, Fig. 5.1.A) and the bone-cartilage interface (including 0.54 Mio voxels, Fig. 5.1.B).
For the complete cartilage the averaged registration error was 20.3% of the voxel size. 95% of all
voxels showed a misalignment lower than 50.8% of the voxel dimension and only 0.2% all voxels
had a misalignment greater than 100%. Bone-cartilage interface registration showed slightly larger
registration errors, with an average of 28.6%, 95% all voxels having a misalignment lower than 68.2%
and with only 1.6% of the voxels showing a misalignment greater than 100%.
For the registration of the complete patellar cartilage the MREs and MAREs showed a direction-

dependent mean and standard deviation (Table 5.1), with largest values along the low-resolution CC
direction (MRE: (233±141) µm, MARE: (457±245) µm). In the other two directions mean and
standard deviations displayed values of about 40% (AP, MRE: (90±49) µm, MARE: (210±103) µm)
and 55% (LR, MRE: (128±76) µm, MARE: (267±150) µm) of their corresponding values in the CC
direction. The mean value of the MREs and MAREs for the registration of the complete patellar
cartilage were clearly smaller than the voxel dimension. The mean MRE was 21% of the voxel
dimension in the LR direction, 15% in the AP direction and 8% in the CC direction. Also MAREs
remained smaller than the voxel dimension. Mean MAREs were 44% of the voxel dimension in the
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Figure 5.1: Distribution of registration errors for the registration of the complete patellar cartilage (A, 2.7 Mio
voxel) and the registration of the BCI (B, 0.5 Mio voxels). Small insets represent the cumula-
tive distribution of voxels (for the BCI the cumulative curve of the complete patellar cartilage is
also represented with dashed line for comparison illustrating the slightly larger errors of the BCI
registration).

LR direction, 35% in the AP direction and 15% in the CC direction. Only 2.5% of the simulations
had MAREs larger than a voxel dimension in the LR direction and only 0.15% showed MAREs larger
than the resolution in AP direction and no simulation lead to MARE in the CC direction larger than
the slice thickness.
Simulations for the registration of the bone-cartilage interface also showed subvoxel accuracy (av-

erage MRE and MARE were 28% and 55% of the voxel size, Table 5.1), although registration errors
were signif cantly larger (P<0.001) as compared to the registration of the complete patellar cartilage.

5.3.2 Role of the overlap volume

In simulations, exact and registered overlap volumes had a very good correlation (r2) of 0.92±0.02
(Pearson’s correlation coeff cient, 95% conf dence interval) for the complete patellar cartilage and a
slightly lower correlation of 0.84±0.03 for bone-cartilage interface simulations. Overlap volumes af-
ter registration of the complete patellar cartilage were on average slightly smaller, (86.9±1.6)%, than
the exact overlap volume, (87.1±1.7)%. In the bone-cartilage interface simulations these differences
grew in average up to 2% (exact (55.5±15.6)% and registered (53.5±6.0)% overlap volume).
Neither the overlap volume nor the differences between the exact and registered overlap had any

effect on registration errors. Very low Pearson’s coeff cients were obtained from the correlation of
MRE, MARE and the exact and registered overlap volume or their difference (mean 0.18, ranging
from 0.33 to 0.03).
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5.3.3 In vitro measurements

MREs and MAREs calculated for the 45 registrations of the 10 measurements were of the same order
of magnitude as the simulations of the complete patellar cartilage (Table 1). The in vitro overlap
volumes after registration, (88.1±2.0)%, were in good agreement with the values obtained in the
numerical simulations.
Segmentation errors in cartilage were assessed by the frequency of a voxel being segmented in each

image: The total number of voxels which were identif ed as cartilage voxels was 2854. From all these
voxels 2112 were segmented in the 10 datasets. The rest of the voxels were segmented in some of the
datasets: 134 voxels in 9 datasets, 89 in 8, 52 in 7, 59 in 6, 41 in 5, 37 in 4, 33 in 3, 111 in 2 and 186
in one. Most of the segmentation errors occur in the lateral portions of the cartilage and near to the
articular surface .

5.3.4 In vivo measurements

T2 relaxation times

T2 values showed an increasing T2 from the bone-cartilage interface to the articular surface (Fig. 5.2).
Near to the bone-cartilage interface T2 remained almost constant in the f rst 20% with values between
24 and 32 ms. Beyond th bone-cartilage interface , T2 slowly increased up to values of 30 to 38 ms at a
thickness of 80%. In the last 20% below the articular surface T2 rose up to 42 to 52 ms. Interindividual
T2 variability also showed differences throughout the cartilage. At the articular surface T2 values
showed a large variability with differences of up to 16%. In the central region of the cartilage T2
values appeared more homogeneous with variations around only 10%. Near to the subchondral bone
T2 values, again, showed a larger variability of up to 33%.

Figure 5.2: Distribution of T2 from the bone-cartilage interface (normalized distance=0) to the articular surface
(normalized distance=1). Color lines represent the mean T2 prof le for the 7 measurements of each
volunteer. Discontinuous red lines represent the mean value (marked with circles) and the 95%-
conf dence interval over all volunteers.
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Image registration

The overlap volume before and after registration of the in vivo measurements is summarized in
Table 5.2. The pairwise registration of the complete cartilage led to a mean overlap volume of
(85.7±1.4)%, whereas the mean overlap volume for the registration of the bone-cartilage interface
was (55.8±3.8)%. Interestingly, the registration of the articular surface result in signif cantly worse
overlap volume (mean overlap volume, (47.9±5.3)%). The importance of registration can be seen in
the differences of overlap volume before and after registration. Registration of the complete patellar
cartilage improved the overlap volume to 7.5%. More sensitive to registration were the bone-cartilage
interface and the articular surface, which improved to 23.4% and 17.5% respectively.

Table 5.2: Overlap volume before and after registration of in vivo images

Patella BCI AS

Volunteer Before2 After Before2 After Before2 After

1 78.3 (3.8) 84.5 (1.5) 36.7 (8.1) 57.3 (4.0) 32.4 (5.7) 46.7 (6.8)
2 79.6 (6.3) 87.5 (0.8) 28.7 (11.1) 54.0 (3.9) 27.0 (8.3) 47.9 (3.7)
3 76.4 (8.9) 84.8 (1.2) 32.8 (14.1) 56.9 (3.6) 33.0 (13.3) 51.8 (7.0)
4 76.1 (9.2) 86.8 (0.8) 32.5 (12.1) 56.9 (3.0) 31.9 (11.3) 54.2 (3.6)
5 81.0 (5.6) 86.4 (0.9) 34.0 (12.4) 56.1 (4.7) 26.8 (8.7) 42.7 (4.3)
6 78.0 (5.4) 84.3 (2.2) 30.0 (9.7) 53.7 (3.6) 31.5 (7.8) 44.1 (6.1)

1Overlap volume in % given as mean (standard deviation).
2Overlap before registration calculated after translation to the center mass.

Validation of the registration algorithm using consistency measurements lead to errors similar to
those obtained with simulations and in vitro measurements (Table 5.1). The transformation for the
registration calculated as the product of the transformation to the principal axes and the optimization
transformation showed a mean rotation around the AP, LR and CC directions (Euler angles in the
XYZ convention) of 1.8◦, 1.8◦, 2.5◦ (maximum rotations of (7.0◦, 7.9◦, 8.4◦)) and a mean translation
of 5.1, 5.3, and 20.9 mm in the LR, AP and CC directions.

Voxel-based T2 reproducibility

Considering all registered voxels together (371 600 voxels), the CVs of the T2 showed a distribution
with a median of 10.1%, with 90% of all voxels having a CV lower than 29.4%. Fig 5.3 shows
the mean CV in each of the regions; the medians of the CVs in each of the 72 elemental regions
are presented in Fig 5.4. The mean number of voxels per elemental region was 5 160 ranging from
2 856 to 8 210. A f rst interesting observation was that the CVs in T2 showed differences between
the regions. In the AP direction CV of T2 ranged between 8.8% and 11.5% and was signif cantly
(P < 0.001) larger in the elemental regions located at the articular surface than in the other regions.
The lowest errors (between 7.2% and 8.2%) were found in the central part of the patellar cartilage.
Larger CVs occurred in the regions close to the bone-cartilage interface with errors typically around
10.4%. The LR direction regions at the left facet exhibited larger CVs (between 8.2% and 15.5%)
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Figure 5.3: Histogram of the mean CVs of T2 in each one of the regions: 6 in the LR direction, 4 in the CC
direction and 3 in the AP (from bone-cartilage interface, BCI, to articular surface, AS) direction.
Asterisks denote those regions which showed signif cantly higher CVs (P <0.001, U-test).

than the central part of the patellar cartilage (between 7.5% and 11.6%). The distal and proximal
regions in the CC direction showed signif cantly (P < 0.001) higher CVs (mean CV 11.0%) than in
the central regions (mean CV 9.0%).

5.4 Discussion

5.4.1 The registration algorithm

The registration algorithm presented in this work is very simple to implement, since in contrast to
other registration algorithms [Hill01], no interpolation or re-slicing of the data is needed at any stage
of the registration. Yet, despite its simplicity, our data indicate that the registration algorithm is robust
against segmentation errors and has an average accuracy better than 25% of the voxel dimension.
A key point in the 3D-rigid registration algorithm presented here is the election of the overlap

volume as similarity function. The overlap volume is straightforward to calculate within the parallel-
voxel approximation (Eq. [5.2]). Careful patient positioning and slice selection during in vivo mea-
surements guarantee that only small transformations are required to register images. The low rotation
angles with largest values of 9◦ can be considered as an a posteriori justif cation of the parallel-voxel
approximation. However, in simulations, which included deviations up to 30◦, this approximation
also led to very accurate results.
The use of the overlap volume as a similarity function makes the registration accuracy partially de-

pendent on the concrete shape of the registered object. For example, the slimness of patellar cartilage
in the AP direction results in larger sensitivity of the overlap volume to misalignment in this direc-
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Figure 5.4: T2 CVs of all 126 registrations are summarized in this f gure. All patellae have been divided into
same number of regions. Regions were selected by dividing the number of voxels equally. The
median of the absolute value of the relative errors of all voxels belonging to the same region in all
patellae was used to characterize errors in each region.

tion. A small erroneous displacement in the AP direction would result in misregistration of numerous
voxels located at the surface. In contrast, incorrect positioning in the LR direction mostly misaligns
voxels located at the peripheral facets, which represent just a small proportion of the total voxel num-
ber. This explains why the registration accuracy differs between the equally resolved LR and AP
directions (Table 5.1). Although the largest registration errors are found in the CC direction, these
errors only represent 8% of the voxel size (3 mm). The low relative errors in the CC direction are a
consequence of the high resolution in the AP and LR directions, which penalizes large displacements
in the CC direction with rapid decrease of the cost function.
Important for registration is the previous alignment of the principal inertial axes of the source

dataset to the ones of the target dataset. This transformation works well for objects like patellar
cartilage, which possess well differentiated principal moments of inertia, thus guaranteeing a good
initial positioning near to the f nal solution and allowing a separate optimization by small translations
and rotations. It is noteworthy that the rotations and translations in the subsequent optimization
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process were indeed quite small with maximal values of 8◦ and 0.7 mm supporting a posteriori this
separated optimization approach.
Although the registration algorithm has been tested for axial images of the patellar cartilage in this

study, there is no reason to limit its use to this case alone. Femoral and tibial cartilage, which can
be imaged either coronally or sagittally, also present an irregular shape which is very well suited for
registration with the method proposed in this article. Experiences on femoral and tibial cartilage (see
section 5.5) have demonstrated similar registration errors as for the patella (proven by the method
of Hill et al. [Hill01]). Other trivial extensions of the registration algorithm include registration of
images with different resolutions and registration of images acquired with different orientations (i.e.
registration of sagittal and coronal images).

5.4.2 Validation of the registration algorithm

Since the similarity function only depends on the shape of the patellar cartilage, registration errors can
be estimated accurately with numerical simulations. Quantif cation of registration errors in simula-
tions of the complete patellar cartilage yield mean MREs of less than one fourth of a voxel dimension.
The registration of the bone-cartilage interface also leads to subvoxel accuracy, although it showed
larger errors than the registration of the complete patellar cartilage due to the smaller number of voxels
of the bone-cartilage interface. However, the registration of the bone-cartilage interface may be useful
in long-term studies with osteoarthritis patients, since the shape of the bone-cartilage interface usually
tends to remain fairly unaffected over time. Interestingly, the registration of the articular surface of
the in vivo datasets led to larger errors than the registration of the bone-cartilage interface (Table 5.1).
This is probably a consequence of larger segmentation errors at the articular surface, where the low
contrast between the cartilage and the synovial f uid made the segmentation more diff cult.
The sensitivity of the registration algorithm to segmentation errors has been analyzed in vitro.

Segmentation errors of in vitro measurements were mostly found at the periphery of the cartilage and
at the bone-cartilage interface. Registration errors of the (segmented) MRI datasets were smaller than
in the simulations, especially in the CC direction, conf rming the robustness of the algorithm against
segmentations errors.
The evaluation of registration algorithms is a delicate question since, with few exceptions, errors

cannot be directly calculated. One method which allows estimating errors is the point-based registra-
tion of f ducial points [Fitzpatrick98, Fitzpatrick01]. This algorithm is based on the rigid registration
of accurately positioned f ducial points, which can be identif ed either anatomically or with external
or surgically implanted markers. Registration errors can be estimated from errors in locating these
f ducial markers. Fitzpatrick and collaborators [Fitzpatrick98, Fitzpatrick01] found in simulations
that 50 markers located with a 0.3 mm error lead to a mean squared registration error of 0.087 mm2,
which corresponded to a standard deviation of 0.30 mm (assuming zero mean for the errors). Using
3-5 surgically implanted f ducial markers, in vivo registration errors oscillated between 0.5 mm and
1 mm [Maurer97, West01].
Using in vitro measurements on a sheep brain, Lazebnik and collaborators [Lazebnik03] reported a

mean registration error smaller than 0.54 mm using needle path and landmark points for registration
of 1 mm3 isotropic voxel datasets. Woods and collaborators [Woods98a, Woods98b] used consistence
measurements on eight MR brain datasets of the same volunteer. In contrast to the method used in
this study, they registered the eight images at the same time in order to minimize consistency errors.
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Depending on the registration algorithm, errors in consistency measurements ranging from 4 µm to
40 µm were found.
To the best of our knowledge only two registration methods have been applied to the cartilage and

both are based on the registration of the subchondral bone. In the registration algorithm of Stamm-
berger et al. [Stammberger00], the principal inertial axes of the source dataset are f rstly aligned to
the inertial axes of the target dataset and then elastically registered by the def nition of a local, it-
eratively calculated force f eld. The intensity and direction of the local f eld are calculated at each
iteration from the distance of each voxel of the source dataset to the target surface. This method is a
f rst attempt to deal with the problem of elastic registration of the cartilage and is, therefore, consid-
erably more (algorithmically) complex and less time-eff cient than any rigid-registration approaches.
In addition, the algorithm cannot deal with datasets in which some surface voxels are missing in one
of the two acquisitions (e.g. due to slightly different slice positioning), and it is very sensitive to the
result of the alignment of the principal inertial axes.
A more recent approach is the one of Carballido-Gamio et al. [Carballido-Gamio08], which uses a

shape-context-based registration algorithm to register the entire subchondral bone. In this registration
algorithm, the same number of landmarks is identif ed in both the target and the source datasets. For
each selected landmark in each dataset a coarse histogram of the relative distribution of the other
landmarks in the same dataset is generated. Each landmark in the source dataset is associated to a
landmark in the target dataset by maximizing the histogram similarity of all pairwise associations.
Once this association has been performed, the transformation is calculated, which transforms the
source landmarks to their corresponding landmarks in the target dataset. The principal advantage of
this method is that it allows inter-individual registration of datasets. However this method is time
consuming, the registration error is not available and the robustness of the method against the number
of landmarks and their distribution must be investigated.

5.4.3 Reproducibility of cartilage T2

Patellar cartilage is an important entity in the diagnosis of OA. Recent publications demonstrated
a more frequent involvement of the patellofemoral joint in the process of OA than the tibiofemoral
joint [Duncan06, Hinman07]. T2 values in the patellar cartilage investigated in this study showed a
distribution comparable to previously published data [Dardzinski97, Mosher00, Liess02, Mosher04a,
Glaser06, Glaser07, Koff09]. In the radial zone, which represents 60%-80% of the deepest cartilage,
the collagen f brils are mostly arranged perpendicular to the bone-cartilage interface (and also to the
magnetic f eld), so that it presents the lowest T2 values (range: 20 ms at the bone-cartilage interface
to 40 ms near to the transitional zone) [Dardzinski97, Mosher00, Liess02, Glaser02]. The transitional
zone, which occupies the 25%-35% of the cartilage, is characterized by a random organization of
f brils resulting in a higher percentage of collagen f bres oriented in the magic angle so that T2 values
further increase to 40-50 ms. The tangential zone of the cartilage (5%-10%) is characterized by
orientation of collagen parallel to the articular surface [Glaser02], but it is not resolved by the image
resolution of this measurements [Dardzinski97, Glaser02].
A rigid-registration algorithm offers a practical approach, since no substantial deformation of the

cartilage is expected in short-term studies on healthy volunteers [Eckstein98b, Liess02]. In long-
term studies with OA patients the registration method based on the overlap of the complete cartilage
may lead to errors, since a cartilage loss of 4-6%/y is normal (see Section 3.3.1). Nevertheless, the
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registration of bone-cartilage interface may be still useful for long-term studies, since its shape usually
remains fairly unaffected over time.
The combination of the measurement errors of T2 caused by the low SNR, the errors from differ-

ences in T2 due to magic-angle effects, and the errors due to the registration and interpolation lead
to a mean CV of 10.1% and a 90% conf dence interval of 29.4%. The CVs clearly showed spatial
differences in cartilage. The statistically signif cantly larger CVs in the regions situated close to the
AS may be explained by the presence of partial-volume effects. The large T2 of the synovial f uid
(between 400 and 600 ms [Duewell95]) leads to contamination of cartilage T2 values by increasing
T2 of all voxels affected by partial-volume effects. Lowest CVs in T2 (mean CV of 7.2%) were found
in the central part of the patellar cartilage, where collagen f bres are predominantly oriented radially,
i.e. perpendicular to the bone-cartilage interface and therefore to the external magnetic f eld. Near to
the bone-cartilage interface the reproducibility of T2 probably decreases since the characteristic low
T2 values and water content in this region cause the SNR to drop (see Section 4.3.3and Fig. 4.6). In
the periphery the CVs increased up to 11.0%, presumably due to partial-volume effects being more
pronounced in the (thinner) periphery of the cartilage.
Although the T2 values in articular cartilage are dominated by the orientation of the collagen f brils

in the external magnetic f eld, the magic-angle effect is not a signif cant factor for the reproducibility
of T2. As the registration of the patellar datasets demonstrated, repositioning of the knee results only
in small rotations of the patella (mean rotation angle of 2.5◦), which cause errors lower than the
measurements errors.
Since the T2 relaxation time was not measured with different orientations, it is not possible to

give any direct estimation of the magic-angle effect in our data. However, the results of previously
published studies [Xia98, Mosher01], which have quantif ed the magic-angle effects in cartilage, can
be used to give a worst case estimation of the changes in T2. In vivo at 3 T, Mosher et al. [Mosher01]
used sagittal images of the femoral cartilage to assess the variations in T2 with f bril orientation. Based
on Fig. 3 of Mosher et al. [Mosher04a], the worst-case change of T2 caused by a rotation angle of
2.5◦ (which is the mean rotation angle needed in our study to register two datasets), is around 3%.
If we consider the largest T2 times at the articular surface of 55 ms (again as worst-case estimation,
Fig. 5.2), the resulting magic-angle-related error in T2, δT2, is 1.7 ms, which is lower than the expected
noise-induced T2 error of 4.2 ms due to the low SNR (see Chapter 4).
A similar estimation can be obtained assuming the heuristic dependence of T2 with the orientation

introduced by Xia [Xia98],
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which is zero at 0, π/2 and the magic angle. The maximum variation of T2(θ) takes place for an angle
of 25.5◦ with a variation rate of |dT2(θ)/dθ |max = 1.68(Tmax
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estimating an upper bound to δT2 due to a small rotation angle, ∆θ ,
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where max(T2) and min(T2) refer to the maximum and the minimum T2 in the wholecartilage respec-
tively, which for the patellar cartilage are 25 and 50 ms (Fig. 5.2). For a rotation of 2.5◦, which is
the averaged rotation used to register two datasets, this upper bound result in δT2 ≤1.8 ms, which is
approximately one-half of the T2 measurement error due to the low SNR (see Chapter 4). It must be
pointed out that both estimations of the maximal δT2 are worst-case estimations, and normally the
errors in T2 due to knee reposition are much lower than the measurement errors.
It is very interesting that the reproducibility (CVs) obtained by pixel-based analysis using 3D regis-

tration in this study are of comparable order of magnitude to reproducibility data obtained by former
2D region-based analysis without registration. In the 2D-method, each segmented slice of the carti-
lage is divided into the same number of regions. It is assumed that these regions occupy the same
position in all images, so that no registration is needed. In the region-based method the reproducibil-
ity of each region is assessed with the mean root square of the mean T2 values of this region in all
reproducibility measurements.
The T2 reproducibility of the region-based approach in the patella has been analyzed in several

studies [Glaser06, Glaser07]. In a f rst systematic study [Glaser06] a regional analysis of patellar
cartilage T2 reproducibility was performed using identical sequences as in this article; a mean error
of (4.4±1.4)% in the central part and of (5.4±1.8)% in the peripheral facets was reported. In a sub-
sequent study, Glaser et al. [Glaser07] investigated global and regional T2 reproducibility of patellar
cartilage at 1.5-T and 3-T. Mean global and regional reproducibility errors for T2 were (3.5±0.4)%
and (8.6±2.6)% at 1.5-T and (3.3±0.6)% and (9.7±3.4)% at 3-T. Recently, Koff et al. [Koff09]
analyzed the inter- and intraobserver T2 reproducibility in the patellar cartilage globally and in lay-
ers (deep, middle and superf cial). In this study, slightly lower global and regional CVs than in the
intersession reproducibility studies [Glaser06, Glaser07] were found (global intraobserver CV 1.9%,
interobserver CV 3.3%).
Since the region-based method uses averaged T2 values to assess the reproducibility, better CVs are

expected than when using a voxel-based reproducibility analysis. However, our work demonstrates
that the voxel-based CVs are only slightly larger than the region-based CVs, making it possible to ap-
ply voxel-based methods for monitoring of the cartilage, which can increase the diagnostic sensitivity
of T2 measurements (see Chapter 6). For instance, the 3D method must be expected to be superior if
very small lesions occur (lesions substantially smaller than the 2D regions) or if pathological changes
manifest as increased T2 variability within the region (without changing the mean T2 value of this
region).

5.5 Further applications of the registration algorithm

The registration algorithm presented in this chapter has been used in other studies of the cartilage
apart from the ones described in this and the next chapter. Since a detailed description of these
studies would take much space and depart from the scope of this thesis, only the principal results are
outlined here.

5.5.1 Reproducibility of cartilage thickness

In quantitative cartilage morphology the progression of OA is assessed by the changes in the cartilage
volume and mean thickness measured in follow-up examinations (see Section 3.3.1). However, due
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to their global character these parameters are not very sensitive to detect focal lesions in follow-up
examinations of the cartilage. Using the thickness at a voxel basis for the detection of focal lesions
would be possible only if the reproducibility of thickness is known at a voxel basis. Therefore, aim
of this study was to assess the voxel-based reproducibility of the thickness of the cartilage.
In close analogy to the study of T2 reproducibility presented in this chapter, 6 healthy volunteers

were imaged at 7 different time points with a FLASH WE sequence with the imaging parameter
described in section 5.2.3. Cartilage was segmented and the bone-cartilage interface and articular
surface automatically separated for calculation of the thickness. Cartilage thickness was calculated
for each voxel at the bone-cartilage interface with two methods: the minimal distance, which is the
minimal distance from each voxel at the bone-cartilage interface to the articular surface, and the
normal-based distance, which is the distance from each voxel at the bone-cartilage interface to the
articular surface along the normal vector to the bone-cartilage interface at each voxel.
CVs for the thickness were calculated after registration, similarly as for T2 (see Section 5.1.4). Me-

dian CV over all volunteers and all registrations was 12.80% with the minimal distance and 14.47%
with the normal-based distance. To study regional variations all bone-cartilage interfaces were di-
vided into an identical number of regions (6 in the CC direction and 4 in the LR direction). All voxels
pertaining to the same region were pooled together, and their average CV used to characterize the
region (Fig. ).

Figure 5.5: Regional differences in the reproducibility of thickness with the minimal distance (A) and the
normal-based distance (B). All bone-cartilage interfaces have been divided into same number of
regions (6(CC)×4(LR)=24). Regions were selected by equally dividing the number of voxels. The
median of the absolute value of the CV of all voxels belonging to the same region in all patellae
was used to characterize errors in each region.

5.5.2 Cartilage deformation after exercise

Alterations in cartilage volume, maximal thickness and mean thickness have been reported as re-
sponse of cartilage to mechanical load after different types of exercises [Eckstein00, Stammberger00].
A voxel-based analysis of the changes in cartilage thickness after exercise can help to identify the load
areas of the cartilage and may be useful to evaluate the risk of certain exercises for OA.
10 healthy volunteers without any episode of knee pain in the last three years (n= 5 male and n= 5

female, mean age of 23±5 y), were recruited for this study. Each volunteer was examined in four
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different imaging sessions. In each image session sagittal high-resolution FLASH WE images of
the volunteers (image resolution 0.31×0.31×1.5 mm3, the remaining MR parameters as indicated in
section 4.2.1), were acquired after 45 min at rest. Afterwards, volunteers were asked to perform one
of the following tasks for 20 min: kneel, squat, bend and sitting on the calf. In each imaging session
a different task was performed. Immediately after exercise, volunteers underwent imaging with the
same FLASH WE sequence. To assess the degree of recovery of the cartilage, a third MRI with the
FLASH sequence was performed after one hour at rest.
Femoral, patellar and tibial (medial and lateral) cartilages of all volunteers were segmented in all

images. In each segmented cartilage the bone-cartilage interface and the articular surface were auto-
matically identif ed and cartilage thickness calculated with the minimum distance method. The f rst
image in each imaging session was considered as the baseline examination for comparison with the
acquisitions after exercise and after one hour at rest. The bone-cartilage interface of the examinations
direct after exercise and one hour after exercise were registered to the bone-cartilage interface of the
baseline. After registration differences in thickness with respect to the baseline were calculated. Maps
of the signif cant changes (changes larger than the reproducibility) were produced (Fig. 5.6).
Although a careful analysis of the results of this study must still be performed, f rst inspection of the

data showed differentiated patterns of load for the different exercises and cartilages, thus indicating
the feasibility and potential of the technique.

5.5.3 Interindividual model using clustering

Data illustrating interindividual variability in cartilage T2 are of potential interest for the workup of
cartilage disease in OA, e.g. by providing a base to differentiate any individual data set from a healthy
reference. In this study we used a hierarchical clustering method for interindividual analysis of the T2
of healthy human patellar cartilage.
Anatomical images for measurement of patellar cartilage thickness were acquired in 10 healthy

volunteers with a T1-weighted FLASH WE sequence. Images for T2 calculation were acquired with
the MSME sequence with the same parameters given in section 4.2.1. After cartilage segmentation, T2
maps were calculated with the NCEXP method (see Section 4.1). All segmented cartilage of the same
patient were registered together and divided into regions: eight regions in the CC direction, three in
the AP and nine in the LR direction. Regions were def ned so that they contain approximately an equal
number of voxels. The distribution of the T2 values of all voxels in one region in all 10 volunteers
was used to def ne a measurement of similarity, which varies between 0 (non T2 value in common)
and 1 (exactly the same distribution of T2 values). Regions in the patella were grouped according to
their similarity using a hierarchical clustering method. Quality of the clustering was assessed with
the cophenetic correlation coeff cient (ρ), which is 0 for inconsistent clustering and 1 for perfectly
consistent clustering.
Distribution of T2 allowed a clustering of data (Fig. 1) with ρ of 0.85. Clusters include regions

which were neighbors and coincide with the expected anatomical regions of the patellar cartilage.
This is noteworthy, since the similarity did not include any spatial information. Hierarchical clustering
allows regional interindividual characterization of patellar cartilage T2. It may provide insight into
interindividual differences and in their relationship to structural properties of the cartilage.
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Figure 5.6: Regional differences in the reproducibility of thickness with the minimal distance (A) and the
normal-based distance (B). All bone-cartilage interface have been divided into same number of
regions (6(CC)×4(LR)=24). Regions were selected by equally dividing the number of voxels.
The median of the absolute value of the CV of all voxels belonging to the same region in all
patellae was used to characterize errors in each region.

5.6 Conclusion

The registration algorithm proposed in this paper is simple to implement and provides an average
registration accuracy lower than 25% of a voxel dimension. Registrations errors of the same order
of magnitude were found for simulations, in vitro and in vivo measurements indicating robustness
of the registration algorithm against segmentation errors. The voxel-based reproducibility of T2 of
patellar cartilage was in the same order of magnitude as previously published region-based or global
reproducibility data, with a median CV of 10.1%. Reproducibility clearly had regional differences.
Largest CVs of 15.5% were found near the articular surface, whereas the central part of the cartilage
showed the lowest CVs (7.2%). Lateral parts of cartilage presented a reproducibility of 11.3%. The
data presented in this chapter represent the f rst milestone for the method to identify signif cant T2
changes in follow-up examinations of cartilage in OA, which is described in chapter 6. The regis-
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Figure 5.7: Result of hierarchical clustering of the patellar cartilage according to the T2 values including the
data of 10 healthy volunteers. Clusters of regions are encoded with different colors. Observe that
the regions clustered together present coherent spatial location, although no spatial information
was used in the clustering.

tration algorithm presented here has been shown to be of great use in many studies of the cartilage,
where its application led to more detailed results.
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Chapter 6 Application to disease monitoring

The relaxation time T2 is known as a reliable indicator of the process of degeneration of the colla-
gen cartilage matrix (see Section 3.2.1). However, the clinical relevance of the T2 relaxation time

in articular cartilage remains questioned due to the large acquisition time of the MSME sequences,
the necessity of image processing and the diff culties in interpreting the T2 maps. Nevertheless, little
effort has been invested in exploiting the great advantage of T2 quantif cation for follow-up exam-
inations. Since OA has a long natural history, long-term follow-up examinations are required to
diagnose the progression of OA, and the possible effect of any therapeutic intervention. Nowadays, a
considerable limitation in the assessment of new therapies and drugs for OA is the absence of robust
non-invasive methods for monitoring the progression of joint disease [Eckstein07].
In published longitudinal studies, changes in T2 have been investigated using the bulk T2 values or

regional T2 values in 2D ROIs, and in most cases without considering the error (reproducibility) in
T2 [Blumenkrantz04, Trattnig07a, Welsch08b, Welsch08c]. Few studies have been concerned with
the reproducibility of bulk and regional T2 in articular cartilage [Glaser06, Glaser07, Koff09]. In the
ROI-based 2D method the cartilage is segmented in each measured slice and divided in the same
number of regions (layers and sectors). The mean T2 value in each region is used for comparison with
the mean T2 value in the equivalent region in the follow-up examination. Therefore, the ROI-based
2D method is insensitive to subtle changes which may occur between two follow-up examinations, so
that much of the information contained in the T2 maps is lost.
Trying to get the maximal information from follow-up T2 examinations requires developing meth-

ods to detect changes in T2 at a voxel basis. Such a voxel-based method unavoidable requires image
registration and a good knowledge of the T2 measurement errors to discriminate true T2 changes. The
concept of measurement errors is used here in a broad sense including all source of errors involved
in the process of comparison of two datasets. Additionally to the SNR (see Chapter 4), which is the
most important source of T2 measurement errors, other sources of errors are the magic-angle effect
(Section 5.4), the registration method (Section 5.3), the segmentation, the image interpolation ... The
straightforward method to assess the measurement errors in T2 is based on repeated acquisitions of
healthy and OA-diseased volunteers. Since in short-term acquisitions no physiologic change in the
cartilage is expected, the differences in T2 are only a consequence of the measurement errors.
The objectives of this chapter are:

1. To establish a method for the calculation of the error in T2.

2. To develop a method for voxel-based monitoring of T2 changes in the articular cartilage.

3. To demonstrate the value of the method on matrix-associated autologous chondrocyte
transplanted (MACT) patients.
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6.1 Methods

6.1.1 MRI measurement protocol

Measurements of the tibial and femoral cartilage were performed on two 1.5-T whole-body scanners
(Magnetom Symphony and Magnetom Sonata; Siemens Healthcare, Erlangen, Germany) using a
circularly polarized knee coil (the same model in both scanners). For T2 measurements, the MSME
sequence described in section 3.2.1 was used with the same parameters as described in section 4.2.1
with the only exception of the orientation of the slice, which was chosen sagittal. For cartilage
segmentation, additional images were acquired with a T1-weighted FLASH WE sequence with the
same slice positioning as for the MSME sequence. Segmentation of the tibial cartilage was performed
in the FLASH dataset and transferred to the MSME dataset. T2 was calculated for each voxel using
the NCEXP method described in Section 4.1.

6.1.2 Volunteers

The error in T2 was estimated on consecutive measurements of healthy and OA-diseased volunteers.
Healthy volunteers (n= 12, 7 male, 5 female, mean age (27±9) y) with no history of knee injury
or surgery and no episodes of knee pain in the past 3 years were examined at three different time
points separated by 1 week. Radiologically diagnosed OA volunteers (n= 12, 5 male, 7 female, mean
age (52±11) y. Kellgren-Lawrence 1 and 2), were examined two times in the same imaging session
with repositioning of the knee between acquisitions. All volunteers were asked to rest 45 min before
examination in order to avoid any inf uence from physical exercise [Eckstein98b]; all volunteers gave
informed consent to participate in the study.

6.1.3 Calculation of the T2 errors

All possible combinations of the images acquired on the same volunteer were registered using the
algorithm described in Chapter 5. For consistency, the same notation of Chapter 5 is used, so that
the f rst acquired dataset is called target, while the second (follow-up) dataset is termed source. After
registration, the T2 values of the source dataset were interpolated to the positions of the target voxels,
so that for each target voxel there are two T2 values, the original target T2, T2,Trg, and the interpolated
source T2, T2,Src.
Since in consecutive acquisitions no change in the collagen-matrix occurred, all differences be-

tween T2,Trg and T2,Src in each voxel were only attributable to measurement errors (including all
sources of errors). Therefore, the statistic of the pairs (T2,Trg, T2,Src) was used to characterize the T2
measurement errors. All the pairs (T2,Trg, T2,Src) obtained in all healthy and OA-diseased volunteers,
were pooled together and grouped according to their T2,Trg in units of 1 ms (from 10 to 11 ms, from
12 to 13 ms, ...). For each group the standard deviation of all their corresponding T2,Src values was
calculated, σT2(T2). The dependence on T2 is kept explicit to remember that the standard deviation
σT2 varies with the T2 value.
The σT2(T2) characterizes the measurement error in T2 including all source of errors and allows

identifying signif cant changes in T2. If one target voxel has a measured T2,Trg of T2, in the follow-up
examination it is expected with a probability of 95% that the T2,Src in the same voxel takes values
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between T2 - 2σT2(T2) and T2 + 2σT2(T2). However, if the measured T2,Src lay outside of this interval
the value of T2,Src is likely to ref ect an underlying change in the cartilage matrix.
A theoretical model for the calculation of σT2(T2) has been developed (see Appendix C). The

theoretical model only considers the errors due to the low SNR, which is by far the most relevant
source of T2 measurement errors. The great advantage of the theoretical model is that it does not
require reproducibility measurements to calculate σT2(T2). Only an accurate description of the T2
errors due to SNR (CRLB, Appendix A), and the distribution of measured T2 values are required.
The σT2(T2) calculated with the theoretical model has been compared with the σT2(T2) obtained from
repeated acquisitions of volunteers.

6.1.4 2σ -significance map

It remains to relate the signif cant changes in T2 in follow-up examinations with the undergoing phys-
iological changes in the cartilage. Although a signif cant reduction in T2 is interpreted as a sign of
healing, and a signif cant increase as an indication of worsening, knowledge of the range of healthy
and pathological T2 values is needed to accurately diagnose the complete healing. As cut-off between
healthy and pathological the 99%-percentile of the distribution of all T2 measured in the healthy vol-
unteers was used.
The standard deviation σT2(T2) and the cut-off of healthy T2 can be combined in the 2σ -signif cance

chart (Fig. 6.1). The T2,Trg and the T2,Src are plotted along the X- and Y-axis of the 2σ -signif cance
chart, so that all possible outcomes in a follow-up examination are represented by a point in this
map. The diagonal of the diagram represents the perfect concordance between T2,Trg and T2,Src. The
T2±2σT2(T2) interval around this line includes all pairs (T2,Trg, T2,Src), which do not undergo any
signif cant change (P <0.05, shaded area in Fig. 6.1). All points located outside of the T2±2σT2(T2)
region represent a signif cant change. The cut-off of healthy T2 is represented in the 2σ -signif cance
chart as horizontal and vertical red lines, which divide the map into four parts, one for each combina-
tion of healthy and pathologic T2 in the two measurements.
The resulting 2σ -signif cance chart has 7 different regions each one with a different diagnostic

information (Table 6.1). The region I is the T2±2σT2(T2) region and includes all points which do
not signif cantly change in the follow-up examination. The region II contains all points, which have
pathologic T2,Trg and signif cantly increased pathologic T2,Src, thus representing a worsening of the
voxel. Points in region III have a healthy T2,Trg but a pathologic T2,Src, thus representing voxels falling
ill in follow-up. Points in region IV show healthy T2 in both examinations but with signif cantly
increased T2,Src. This might be a f rst sign of a pathological process in this voxel. On the contrary,
region V represents all voxels with healthy values in both examinations but with signif cantly reduced
T2,Src. Region VI comprises all voxels with pathologic T2,Trg and healthy T2,Src, i.e. healed voxels.
In region VII are included all voxels, whose T2,Src although still pathologic is signif cantly reduced
from the initial pathological T2,Trg. Therefore points in region VII represent voxels most likely in the
process of healing.

6.1.5 Evaluation in MACT patients

To test the usefulness of the method, a small cohort of patients who had undergone MACT was
randomly selected from the MACT patients included in an ongoing study in our department (n= 5,
(31±9) y). In all patients, MACT was performed in the femoral cartilage (medial femoral condyle
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Figure 6.1: Construction of the 2σ -signif cance chart. T2,Trg and T2,Src are plotted along the X- and Y-axis
respectively. Each voxel in a follow-up examination is represented as a point in this map. The
red straight lines represent the 99%-percentille of all healthy T2. The diagonal line represents
the perfect concordance between T2,Trg and T2,Src. The T2±2σT2(T2) region is represented by
the dashed area in the f gure. The diagram presents 7 different regions with different diagnostic
information (see text for explanation).

n= 3, lateral femoral condyle n= 2). At surgery, a sample was taken from the collagen scaffold used
for cartilage regeneration. Histological cuts of the scaffold samples were stained with Toloudine blue
O for cell counting with a light microscope. In each f eld the total number of cells, the number of
cells which were stained, the number of cells which did not stain and the number of apoptosed cells
were counted.
The knee condition was assessed with the subjective knee evaluation form of the International Knee

Documentation Committee (IKDC) [Irrgang01] before surgery and 3, 6 and 12 months after surgery.
The scoring of the IKDC is summarized in a number ranging from 0, for the lowest level of function
or highest level of symptoms, to 100, when neither symptoms nor limitations of activities of daily
living or sports are present.
All patients were MRI follow-up examined 1.5, 3, 6 and 12 months after intervention using the

same protocol described in section 6.1.1. The f rst examination of each patient was considered as
the baseline for comparison with all posterior follow-up examinations. In the baseline examination,
the regions of pathologic T2 values (i.e., T2 larger than the cut-off of healthy T2), were identif ed
as the baseline lesion. Each posterior follow-up examination was registered to the baseline. After
registration, all the pairs formed by the T2 values of the baseline and the follow-up examinations were
plotted in the 2σ -signif cance chart and classif ed according to the region they occupied (Fig. 6.4).
This classif cation allowed plotting color-encoded signif cance maps of the cartilage.
The mean signif cant T2 change, ∆T2, which is def ned as the average of all signif cant differences

in T2 between the follow-up and the baseline (i.e. including all voxels classif ed in regions II to VII),
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Table 6.1: Regions in the 2σ -signif cance chart

Region Signif cant T2,Trg T2,Src Diagnosis
(P < 0.05) (Baseline) (Follow-up)

I – Healthy, Pathologic Healthy, Pathologic Unchanged
II + Pathologic Pathologic Pathologic but worsened
III + Pathologic Healthy Fall ill
IV + Healthy Healthy Healthy but worsened
V + Healthy Healthy Healthy but improved
VI + Healthy Pathologic Healed
VII + Pathologic Pathologic Pathologic but improved

was used to characterize the global change which had occurred in the cartilage. The clinical value of
∆T2 has been assessed by comparison with the results of histology and the IKDC form. The count of
chondrocytes was correlated with the mean value of the measured ∆T2, 〈∆T2〉, averaged over the ∆T2
in all follow-ups. The results of the IKDC were correlated with 〈∆T2〉 averaged over the follow-up
measurement until the evaluation of the form (6 or 12 months).

6.2 Results

6.2.1 Calculation of the T2 errors

The distribution of T2 values measured in the healthy and OA-diseased volunteers is presented in
Fig. 6.2. The total number of voxels included in the histograms are 899 000 for healthy and 538 000
for OA. The 99%-percentile of all healthy values was 75 ms.

Figure 6.2: Measured distribution of T2 in all healthy (blue) and OA-diseased (red) volunteers.

The T2 measurement error σT2(T2) is presented in Fig. 6.3. The dark-gray line in Fig. 6.3 is a spline
f t to the measured points. Due to the high errors in σT2(T2) for T2 ≥120 ms, σT2(T2) is represented
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by a worst-case line for T2 ≤ 120 ms with values larger than all measured σT2(T2). The theoretical
curve calculated with the method described in Appendix C is plotted as a bright-gray line in Fig. 6.3
and coincides pretty well with the measured curve in the range between 10 and 50 ms, which include
92% of all healthy voxels.

Figure 6.3: Measured σT2(T2) in healthy and OA diseased volunteers. Error bars represent the 99% conf dence
interval of σT2(T2). The dark-gray line is a spline f t to the measured data and the bright-gray line
is the theoretical prediction calculated as described in Appendix C. The thin dash-dotted black
lines indicate the relative error of T2.

6.2.2 2σ -significance chart

The 2σ -signif cance chart obtained with the σT2(T2) and the 99%-percentile of all healthy T2 values
is presented in Fig. 6.4.
In Fig. 6.5, the use of the 2σ -signif cance chart is demonstrated in reproducibility measurements.

The diagram represents the result of two reproducibility acquisitions in a healthy volunteer. 99.4%
of all points (N=19 234) were included under the red lines with T2,Trg and T2,Src lower than 75 ms.
Region I included 93.4% all voxels, which is very near to the expected 95% if any change in the
cartilage matrix occurred. The rest of the points were predominantly located in region IV (2.5%) and
region V (3.6%).

6.2.3 Evaluation on MACT patients

The clinical evaluation of the patients and the result of the histology are summarized in the Table 6.2.

In Fig. 6.6, an example of an ACT patient in follow-up examinations is presented. The baseline
lesions were identif ed in the baseline examination 1.5 months after intervention. The color-encoded
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Figure 6.4: Left: Calculated 2σ -signif cance chart from reproducibility measurements (dark gray) and the
theoretical calculation of the 2σT2(T2) (bright gray). Red lines represent the 99% percentile of
the healthy T2 values. Right: Color-encoding of the regions of the 2σ -signif cance chart, which is
consistently used bellow in all signif cance maps of the cartilage.

signif cance maps of the cartilage in the f rst follow-up at 3 months showed worsening of the super-
f cial lesion in the central part of the medial femoral cartilage (baseline lesion 1 in Fig. 6.6). Some
voxels in the lesion presented signif cant increase of their initial pathologic T2 values (red). Even
more, many of the voxels near to the lesion 1 turned pathological (magenta) or presented signif cantly
increased healthy T2 values (turquoise). The baseline lesion in the lateral part of the medial femoral
cartilage (indicated with the number 2 in Fig. 6.6) showed healing in the f rst follow-up. Interestingly,
the voxels around lesion 2 showed signif cantly reduced T2 values (green, yellow), which constitutes
an additional indication of a healing process in this area. In the second follow-up examination at
6 months both lesions had normal T2 values.
In Table 6.3 the cartilage volume (in baseline), the mean and standard deviation of T2 in each

examination and the mean signif cant T2 change, ∆T2 , for the follow-up examinations are summarized
for the 5 MACT patients. The results of Table 6.3 are graphically represented in Fig. 6.7. The error
bars represent the averaged 2σ error both in bulk T2 and in ∆T2 as calculated in the reproducibility
measurements of healthy volunteers. Frequently the bulk T2 did not present any signif cant difference
to the mean T2 in the baseline, whereas ∆T2 was signif cantly changed.
The mean ∆T2, 〈∆T2〉, is presented in the last column of Table 6.3. 〈∆T2〉 showed a signif cant

(t-test, P <0.05) correlation (r2 = 0.92±0.13) with the total number of chondrocytes and with the
number of apoptosed cells (r2 = 0.89±0.15) (Fig. 6.8). Non-signif cant correlation was found with
the stained (r2 = 0.85±0.22) and non-stained (r2 = 0.75±0.16) number of chondrocytes (Fig. 6.8). A
signif cant (P <0.05) correlation (r2 = 0.72±0.20) was found between 〈∆T2〉 and the results of the
IKDC (Fig. 6.8).
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Figure 6.5: Example of 2σ -signif cance chart in a reproducibility measurement of a healthy volunteer.

Table 6.2: Summary of the results of the IKDC form and histology

IKDC form (%)1,2 Number of chondrocytes
Patient Preop. 3 month 6 month 12 month Total Stained Non stained Apoptosed

1 10.3 44.8 83.9 85.6 131 85 46 19
2 6.9 – 39.1 73.6 56 47 9 13
3 99.6 – 43.3 49.8 99 86 13 15
4 34.5 32.2 43.7 52.9 13 9 4 1
5 41.5 – 42.5 67.8 101 91 10 26

1Preop. = Preoperative
2– = no evaluation form available

6.3 Discussion

In this chapter, a voxel-based method for monitoring of disease progression based on careful calcu-
lation of errors in T2 is proposed. The method aims to be a f rst attempt to deal with the problem
of disease progression at a voxel basis and offers new diagnostic information, whose value has been
preliminarily tested in a small group of MACT patients. Although the proposed method centers on
the T2 relaxation time, the principles used to develop the method are generally applicable and can be
used with any other MRI parameter such as ADC, FA, T1, T1ρ , ...

6.3.1 Calculation of the T2 errors

For T2 monitoring of the articular cartilage it is necessary to know the expected range of T2,Src val-
ues in a follow-up examination for each measured T2,Trg value. The calculation of this range bases
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Figure 6.6: Follow-up examinations on a 39-years-old patient with a MACT in the right knee. First row.
From left to right, T2 maps of examinations at 1.5, 3 and 6 months after intervention. Second
row. Signif cant changes. Baseline lesions were identif ed in the baseline (red voxels, hell gray
contoured). Follow-up examination at 3 months showed healing of lesion 1 and worsening of
lesion 2 with increased number of pathological voxels in its neighbour. Follow-up at 6 months
demonstrated complete healing. MR images have been stretched in the vertical direction in order
to improve visibility of the thin cartilage. Third row. Histogram of the T2 values at baseline and
2σ -signif cance charts at the f rst and second follow-up.

on the empirical estimation of the joint probability function, P(T2,Trg,T2,Src|σ) of Eq. [C.2], which
gives for each T2,Trg the distribution of expected T2,Src. The joint probability function is the only
accessible probability function since the exact T2 values, Te

2 , are unknown, and was estimated with
reproducibility measurements.
In Appendix C a method for the calculation of the σT2(T2) is presented, which solely uses the

distribution of T2 values as input. This means a great advantage, since it makes the method applicable
without having to perform repeated measurements on the same subjects. The theoretical model relays
on two assumptions. First, it is assumed a Rician distribution for the probability P(T2,Trg|Te

2 ,σ)
(Eq. [C.3]). This is justif ed with numerical simulations (see Section 4.2.4), where the Te

2 is known.
Second, the method assumes that the CRLB (see Appendix A) correctly describes the accuracy of the
f t method. Since all T2 values have been calculated with the NCEXP method described in section
4.1, and the NCEXP method was compatible with the CRLB for almost every T2 and SNR0 level (see
section 4.3.1), this assumption seems reasonable.
In the range of T2 ≤ 50 ms (including 92% of all voxels in healthy and OA-diseased cartilage) the
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Table 6.3: Summary of the T2 changes in ACT patients

Baseline Follow-up Follow-up Follow-up
(1.5 months)1,2 (3 months)2,3 (6 months)2,3 (12 months)2,3

Pat Vol. T2 T2 ∆T2 T2 ∆T2 T2 ∆T2 〈∆T2〉
1 2.41 38.7 (15.4) 35.7 (12.7) -21.2 36.8 (12.7) -21.9 34.8 (12.0) -8.7 -17.3
2 1.93 39.2 (12.8) 36.4 (9.8) 1.5 36.1 (10.2) 1.0 33.6 (8.2) -8.6 -2.1
3 3.08 34.6 (10.4) 35.1 (10.2) 6.3 33.0 (9.9) -2.4 31.3 (8.3) -7.5 -1.2
4 2.28 33.9 (10.1) 35.5 (11.2) 11.1 37.0 (11.6) 13.1 36.8 (12.1) 12.0 12.3
5 2.75 35.5 (11.8) 38.7 (13.2) 2.1 30.2 (8.7) -22.5 36.1 (11.0) -14.1 -11.5
1Vol. =Volume (in cm3)
2Mean (bulk) T2 (standard deviation) over the complete cartilage (in ms)
3∆T2: averaged signif cant T2 change (in ms)

theoretical σT2(T2), which only considered SNR as source of errors, was only slightly better than the
measured σT2(T2), which includes all sources of errors (see Fig. 6.3).
In the range from 50 to 140 ms, the measured σT2(T2) was signif cantly large than the theoretical

σT2(T2). There are two effects which can explain these differences. In diseased cartilage, large T2
is a sign of disease, whereas in healthy cartilage it is more likely to be an artif cially increased T2
value due to partial volume effects with the synovial liquid, which has a T2 value around 250 ms. A
voxel affected by partial volume contributions is prone to be affected in a follow-up examination by
a different amount of partial volume contributions, thus exhibiting larger standard deviations. This
observation is consistent with the low reproducibility of T2 observed at the articular surface of the
patellar cartilage (Fig. 5.4).
For T2 ≥ 140 ms the small number of voxels resulted in large uncertainties for σT2(T2) (observe

the large error bars in Fig. 6.3), so that the f t to those points is less precise. Therefore, in the spline
f t a worse-case line was used.
A last important remark about the strength of the magnetic f eld. All measurements presented in

this thesis have been acquired on a 1.5-T scanner. Since the SNR grows linearly with the magnetic
f eld, increasing the magnetic f eld to 3 T or to 7 T would cause a gain in SNR of a factor of 2 or
4.7. Usually, a better SNR is used to improve the spatial resolution. For example, at 3 T and 7 T an
in-plane resolution of 70% and 46% of the resolution at 1.5 T can be achieved with the same SNR
level as at 1.5 T. The method presented in this chapter suggests another possibility of using the gain
in SNR. Since the error in T2 also grows with the square root of the standard deviation of noise (see
Eqs. [A.4,A.6] in Appendix A), the improvement in SNR can be invested in improvement of σT2(T2)
instead of increasing the resolution. This would allow a much more sensitive detection of the changes
in T2.

6.3.2 2σ -significance chart

The 2σ -signif cance chart allows easily classifying the changes in T2 that occurred between two ac-
quisitions of the same subject. This classif cation differentiates between 7 possibles outcomes, thus
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6 Application to disease monitoring

Figure 6.7: Changes in T2 measured in all ACT patients. For each ACT patient the difference in mean T2 to
the baseline mean T2 (blue lines), and the ∆T2 (red lines) is represented (Table 6.3). Error bars
represent the averaged 2σ error expected for the mean T2 and the ∆T2. The black lines represent
the data at baseline for comparison with the follow-up.

providing manifold diagnostic information. Perhaps the regions 2, 4, 5 and 7 are the most interesting
for the diagnosis, since points in these regions represent a trend of healing or worsening before com-
plete healing or before the onset of disease. Signif cance color maps of the cartilage calculated from
the 2σ -signif cance chart represent a great simplif cation in the comparison of T2 maps in follow-up
examinations.
In healthy volunteers, the 2σ -signif cance chart presented around 95% of the voxels in the the

region I of the 2σ -signif cance chart, and the rest distribute equally between the regions IV and V
(Fig. 6.5). However, in follow-up examinations of MACT patients, a much smaller fraction of voxels
remains unchanged (mean fraction of unchanged voxels of 72.4% ranging from 60% to 87%), thus in-
dicating that changes in the cartilage occurred. The signif cance color maps showed spatial coherence
in the signif cant changes (Fig. 6.6), although the classif cation did not contain any spatial informa-
tion. This again corroborates the idea that the signif cant changes in T2 really ref ect physiological
changes in the cartilage.

6.3.3 Evaluation on MACT

Although T2 has demonstrated to be sensitive to the degradation of the cartilage matrix, its use in the
clinical routine has not yet become established. This is partially caused by the long acquisition times
of the sequences for T2 measurement, and more principally by the diff culties in the interpretation of
the T2 maps. As can be seen in Fig. 6.2, the distribution of T2 in healthy and OA-diseased volunteers
is very similar, so that global T2 estimators, such as the bulk mean or standard deviation, cannot
sensitively and specif cally discriminate healthy from early-OA cartilage. Only if a focal lesion with
high T2 values is present, the T2 maps can be easily interpreted. Indeed, quantitative T2 mapping has
been revealed to be more sensitive for the detection of focal lesions than the standard MRI protocol
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6.3 Discussion

Figure 6.8: Left: The total number of chondrocytes (dark blue), the number of stained chondrocytes (bright
blue), the number of non-stained chondrocytes (bright brown) and the number of apoptosed chon-
drocytes (red) are dotted against the 〈∆T2〉. Color lines represent the linear f t to the data; corre-
lation coeff cients are given in the legend. Right: The IKDC index versus 〈∆T2〉. Different colors
were used for each patient. Triangles are used for the data at 6 months and squares for the data at
12 months. Thick gray line represents the linear f t to the data.

[Hannila07]. Twenty-eight lesions were detected both on MRI and T2 maps, while eight lesions were
only visible on T2 maps. Even more, the lesions appeared signif cantly wider and thicker in T2 than
in standard images.

T2 has a great potential in follow-up examinations which has been poorly exploited, essentially due
to the lack of tools for comparison of T2 maps acquired in successive examinations. Long-term studies
of T2 in articular cartilage used T2 averaged either over the complete cartilage [Blumenkrantz04,
Stahl07], or over a ROI def ned on a lesion [Trattnig07a, Welsch08a, Domayer09, Welsch09]. In
longitudinal studies on OA patients, the mean T2 over the complete cartilage was not signif cantly
increased in one-year follow-up [Stahl07], but in two-year follow-up examinations [Blumenkrantz04].
In MACT patients the T2 relaxation time can assess the grade of cartilage repair, since T2 is sen-

sitive to the progressive restructuring of the collagen matrix, which occurs in a positive response to
transplantation. Therefore, in follow-up studies of MACT patients it is a usual practice to use the
mean T2 over a ROI covering the full thickness (or a fraction of the thickness) of cartilage repair
tissue. This ROI-based T2 value is compared with the averaged T2 measured in an analogous ROI
def ned on adjacent healthy cartilage [Trattnig07a, Welsch08a, Domayer09, Welsch09]. Signif cant
changes of mean T2 in ROIs def ned on the cartilage repair tissue was found in the f rst year after
transplantation and non-signif cant differences were found in the second year after transplantation
[Trattnig07a, Welsch08a, Welsch09]. This change was more evident near the bone-cartilage interface
than at the articular surface [Trattnig07a, Welsch08a, Welsch09].
In follow-up examinations the use of the mean T2 (either over the complete cartilage (bulk) or

over a ROI) to assess changes in cartilage has the advantage of being straightforward to calculate,
but represents a coarse and not very sensitive measure of the changes undergoing in cartilage. The
method presented in this chapter requires more image processing (which is performed automatically
within few minutes once the segmentation is completed), but provides more diagnostic information.
In color-encoded signif cance maps the areas of signif cant changes can be easily identif ed in the
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6 Application to disease monitoring

whole cartilage, and not only in the lesion. This opens the possibility of investigating the reaction in
adjacent healthy cartilage to the surgery and the process of healing.
As a measure of the global changes occurring in the cartilage, the mean signif cant T2 change,

∆T2, has been introduced. ∆T2 is positive when the follow-up examination has signif cantly larger
T2 values, and negative when the follow-up examination presents decreased T2 values. If no change
has occurred between both acquisitions a ∆T2 near zero is expected, since in this case the 5% of the
signif cant different voxels equally distribute between longer and shorter T2. Since a dataset of the
femur has around 15 000 voxels the calculation of ∆T2 involve at least 750 voxels.
The clinical value of ∆T2 has been tested in 5 MACT patients. The average ∆T2, 〈∆T2〉, showed

an excellent correlation with the number of chondrocytes in the transplanted allograft. The 〈∆T2〉
depends both on how large the signif cant change in T2 was and on how fast it occurred. For ex-
ample, patients 1 and 5 had similar decrements in ∆T2 (around -22 ms), but at different time points,
thus resulting in well differentiated 〈∆T2〉. The positive correlation between 〈∆T2〉 and the number
of chondrocytes may indicate that the number of chondrocytes are critical for the restructuring of
the implanted graft, and, thus, for the success of the transplantation. For example, patient 4, who
presented a very low number of chondrocytes (Table 6.2), demonstrated systematically increased ∆T2
(Table 6.3). On the contrary, patient 1, who had the largest number of chondrocytes, presented the
fastest recuperation of all patients (Fig. 6.7). 〈∆T2〉 also demonstrated a positive correlation with the
subjective knee evaluation as assessed with the IKDC form. Thus, the presented results indicate that
changes in T2 are closely related with the process of healing and the outcome of the patient.

6.4 Conclusion

In this chapter a method for monitoring the articular cartilage with follow-up examinations of T2 is
proposed. The method bases on careful calculation of errors in T2 and offers new statistically signif-
icant information of disease progression, which would remain hidden with a more coarse evaluation
based on global or regional mean T2. The method has been proven on a small cohort of MACT pa-
tients demonstrating a good correlation between the signif cant T2 changes and the outcome of the
patient. The average signif cant change in the follow-up was very well correlated with the number of
chondrocytes in the transplanted graft. This might indicate that the number of chondrocytes is a very
relevant parameter determining the success of surgery and the speed of the healing process. Although
the diagnostic relevance of the method must still be conf rmed in larger patient groups and, more
important, on OA patients, the f rst promising results in MACT patients open a new way to look at T2
in articular cartilage.
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Chapter 7 Conclusions

This PhD thesis has been devoted to the development of a method for the voxel-based assessment
of disease progression with MRI follow-up examinations of the T2 relaxation time in articular

cartilage. This method is based on an accurate and precise calculation of T2 relaxation times in the
articular cartilage, an accurate registration of cartilage datasets acquired in follow-up examinations
and a deep knowledge of the T2 measurement errors in the comparison of follow-up examinations.
In Chapter 4 it has been demonstrated that the traditional methods for T2 calculation (linear regres-

sion (LR) and nonlinear f t to an exponential (EXP)) lead to a huge loss of accuracy at low T2 and
SNR0 due to the Rician noise distribution in MR images. In simulations and phantom measurements,
the T2 values calculated with the traditional methods showed systematic deviations of up to 500%with
respect to the true T2 values. Therefore it was essential to introduce new voxel-based noise-corrected
f t methods for accurate and precise T2 calculation. Two new f t methods, SQEXP and NCEXP, have
been introduced, which use the averaged decay of the measured signal intensity as the f t function
for T2 calculation. T2 values calculated with the SQEXP and NCEXP methods did not deviate from
the true T2 value in average (i.e. they were very accurate). Even more, the T2 values calculated with
the NCEXP method showed a precision comparable with the best achievable precision (Cramér-Rao
lower bound, Appendix A) for almost all T2 and SNR0. Thus, NCEXP is the method of choice for T2
calculation, since it has the best possible achievable precision and accuracy and provides the highest
sensitive-to-change evaluation of T2 values in follow-up examinations.
The other element necessary to implement the method presented in this thesis is the registration

algorithm. Since in follow-up examinations the datasets are acquired with different orientations, it is
necessary to align the data prior to comparison of their T2 values on a voxel basis. The registration al-
gorithm introduced in Chapter 5 is robust against segmentation errors and is able to register cartilage
datasets with an error lower than 25% of the voxel size. This registration algorithm has been demon-
strated to be very suitable for comparison of follow-up examinations where the morphology of the
cartilage do not signif cantly change. Indeed, the low differences between the σT2(T2) calculated from
repeated acquisitions and from the theoretical model (Fig. 6.3), which assumes perfect registration, is
very small for T2 lower than 50 ms (92% of all voxels), thus indicating a very small contribution of
any source of error other than the SNR.
With the f t method and the registration algorithm comparison of longitudinally acquired cartilage

datasets becomes possible. Aim of the comparison of follow-up examinations is to detect changes
in the measured parameter, which may be attributable to a physiological change in the cartilage.
However, differences in T2 between acquisitions occur due to the measurement errors in T2. Therefore,
in order to discriminate true changes in T2 a perfect knowledge of the T2 measurement errors is
mandatory. Errors have been characterized with repeated acquisitions of healthy and OA-diseased
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patients.
The method presented in this thesis is based on the detection of signif cant changes in T2 and aims

to be a f rst step forward in the use of quantitative follow-up examinations on a voxel-basis. The
advantages of the method are the new diagnostic information provided, the enormous simplif cation
in the comparison of follow up examinations and the higher sensitivity-to-change than previous global
evaluations based on the mean T2 (which are up to now the only method used to evaluate follow-up
examinations). The potential of the method has been demonstrated in MACT patients. In spite of the
small number of patients included, the preliminary results are very promising. The mean change in T2
represents in vivo evidence that the number of chondrocytes may be a critical parameter in the success
of the MACT transplantation. Even more, the change in T2 is also demonstrated to be signif cantly
correlated with the subjective knee evaluation as assessed with the IKDC form .
In the near future it is planned to apply the method to OA-patients, to investigate the progression

of disease. A validation of the preliminary results obtained in MACT patients in a larger collective
would be of outstanding interest. Although the method has been developed for its use on T2 follow-
up examinations of the articular cartilage, its principles are completely general and can be adapted
to use with any other MRI parameter and/or entity. In particular, it would be very interesting to
use the method with the T1ρ or the dGEMRIC index, which are sensitive to the PG content of the
cartilage. The theoretical method implemented in Appendix C is of great utility for the calculation of
the measurement errors in the dGEMRIC index, since it avoids repeated injections of Gd(DTPA)2− to
healthy volunteers. A combination of signif cant changes in T2 and T1ρ (or dGEMRIC) would allow
for a deep insight in all changes undergoing in cartilage and might be a powerful tool to analyze the
progression of OA.
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Appendix A Cramér-Rao lower bound
(CRLB)

Typically T2 is calculated by sampling the signal intensity at different equidistant TEs, TEi =
i·TE, with i = 1,...,N. If the noise-free signal intensity at the TEis Eq. [4.1] is denoted as ~S=

(S1, . . . ,SN)t , the probability of measuring the signal intensities ~SM = (SM,1, . . . ,SM,N)t can be written
as

PSM(~SM|~S,σ) =
N

∏
i=1

SM,i

σ2 exp
(

−
S2M,i +S2i
2σ2

)

I0
(SM,iSi

σ2

)

. (A.1)

In its simplest form, the Cramér-Rao lower bound states that the variance of any unbiased estimator
is at least as high as the inverse of the Fisher information matrix, F , [Brandt89]

F = E

[

~∇θ lnPSM(~SM|~S,σ)·
(

~∇θ lnPSM(~SM|~S,σ)
)t

]

(A.2)

σ(θ̂k)
2 ≥ (F−1)kk (A.3)

where k = 1,2 with θ1 = S0 and θ2 = T2, E[·] represents the expectation value with respect to the
probability PSM(~SM|~S,σ), ~∇θ = ( ∂

∂θ1 ,
∂

∂θ2 )
t , and σ(θ̂k) represents the standard deviation of the unbi-

ased estimator θ̂k of the parameter θk. Using the probability of Eq. [A.1] the Fisher information can
be calculated analytically,
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(A.4)
where I (s) is def ned as

I (s) =
∫ ∞

0
x3

I21 (xs)

I0(xs)
exp

(

−x2+s2

2
)

dx. (A.5)

It can be demonstrated that I (0) = 0 and that I (s) is a strictly increasing function of s, whose
asymptotic expansion isI (s)=s2+1+O(s−2). In the asymptotic limit the Fisher information matrix
reduces to that of a Gaussian distribution, so that the Cramér-Rao lower bound can be analytically
calculated,

σ(T̂2)
2 =

( σ T2
2

S0 TE
)2

(1− rN)(1− r)3r−2

r2N −N2rN+1+2(N2−1)rN −N2rN−1+1
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where r = exp(−TE
T2

).
A last remark concerning the CRLB is that any bijective transformation of the random variable SM,

such as SV = S2M, results in the same CRLB for T2 and S0. Let us consider a general transformation
to the variable SM def ned by ~SV = f (~SM), where the function f is bijective and at least of class C (1.
In this case the Jacobian matrix for the transformation f , J =

∂ (SM,1...SM,N)
∂ (SV,1...SV,N))

, is well def ned and f is

invertible. The probability distribution of the variable ~SV is,

PSM(~SM|~S,σ) dN~SM = PSM( f−1(~SV)|~S,σ)
∣

∣J
∣

∣ dN~SV = PSV(~SV|~S,σ) dN~SV, (A.6)

where | · | indicates the absolute value of the determinant. To demonstrate the equivalence of the
CRLB it will be demonstrated that the Fisher matrix of SM and SV = f (SM) are the same,

~∇θ lnPSV(~SV|~S,σ) = ~∇θ ln
(

PSM( f−1( f (~SM))|~S,σ)
∣

∣J
∣

∣

)

= ~∇θ lnPSM(~SM|~S,σ), (A.7)

since the transformation of variables does not involve the parameters T2 and S0. Thus, from the
theoretical point of view, there is now drawback in using the SQEXP method for T2 calculation.
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Appendix B Noise-corrected exponential for
images acquired with multi-channel coils

F
or multi-channels acquisitions where the image is reconstructed as the sum-of-squares of all im-
ages acquired with each single coil, the measured signal intensity of the f nal image, SM, follows

a noncentral Chi-square distribution ,

PSM(SM|S,σ ,n) =
S

σ2

(

SM
S

)n

exp
(

−S2+S2M
2σ2

)

In−1

(

SMS
σ2

)

, (B.1)

where S is the noise-free signal intensity of the f nal image, σ the noise standard deviation in each
channel and n is the number of channels. The noise-corrected signal intensity is then def ned analo-
gously as with the single-channel acquisition (see Section 4.1, Eq [4.5)]),

Σ(S,σ ,n) = σ
√

π
2

(2n−1)!!
(n−1)!2n−1 M

(

−1
2
,n,−2α

)

(B.2)

where M is the conf uent hypergeometric function [Slater72], and α has the same def nition as
in section 4.1, i.e. α =

(

S
2σ

)2. Substituting the noise-free signal decay model of Eq. [4.1] in
the noise corrected signal intensity Eq. [B.2] results in the noise-corrected exponential function,
ΣTE = Σ(S0 exp(−TE/T2),σ ,n), which describes the decay ofSM with TE.
For nonlinear f t methods it is convenient to know the derivatives of ΣTE with respect to T2 and S0

[Slater72],

∂ΣTE

∂T2
=

∂Σ
∂S

∂S
∂T2

=
∂ΣTE

∂S
S0TE

T2
2

exp
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∂S
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, (B.3)
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α π
2
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1
2
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)

,

and the asymptotic expansions [Slater72] of Eqs. [B.2,B.3],

Σ
σ

= 2α
1
2 +

2n−1
4

α− 1
2 +

(2n−1)(2n−3)
64

α− 3
2 +O(α− 5

2 ) (B.4)

∂Σ
∂S

= 1− 2n−1
8α

+
(2n−3)(2n−1)

128α2 +O(α−3).

For n = 1 these results coincide with the results for the single-channel acquisitions (Eqs. [4.7,4.8]).
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Appendix C Derivation of the theoretical
2σ -significance chart

T
o estimate the errors in T2 for the 2σ -signif cance chart the T2 values measured in the same voxel
in two consecutive acquisitions are used (perfect registration is assumed). For consistency in

notation with Chapter 5, the T2 values measured in the f rst acquisition will be denoted as target,
T2,Trg, and the T2 values in the second as source T2,Src.
The probability density of measuring a T2,Trg from an image with a noise level σ for a voxel whose

exact T2 value is Te
2 will be denoted as P(T2,Trg|Te

2 ,σ). If a second measurement is performed on the
same voxel, the joint probability of measuring T2,Src after T2,Trg is P(T2,Trg,T2,Src|Te

2 ,σ). Due to the
statistical independence of the two measurements (i.e. of T2,Trg and T2,Src), the joint probability is the
product of the probabilities of T2,Trg and T2,Src,

P(T2,Trg,T2,Src|Te
2 ,σ) = P(T2,Trg|Te

2 ,σ) ·P(T2,Src|Te
2 ,σ). (C.1)

In vivo, Te
2 remains unknown and only T2,Trg and T2,Src are known. The 2σ -signif cance chart is

calculated from the distribution of the T2,Src after selecting all voxels with the same T2,Trg indepen-
dentlyof their Te

2 . Therefore, the relevant distribution for the 2σ -signif cance chart is the summed
joint probability distribution, P(T2,Trg,T2,Src|σ),

P(T2,Trg,T2,Src|σ) =
∫ ∞

0
dTe

2 ρ(Te
2 ) ·P(T2,Trg|Te

2 ,σ) ·P(T2,Src|Te
2 ,σ), (C.2)

where ρ(Te
2 ) is the distribution of the Te

2 in the cartilage. Once this probability distribution is known
the calculation of the 2σ -signif cance chart is straightforward, since for a given T2,Trg Eq. [C.2] is
up to a constant the probability of measuring T2,Src. Thus, the standard deviation of the distribution
of T2,Src for a given T2,Trg, which represents the range of expected errors for this given T2,Trg, can be
easily calculated.
In order to calculate the theoretical prediction of the 2σ -signif cance chart (Eq. [C.2]), it is neces-

sary to know the probability of measuring T2,Trg, P(T2,Trg|Te
2 ,σ), and the distribution of Te

2 , ρ(Te
2 ).

The distribution of P(T2,Trg|Te
2 ,σ) is assumed to be a Rician distribution (Eq. [4.4]),

P(T2,Trg|Te
2 ,σ) =

T2,Trg

σ2
T2

(Te
2 ,σ)

exp
(

−
T2
2,Trg +(Te

2 )2

2σ2
T2

(Te
2 ,σ)

)

I0
( T2,TrgTe

2
σ2

T2
(Te

2 ,σ)

)

, (C.3)

where σT2(T
e
2 ,σ) is the standard deviation of the measured T2, which depends on Te

2 and σ . The
validity of the Rician distribution has been empirically assessed with numerical simulations. The

99



function σT2(T
e
2 ,σ) can be well approximated by the Cramér-Rao lower bound (CRLB) as calculated

in Appendix A (Fig. 4.3), since as demonstrated in Chapter 4 the f t to a noise-exponential function
result in σT2(T

e
2 ,σ) compatible with the CRLB.

Once the probability of measuring T2,Trg is known, ρ(Te
2 ) can be calculated from the distribution

of the measured T2 values, ρm(T2,σ),

ρm(T2,σ) =
∫ ∞

0
dTe

2 ρ(Te
2 ) ·P(T2|Te

2 ,σ), (C.4)

Technically, the calculation of the ρ(Te
2 ) reduces to solve the Fredholm equation of the f rst kind1

[Polyanin08]. Fredholm integral equations of the f rst kind like Eq. [C.4] are a special case of ill-
posed inverse problems. In ill-posed problems small changes in the experimental data, in this case
ρm(T2,σ), due to measurement errors cause large instabilities in the solution. Handling with ill-posed
problems requires careful use of regularization methods or other special numerical algorithms. In this
case, the L-curve regularization method was used [Johnston00].
The calculation of the joint probability for the 2σ -signif cance chart (Eq. [C.2]) involves the fol-

lowing steps:

1. Calculate the CRLB for the noise level σ and def ne P(T2,Trg|Te
2 ,σ).

2. Solve the Fredholm integral Eq. [C.4] using ρm(T2,σ).

3. Use the calculated ρ(Te
2 ) to numerically integrate Eq. [C.2].

4. Calculate for each T2,Trg the standard deviation of T2,Trg using P(T2,Trg,T2,Src|σ).

The great advantage of this theoretical calculation is that it does not require successive acquisitions
on a cohort of volunteers to assess the reproducibility. Indeed, it only bases on the calculation of
the CRLB, which is easy to implement, and the distribution of the measured parameters. Therefore,
this theoretical method allows an easy extension of the 2σ -signif cance chart to many other situations
apart from cartilage and T2.
Although this method allows calculating a solution to Eq. [C.2], it is useful to gain some intuition

about the joint probability. With this aim let us consider some approximations simplifying Eq. [C.2].
In the limit of Te

2 ≫ σT2 the Rician distribution can be very good approximated by a normal distribu-
tion.

P(T2,Trg,T2,Src|σ) =
∫ ∞

0
dTe

2
1

2πσ2
T2

(Te
2 ,σ)

· exp
(

−(Te
2 −T2,Src)

2+(Te
2 −T2,Trg)

2

2σT2(T
e
2 ,σ)2

)

. (C.5)

Changing to the variables µ+ = (T2,Trg + T2,Src)/2 and µ− = (T2,Trg−T2,Src)/2, the Eq. [C.5] takes
the form,

P(T2,Trg,T2,Src|σ) =
∫ ∞

0
dTe

2
1

2πσ2
T2

(Te
2 ,σ)

· exp
(

− (Te
2 −µ+)2

σT2(T
e
2 ,σ)2

)

· exp
(

− µ2
−

σ2
T2

(Te
2 ,σ)

)

. (C.6)

1Although Eq. [C.4] is very similar to a convolution equation, it differs from a convolution equation in that the proba-
bility P(T2|Te

2 ,σ) is not a function of T2−Te
2 . In this context, the Fredholm equation represents a generalization of a

convolution equation.
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C Derivation of the theoretical 2σ -significance chart

In Eq. [C.6] the term depending on µ+ and the term depending on µ− are coupled through the
measurement error in T2, σ2

T2(T
e
2 ,σ). Let us also additionally assume the condition of constant

σT2(T
e
2 ,σ) = σ , which occurs when dσT2/dTe

2 ≪ 1 (i.e. the variation of sigma is much smaller
than sigma). Under this approximation Eq. [C.2] is,

P(T2,Trg,T2,Src|σ) =
1√
2πσ2

exp
(

−µ2
−

σ2

)

∫ ∞

0
dTe

2
ρ(Te

2 )√
2πσ2

· exp
(

−(Te
2 −µ+)2

σ2

)

. (C.7)

The integral in Eq. [C.7] is the probability of measuring a T2 of µ+ (Eq. [C.4]),

P(T2,Trg,T2,Src|σ) =
1√
4πσ

exp
(

−
(T2Trg −T2Src)

2

4σ

)

·ρm((T2Trg −T2Src)/2,σ). (C.8)

Eq. [C.8] can be easily interpreted. The probability of measuring T2,Trg and T2,Src consecutively in
the same voxel are given by a normal distribution of their difference with a standard deviation of 2σ ,
multiplied by the probability of measuring their mean.
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[Buckwalter85] Buckwalter JA, Küttner KE, Thoner EJM (1985). Age-related changes in articular cartilage
proteoglycans: Electron microscopic studies. J Orthop Res 3:251–257.

[Buckwalter94] Buckwalter JA, Roughley PJ, Rosenberg LC (1994). Age-related changes in cartilage pro-
teoglycans: Quantitative electorn microscopic studies. Microsc Res and Tech 28:398–408.

104



Bibliography

[Buckwalter98a] Buckwalter JA, Mankin HJ (1998). Articular cartilage: degeneration and osteoarthritis,
repair, regeneration, and transplantation. Instr Course Lect 47:487–504.

[Buckwalter98b] Buckwalter JA, Mankin HJ (1998). Articular cartilage. Part I:Tissue desing and
chondrocyte-matrix interactions. Instr Course Lect 47:600–611.

[Bull92] Bull TE (1992). Relaxation in the rotation frame in liquids. Prog NMR Spectrosc 24:377.

[Bundestamt08] Bundestamt S (2008). Gesundheit - Krankheitskosten 2002 2004 2006. Statistisches Bun-
destamt, Wiesbaden, Germany.

[Burk86] Burk DL, Kanal E, Brunberg JA, Johnstone GF, Swensen HE, Wolf GL (1986). 1.5-T
surface-coil MRI of the knee. AJR Am J Roentgenol 147:293–300.

[Burstein93] Burstein D, Gray ML, Hartman AL, Gipe R, Foy BD (1993). Diffusion of small solutes in
cartilage as measured by nuclear magnetic resonance (NMR) spectroscopy and imaging. J
Orthop Res 11:465–478.

[Burstein01] Burstein D, Velyvis J, Scott KT, Stock KW, Kim YJ, Jaramillo D, Boutin RD, Gray ML
(2001). Protocol issues for delayed Gd(DTPA)(2-)-enhanced MRI (dGEMRIC) for clinical
evaluation of articular cartilage. Magn Reson Med 45:36–41.

[Bydder09] Bydder GM, Chung CB (2009). Magnetic resonance imaging of short T2 relaxation com-
ponents in the musculoskeletal system. Skeletal Radiol 38:201–205.

[Byers70] Byers PD, Contepomi CA, Farkas TA (1970). A post mortem study of the hip joint. Includ-
ing the prevalence of the features of the right side. Ann Rheum Dis 29:15–31.

[Carballido-Gamio08] Carballido-Gamio J, Link TM, Majumdar S (2008). New techniques for cartilage mag-
netic resonance imaging relaxation time analysis: texture analysis of f attened cartilage and
localized intra- and inter-subject comparisons. Magn Reson Med 59:1472–1477.

[Cicuttini00] Cicuttini F, Forbes A, Asbeutah A, Morris K, Stuckey S (2000). Comparison and repro-
ducibility of fast and conventional spoiled gradient-echo magnetic resonance sequences in
the determination of knee cartilage volume. J Orthop Res 18:580–584.

[Cicuttini01] Cicuttini FM, Wluka AE, Stuckey SL (2001). Tibial and femoral cartilage changes in knee
osteoarthritis. Ann Rheum Dis 60:977–980.

[Cicuttini02] Cicuttini F, Wluka A, Wang Y, Stuckey S (2002). The determinants of change in patella
cartilage volume in osteoarthritic knees. J Rheumatol 29:2615–2619.

[Cicuttini04a] Cicuttini FM, Jones G, Forbes A, Wluka AE (2004). Rate of cartilage loss at two years
predicts subsequent total knee arthroplasty: a prospective study. Ann Rheum Dis 63:1124–
1127.

[Cicuttini04b] Cicuttini FM, Wluka AE, Wang Y, Stuckey SL (2004). Longitudinal study of changes in
tibial and femoral cartilage in knee osteoarthritis. Arthritis Rheum 50:94–97.

[Cicuttini05] Cicuttini FM, Teichtahl AJ, Wluka AE, Davis S, Strauss BJ, Ebeling PR (2005). The re-
lationship between body composition and knee cartilage volume in healthy, middle-aged
subjects. Arthritis Rheum 52:461–467.

[Clarke71] Clarke IC (1971). Articular cartilage: A review and scanning electron microscoe study. 1.
The interterritorial f brillar aechitecture. J Bone Joint Surg 53B:732–750.

[Cohen99] Cohen ZA, McCarthy DM, Kwak SD, Legrand P, Fogarasi F, Ciaccio EJ, Ateshian GA
(1999). Knee cartilage topography, thickness, and contact areas from MRI: in-vitro calibra-
tion and in-vivo measurements. Osteoarthr Cartil 7:95–109.

105



Bibliography

[Conaghan08] Conaghan PG, Dickson J, Grant RL (2008). Care and management of osteoarthritis in adults:
summary of NICE guidance. BMJ 336:502–503.

[Constantinides97] Constantinides CD, Atalar E, R ME (1997). Signal-to-noise measurements in magnitude
images from NMR phased arrays. Magn Reson Med 38:852–857.

[Cooper00] Cooper C, Snow S, McAlindon TE, Kellingray S, Stuart B, Coggon D, Dieppe PA (2000).
Risk factors for the incidence and progression of radiographic knee osteoarthritis. Arthritis
Rheum 43:995–1000.

[Cova98] Cova M, Toffanin R, Frezza F, Pozzi-Mucelli M, Mlynárik V, Pozzi-Mucelli RS, Vittur F,
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