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Abstract (76 words; 50 min, 200 max) 

Articular cartilage exhibits complex structural and compositional anisotropy. The anisotropy 

and arrangement of the collagen network, concentration of proteoglycan aggregates and 

water content vary as function of cartilage depth in healthy, adult cartilage. Furthermore, these 

tissue properties are altered in cartilage maturation and degeneration alike. Relaxation 

anisotropy occurs widely in cartilage tissue and manifests itself directly in different relaxation 

parameters. This chapter summarizes the association between anisotropic physical properties 

of cartilage and the most important relaxation parameters. 
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4.1 Introduction 

Anisotropy describes the dependency of a parameter on specific direction(s) in space, i.e., it is 

the property of a material being directionally or orientationally dependent. In this chapter, we 

broadly describe relaxation anisotropy as a property of relaxation times in cartilage that has a 

directional dependence throughout the cartilage tissue depth or volume. There are many 

properties of tissue that may act as a source for the relaxation anisotropy in different relaxation 

times. This means that there are many underlying physical or chemical properties in cartilage 

that yield directionally inhomogeneous changes manifested in experimentally observed 

relaxation times.  

 

4.1.1 Relaxation anisotropy 

We will here distinguish between two important types of anisotropy in cartilage. Orientational 

anisotropy depends specifically on the orientational angle between the collagen fibers in 

cartilage and the external magnetic field of the MRI scanner. This is a direct measurable 

quantity for example in polarized light microscopy (PLM). Orientational anisotropy is inherent 

to the tissue investigated, as it directly stems from the collagen structure in cartilage tissue. It 

is also the molecular and physiological source of the well-known magic angle effect (see 

Chapter 3). Important applications in this regime emerge from the tissue engineering, where 

the quality of the engineered cartilage can be evaluated based on its MRI appearance (see for 

example Refs.1,2). 

Secondly, spatial anisotropy describes the kind of anisotropy that is due to the spatial position 

of relaxing spins in the tissue, even when the overall orientational angle of the fibers with the 
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external magnetic field remains the same. As opposed to orientational anisotropy, spatial 

anisotropy describes any set of physical or chemical reasons that spatially change the 

relaxation properties of cartilage. Thus, it may be caused by inherent spatial changes in the 

biophysical and biochemical properties and altered by changes in the integrity of cartilage, 

which in turn may be due to diseases, injuries and traumas, or simple wear-out of the cartilage 

due to life style related issues, obesity, and age. Different phenotypes of osteoarthritic diseases 

may also change both orientational and spatial anisotropies of the tissue. Again, relaxation 

anisotropy in general can be used to monitor and evaluate degenerative changes occurring in 

osteoarthritic diseases, and will be discussed in the following.  

 

4.1.2 Physical properties of cartilage 

Physical properties, such as the amount and distribution of water in cartilage, as well as the 

composition of extracellular matrix of the cartilage, have been extensively studied (Figure 4.1). 

{Figure 4.1 near here}  The specific biochemical composition of the cartilage is detailed 

elsewhere in this book (see Chapter 1). One of the earliest references on the subject that deals 

with the orientation of collagen fibers was the optical microscopic investigation as early as in 

19253. During the 1960s and 1970s, the pioneering work by Maroudas and her colleagues4 laid 

much of the biophysical and molecular foundation for the structural properties of cartilage, 

which dealt with many important topics such as permeability5 and osmotic properties6 of the 

tissue. Torchia and co-workers used NMR spectroscopy to study the physical properties of 

cartilage, namely the motional characteristics provided by the reorientational and exchange 

correlation times of cartilage constituents7,8. More recently, the biomechanical properties of 
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articular cartilage have been studied widely, in particular in connection to the relaxation 

anisotropy and relaxation properties in general9–18.  

 

4.1.3 Relaxation anisotropy in cartilage 

The fundamental source of all spin dynamics occurring in cartilage is the molecular motion of 

nuclear spins in a tissue that undergoes relaxation (see Chapter 2). This relaxation is modulated 

by the interactions between spins in different molecules at different timescales. Thus, 

relaxation anisotropy is also related to the variation of this motion, for example due, to 

hindered rotation of molecules, alignment of molecules along collagen fibrils19–24, 

compartmentalization of water25 and different types of protein-water interactions26–30 in 

different regions of articular cartilage. The case of calcified cartilage may serve as a prototypic 

example of water-protein interactions that are different compared to the intact hyaline 

cartilage22. The physical structure and composition of the cartilage is the main determinant of 

relaxation anisotropy, but different physical parameters modify relaxation anisotropy 

characteristics, and are detailed in the subsequent sections of this chapter. In other words, 

relaxation anisotropy relates to the underlying physical and chemical properties of the 

cartilage, and manifests itself in the relaxation times. Interpretation of research results, or 

complicated or even ill-posed diagnostics that are related to relaxation anisotropy should 

always be considered in great detail. A well-known example is the magic angle effect of 

articular cartilage (Chapter 3) that affects both research and clinical work.  
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The sensitivity and specificity of different MRI parameters to relaxation anisotropy drastically 

change from one MRI parameter to another. While for example T2 relaxation, and to a smaller 

degree T1 relaxation as well, show close to one-to-one correlation with the collagen 

orientation angle in the articular cartilage21,24,31,32, other relaxation times, such as T1, almost 

completely lack this degree of sensitivity and specificity towards a single physical property 

causing the relaxation anisotropy33. In some situations, such as in the case of T2 relaxation, the 

magic angle effect may potentially hide the characteristic spatial relaxation anisotropy and 

subsequent MRI appearance of the articular cartilage, and generally complicate the diagnostics 

of, for example, osteoarthritis; though, on the other hand the same characteristics may be 

used to elicit additional information otherwise undetectable. 

 

4.1.4 Relaxation anisotropy in other tissues 

The pioneering work in the 1960s and 1970s by various researchers34–37 launched a growing 

interest towards collagenous and cartilaginous tissues. These studies were followed by many 

reports describing the relaxation anisotropy mostly in tendons or in pure collagen19,21,38–40. 

These materials were used as classical prototypes to mimic the more complicated articular 

cartilage tissue. Since then, a multitude of relaxation anisotropy studies of articular cartilage 

have appeared20,22–24,33,41–43, targeted more recently also to new prototypic tissues as well, 

such as nasal cartilage44–46, and the cornea and sclera of the eye47. These simplified model 

tissues benefit from the fact that less macromolecular components and less zonal variations 

are present than in articular cartilage. This aspect culminates to tendon, which is comprised 

almost completely of collagen. It is noteworthy, however, that such model systems may not 

adequately represent the tissue characteristics of articular cartilage, for example, due to lack 
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of anisotropic collagen network46,48,49 or different compartmentalization of water48,50–52, and 

thus the results should be interpreted with caution. 

 

With the rapidly growing experimental toolbox of new methods and measurement protocols 

in MRI not only in the research realm, but also in the full clinical setup, relaxation anisotropy 

can be regarded as a truly interesting and versatile phenomenon in its own right. In the 

authors’ opinion, it should be investigated and fostered throughout the relaxation studies of 

cartilage, as well as in studies of different diseases related to the cartilaginous and collagenous 

tissues.  

 

4.1.5 Theoretical and simulation work on articular cartilage 

Purely theoretical work on relaxation anisotropy of articular cartilage still remains scarce. Only 

a few articles pertaining to Redfield relaxation theory, either analytically using different 

motional models53, or by a full numerical calculation of spectral densities54, or utilizing Monte 

Carlo simulations55 in cartilage can be found. Considering the current hardware and software 

resources targeted for purely computational and theoretical NMR/MRI work, this field is 

expected to grow in the future. Hopefully, this will take place in connection with the 

development and implementation of novel NMR and MRI methods designed for articular 

cartilage, thus complementing the outcome of the experimental methods.  

 

4.2 Anisotropy of T2 relaxation time in cartilage 
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T2 relaxation time is the classical contrast to demonstrate relaxation anisotropy and 

orientational dependence in articular cartilage. As seen in Fig 4.1c, T2 relaxation time in 

articular cartilage is strongly depth-dependent and anisotropic.  

 

4.2.1 Dependence of T2 relaxation on collagen orientation 

 

This anisotropy of T2 is due to the preferential arrangement of water molecules and the varying 

degree of dipolar coupling, dependent on the orientation of the water dipole in the static 

magnetic field. This phenomenon, the so-called magic angle effect, was first demonstrated in 

tendon34. This phenomenon manifests itself as a laminar appearance in MRI of articular 

cartilage, first observed by Lehner56. Finally, Rubenstein et al. showed that the signal intensity 

variations in articular cartilage are dependent on the orientation of collagen fibrils in the static 

magnetic field20. This dependence is frequently demonstrated through imaging experiments in 

which osteochondral samples are rotated in the static magnetic field57 (Figure 4.2). {Fig 4.2 near 

here}  

 

At 55 degree rotation of the sample, the geometric factor determining the dipolar interaction 

is minimized and thus tissue exhibits longer values of T2 relaxation, as well as more uniform 

values of T2 relaxation over all tissue depth, hence the elevated signal intensity (see Chapters 

2 and 3). This factor is directly dependent on the second-order Legendre polynomial as 

1

2
(1 − 3 cos2 𝜃), where 𝜃 is the angle between the internuclear dipole-dipole vector and the 

z-axis of external magnetic field. Theoretically, this dependence arises from the quantum 

mechanical spin Hamiltonian58,59. Different ways of dealing with this phenomenon, such as 
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magic angle spinning60,61, and Lee-Goldburg -type of experiments62,63, are common and 

widespread in solid-state NMR, but less familiar within MRI.  T2 relaxation time can be written 

as64 

𝑅2 =
1

𝑇2
= 𝐴 [3𝜏𝑐 +

5𝜏𝑐

1+𝜔0
2𝜏𝑐

2 +
2𝜏𝑐

1+4𝜔0
2𝜏𝑐

2],     (Eq. 4.1) 

where 𝐴 =
3

20
𝛾4ℏ2 (

𝜇0

4𝜋
)

2
𝑟−6,, and r is the distance between dipoles, assuming dipole-dipole 

relaxation as dominant relaxation mechanism. It is expected to show increased sensitivity 

towards slower molecular motions than for example T1, specifically due to the first term 

including the correlation time τc without main field (ω0) dependence, bringing about the 

sensitivity to slow molecular motion.  

 

The most common way to measure T2 relaxation time is the spin-echo sequence: after the 

excitation pulse, an 180˚ inversion pulse is applied so that a certain waiting time termed echo 

time is spent before measuring the resulting signal. The echo time (split equally on both sides 

of the inversion pulse) determines the amount of T2-weighting applied and by measuring signal 

with several different weightings, the relaxation time can be determined (see also T1ρ section). 

While the principle remains the same, the preparatory inversion pulse can be replaced by 

different types of inversion pulse, or even by a train of pulses, with slightly varying implications 

on the measured signal65. 

 

The T2 relaxation time can be altered due to the alteration in the properties of the collagen 

network, particularly the orientation and anisotropy of collagen fibrils. T2 anisotropy has been 

successfully correlated to the orientation of collagen fibrils as determined by polarized light 
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microscopy24,31,66–68, and T2 appearance of cartilage corresponds to the one observed 

histologically31,69. Analogous to the sample rotation experiment, maximum relaxation time (or 

T2-weighted signal intensity) is observed for tissue with collagen fibrils at 55 degree orientation 

to the static magnetic field (Figure 4.3), which pertains to maximum reduction in the quantum 

mechanical dipolar spin Hamiltonian. {Fig 4.3 near here} However, due to the zonal structure 

of the collagen fibers in articular cartilage, it is not possible to use any simple re-orientation 

method to set all collagen fibers in any single piece of articular cartilage specimen at 55˚ to the 

magnetic field.  

 

4.2.2 Dependence of T2 relaxation on collagen content and tissue hydration 

In addition to the orientation of collagen fibrils, T2 is affected by tissue hydration70. Tissue 

hydration in cartilage is modulated both by the proteoglycan aggregates that create a swelling 

pressure and the collagen network by limiting this swelling. Similarly, the lack or digestion of 

type II collagen dramatically elevates the T2 relaxation time of cartilage while the degeneration 

of cartilage proteoglycans does not have a significant effect71 (Figure 4.4). The mechanism 

behind the elevation of T2 relaxation time in disruption of the collagen network is anticipated 

to relate to the loss of collagen anisotropy, decrease in collagen content and increase in water 

content. In addition, loading of articular cartilage, which reduces the water content in the 

tissue, has demonstrated the depth and strain dependent reductions of T2 relaxation in 

cartilage (see Chapter 18 in this Book for more details). {Fig 4.4 near here} 

 

4.2.3 Spatial and topographical variation of T2 relaxation time 
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As presented in Figure 4.3 and Figure 4.4, the depth-dependent (spatial) variation of T2 

relaxation time is mostly a result of variations in collagen anisotropy, collagen content and 

tissue hydration. Furthermore, the T2 appearance of cartilage depends on the orientation of 

cartilage in the static magnetic field. Thus, the T2 appearance of cartilage is not unambiguous.  

 

Yet another dimension of the T2 characteristics of articular cartilage is identified in the 

variation across and between different joints (e.g., knee vs hip) when an intact joint is imaged. 

Articular cartilage exhibits varying biochemical properties to accommodate for the varying 

loading conditions at different areas of different joint surfaces72. Since the T2 anisotropy is 

affected by the macromolecular environment, the topographic variations in tissue composition 

gives rise to topographical variation of T2 relaxation time69,73,74. Furthermore, the arrangement 

of the three-dimensional collagen network may exhibit exotic patters at the edges of the joint, 

as manifested in Figure 4.5. Thus, T2 relaxation anisotropy could provide indirect information 

on the structural anisotropy of cartilage14. {Fig 4.5 near here} 

 

Additional information on the structural integrity may be obtained by measuring T2* 

relaxation. It is affected both by T2 relaxation and signal decay due to local field 

inhomogeneities on microscopic scale. Consequently, perturbations of microscopic local field 

inhomogeneities, such as those due to microcalcifications within the tissue, or at interfaces 

such as the osteochondral junction or articular surface may be detected75–78. 

 

4.2.4 T2 relaxation in detection of anisotropy related cartilage maturation 
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Articular cartilage undergoes significant changes of its structure in the course of growth79, 

which includes a dramatic development of its collagen network.  Multiple collagenous layers, 

as opposed to the trilaminar structure of adult cartilage, have been identified13,73. 

Furthermore, differences in the collagen structure between different species have been 

identified13 (Figure 4.6). {Fig 4.6 near here} 

 

Analogous to findings in animal studies, a preliminary human study reported maturation-

related changes in the number of laminae in T2-weighted images. These changes are 

anticipated to relate to the remodeling of the collagenous network. The remodeling appears 

to occur at different timescales for different joint surfaces, possibly related to the unique 

loading conditions of cartilage  (Figure 4.7).80 {Fig 4.7 near here} 

 

4.2.5 T2 relaxation in detection of cartilage repair 

One of the greatest challenges of cartilage-related tissue engineering and repair is the desire 

to produce repair tissue with collagen network arrangement similar to healthy articular 

cartilage. In principle, T2 mapping could be used to evaluate the anisotropy of engineered 

tissue in cartilage repair studies.  In a minipig study of spontaneous cartilage repair, shorter T2 

values as opposed to adjacent cartilage were found to correspond to tissue with fibrous 

cartilage repair81. A goat model of microfracture cartilage repair yielded elevated but 

homogeneous T2 values, which may correspond to hyaline-like repair without preferred 

collagen arrangement82.  Similarly, several human studies were performed to evaluate 

cartilage repair using T2 mapping, where temporal modulation and zonal variation of T2 

relaxation time of repair tissue were used to assess maturation of the extracellular matrix83,84. 
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These studies suggest that T2 mapping may be a useful tool in evaluating collagen anisotropy 

after cartilage repair surgery. 

 

4.3 Anisotropy of T1ρ relaxation in cartilage 

T1ρ relaxation time is the longitudinal relaxation in the rotating frame of reference, which is a 

method uniquely capable of inferring information on many relevant biological processes 

occurring in tissues. As seen in Fig 4.1e and Fig 4.1f, T1ρ relaxation time in articular cartilage is 

also both depth-dependent and anisotropic.  

 

A typical T1ρ experiment is conducted by tipping the equilibrium magnetization to the xy-

plane, followed by a spin-lock (SL) pulse (a B1 field) of given amplitude, which will lock the spins 

along itself (Figure 4.8). {Fig 4.8 near here} The relaxation then takes place along the B1 in the 

rotating frame of reference, hence the name T1ρ. After a desired pulse duration tSL, the 

remaining magnetization is either measured directly after the spin-lock pulse, or more 

preferably tipped back to +z or -z axis and then measured using the readout sequence, which 

can be based on gradient recalled echo, spin echo or other appropriate sequence family85,86. 

The SL pulse may be one long pulse of duration tSL, or constructed of two pulses of opposite 

phase (as marked by the shading) and equal-length of tSL/2 to function as a self-compensating 

pulse. A crusher gradient is typically applied after storing the prepared magnetization on z-axis, 

prior to readout. 
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Most relaxation measurements in MRI use a single component fitting of the decay signals. For 

T1ρ relaxation time, the time constant can be determined from several repeated 

measurements with different tSL durations by fitting the signal as exponential decay. 

𝑆 = 𝑆0e
−

𝑡𝑆𝐿
𝑇1𝜌,                    (Eq. 4.2) 

where S is the measured signal and S0 and T1ρ are fitted. Additionally a constant may be 

included to the fitting to account for noise floor.  

 

The enhanced sensitivity of T1ρ relaxation is based on the fact that it is highly sensitive to 

molecular motions occurring at a frequency corresponding to the spin-locking frequency ω1 (in 

the range of few hundreds of Hz to few kHz) of the experiment, which in turn, is significantly 

lower than the Larmor frequency ω0 at for example 1.5 Tesla or 3.0 Tesla (~64 MHz and 128 

MHz, respectively) (see also Chapter 8). The relaxation can be viewed as T1 relaxation occurring 

at a very low magnetic field, however, since the T1ρ relaxation is based on RF energy, the 

magnetic field can be high and thus the signal-to-noise-ratio of a high field can be retained. 

The relationship between T1 relaxation and the frequency of the molecular motion is similar 

to that of T2 relaxation and follows equation (at on-resonance conditions)87  

𝑅1𝜌 =
1

𝑇1𝜌
= 𝐴 [

3𝜏𝑐

1+4𝜔1
2𝜏𝑐

2 +
5𝜏𝑐

1+𝜔0
2𝜏𝑐

2 +
2𝜏𝑐

1+4𝜔0
2𝜏𝑐

2],   (Eq. 4.3) 

where A is a constant including information on local field fluctuations as described above. 

While there’s no explicit zero frequency component in T1ρ as in T2 relaxation, the expression 

approaches that of T2 with decreasing spin-lock power ω1. 
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The first papers utilizing T1ρ relaxation in cartilage reported significant spatial anisotropy over 

the depth of articular cartilage, as well as sensitivity to proteoglycan depletion, more so than 

to collagen depletion. Significant response to increasing spin-locking power, i.e. dispersion of 

the T1ρ relaxation time has also been reported in numerous studies88–90 (Figure 4.9). {Fig 4.9 

near here} Both Duvvuri et al. and Mlynárik et al. demonstrated spatial anisotropy in T1ρ over 

the depth of articular cartilage; while distinct differences between T2 and T1ρ were 

demonstrated by the former88,89, nearly similar anisotropy profiles were found by the latter90. 

Later, several papers have investigated T1ρ relaxation for assessing cartilage. The general 

agreement is, that T1ρ is primarily sensitive to the proteoglycan content of cartilage, but bears 

also sensitivity to the collagen fibril network91–98. Recent papers have further evidenced the 

sensitivity to PGs and compared T1ρ relaxation time with T2 relaxation time, and frequently a 

significant correlation between T1ρ and T2 relaxation time has been established (Figure 4.10). 

{Fig 4.10 near here} While the two share features, T1ρ is generally found more sensitive to 

changes in the PG concentration and to changes in degenerative status of cartilage than T2 

relaxation time. Significant spatial variation is reported for both relaxation times, though the 

pattern of anisotropy was deemed different for the two relaxations96. Feasibility of in vivo 

implementation of T1ρ imaging has been also demonstrated by several authors93,95,96 (Figure 

4.11). {Fig 4.11 near here} Owing to the observed sensitivity to PGs, T1ρ relaxation time has 

been used to estimate the fixed charge density (FCD) in articular cartilage99,100 (Figure 4.12), as 

well as connected to the mechanical properties of cartilage12,101.  {Fig 4.12 near here} 
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A critical feature of T1ρ characteristics is its dependence on the magnitude of the spin-lock 

field (Figures 4.1e and 4.1f), which is a phenomenon termed as T1ρ dispersion. As one can see 

from Eq. 4.3 and Eq. 4.1, when the power of the spin-lock field is zero, T1ρ relaxation is identical 

to T2 relaxation, which has all the classical features of T2 anisotropy. This can be appreciated 

in Figs. 4.1c,e as well (the typical T1 experiment with zero power is also sensitive to the T2* 

relaxation and the exact agreement between T2 and zero power T1 depends on the 

measurement setup). The sensitivity of T1 experiment to dipolar interaction can be 

modulated by varying the spin-lock power. For example, by increasing the spin-lock strength, 

the influence of the dipolar interaction is minimized and thus T1ρ becomes less anisotropic 

and shows higher values (e.g., with spin-lock power of 2000 Hz or higher, Fig. 4.1)102,103. It is 

worth to point out that on most clinical MRI scanners, the spin-lock field is typically limited to 

less than 600 Hz, resulting in manageable RF absorption to the subjects. Consequently, the T1ρ 

values from the clinical MRI experiments are therefore still subject to the influence of the 

dipolar interaction, and hence to the magic angle effect. This mandates caution when 

interpreting clinical T1ρ results. At the extreme of spin-lock power, the T1 experiment 

approaches T1 measurement in the laboratory frame. Figure 4.13 shows the transition from 

T2 relaxation to T1 relaxation in the laboratory frame, with T1 relaxation of different spin-lock 

powers and different sensitivities to dipolar interaction101.  

{Figure 4.13 near here} 

 

 

T1ρ relaxation time could be readily suspected to exhibit certain level of orientation anisotropy 

based on its similarity and correlation with T2 relaxation time, known to exhibit significant 
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orientation anisotropy as earlier discussed in this chapter23. The orientation dependence in 

articular cartilage, or tendons for that matter, arises from the restricted motional averaging of 

residual dipolar coupling due to the tightly organized highly anisotropic tissue 

structures23,39,102. Similar to T2 relaxation time, this dependence can be viewed both as an 

artifact hampering interpretation of a measured relaxation quantity, or as a specific means for 

inferring additional information from the tissue, particularly if a priori information can be 

utilized14. Indeed, dependence of T1ρ  relaxation time to the orientation angle of articular 

cartilage102–104 (Figure 4.10 and 4.14) as well as to the orientation of a tendon using ultrashort 

echo time (UTE) imaging105 (Chapter 17) and even of bovine nasal cartilage (BNC)44,45, has been 

demonstrated (Figure 4.15).  {Fig. 4.14 and 4. 15 near here} 

 

While T1ρ is generally considered to provide information mostly on cartilage PGs, the 

connection to the collagens is also clearly demonstrated in the orientation anisotropy of the 

relaxation. The sensitivity to orientation has been reported to decrease with increasing spin-

locking power, due to reduced sensitivity to residual dipolar interaction102,103. Alternatively, 

measurement using adiabatic spin-locking pulses has been reported to reduce the orientation 

anisotropy of T1ρ relaxation time in articular cartilage104.  

 

4.4 Different relaxation mechanisms in T1ρ 

Two main relaxation mechanisms can be identified for T1ρ relaxation. These are the dipole-

dipole interaction, and the chemical exchange. While the former is the generally accepted 

source of the so called magic angle effect partially responsible for the relaxation anisotropy 

seen in T2, as well as in T1ρ, the role of the latter interaction is more controversial.  A wealth 
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of literature with different views exists on the role of chemical exchange on T1ρ relaxation in 

cartilage tissue (see, for example Refs.32,70,102,106–108). While the exchange processes transfer 

magnetization between different water compartments in articular cartilage, the overall T1ρ 

values are shown to be sensitive to global characteristics of orientational anisotropy put forth 

by the collagen network32,44. 

 

4.5 Anisotropy of T1 relaxation in cartilage  

T1 relaxation is a fundamental type of relaxation describing the behavior of net magnetization 

in MRI, which characterizes the energy exchange between spins and the surroundings 

molecules, the lattice.  As seen in Fig 4.1d, T1 in articular cartilage is nearly isotropic (i.e., 

exhibits no dependence on the orientation of the sample relative to B0) and also has a much 

more uniform profile across all tissue zones. 

 

4.5.1 Pre-contrast T1 relaxation time 

In NMR relaxation process, the perturbations of the net magnetization along z-axis correspond 

to changes in spin state populations. T1 relaxation responds to local magnetic microscopic field 

perturbations occurring at the Larmor frequency, where the frequency of the molecular 

motions can be described as64 

𝑅1 =
1

𝑇1
= 2𝐴 [

𝜏𝑐

1+𝜔0
2𝜏𝑐

2 +
4𝜏𝑐

1+4𝜔0
2𝜏𝑐

2],     (Eq. 4.4) 

where A is as described above. The main difference between T1 and T2 relaxation is that T1 

relaxation does not contain the extra τc term without ω0 dependence, i.e. T1 relaxation does 

not carry similar sensitivity to slow molecular motion, but instead is the most sensitive to 

molecular motion occurring at or close to the Larmor frequency (ω0τc = 1).  
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In articular cartilage, the T1 relaxation time has been very often considered constant, or at 

least spatially homogenous109–111 and demonstrated to be orientationally isotropic23. The lack 

of consideration for T1 relaxation as a meaningful parameter for the assessment of cartilage is 

likely due to the common view that it is mostly nonspecific110. However, the results in literature 

suggest otherwise: while the orientational isotropy was demonstrated, there’s strong evidence 

that spatial and especially specimen-to-specimen T1 relaxation times of articular cartilage are 

not constant and homogenous. The spatial anisotropy of T1 relaxation in cartilage has been 

demonstrated in depth-wise changes, but also as specimen-to-specimen variation by 

correlation with physical properties of the specimens13,101,112–115 (Figure 4.16). Sensitivity of 

native T1 to compression of articular cartilage has also been demonstrated116 (Figure 4.17).  

{Fig. 4.16 and 4.17 near here} 

 

Also, native T1 relaxation time has been shown to vary in vivo117, demonstrating especially the 

depth-wise spatial anisotropy of T1 relaxation, but also anisotropy over different joint surfaces. 

In specimen investigations, T1 relaxation time frequently appears, perhaps somewhat 

surprisingly, as one of the best MRI parameters in terms of sensitivity and specificity to cartilage 

alterations118,119 or as one of the MRI parameters that significantly correlates with a reference 

property such as water content114, mechanical stiffness101  or other properties113. Nonetheless, 

native T1 relaxation time is rarely used as an independent biomarker in in vivo studies, while it 

is sometimes measured as part of the dGEMRIC experiment (see below).120 

 

4.5.2 Delayed gadolinium enhanced MRI of cartilage (dGEMRIC) 
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A very specific T1 relaxation method is the measurement of the relaxation time with the 

presence of a negatively charged contrast agent Gd-DTPA2- in cartilage (see also Chapter 5). 

Since articular cartilage carries a very high fixed negative charge density (FCD), the distribution 

of the negatively charged contrast agent into cartilage is significantly affected by the this native 

charge distribution, which in turn, is specifically accrued by the proteoglycans110,111. This makes 

the concentration of the contrast agent in cartilage follow inversely the PG content. More 

importantly, since the concentration of the contrast agent is tied to the change in T1 relaxation 

time due to its relaxivity109, the concentration may be solved by measuring the T1 relaxation 

time without and in the presence of the sagent. The concentration of the contrast agent is 

related to the change in T1 relaxation time as 

[Gd] =
1

𝑟1Gd
[

1

𝑇1Gd
−

1

𝑇1
],  (Eq. 4.5) 

 where r1Gd is the T1-relaxivity of Gd-DTPA2- in cartilage and T1Gd is the T1 relaxation time in the 

presence of the contrast agent. The concentration can be further converted to PG 

concentration (or glycosaminoglycan, GAG concentration) by assuming ideal electrochemical 

equilibrium between the contrast agent and the tissue, as well as connecting it to the tissue 

FCD and further to the GAG concentration110.  

 

The initial contrast enhanced MRI  studies of cartilage used 23Na MRI as the reference marker 

for FCD in cartilage. To date, sodium MRI likely remains the most specific MRI method for 

cartilage PG content, but is, however, severely limited in its use due to the poor SNR 

characteristics as well as very specific hardware requirements. This method, termed delayed 

gadolinium enhanced MRI of cartilage or “dGEMRIC” has been proved very sensitive and 

specific to the PG content of cartilage by numerous studies11,41,111,113,121. The method has been 
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investigated in vivo for example for the osteoarthritis of the knee122–124, for surgical repair125 

and for osteoarhtritis of other joints126,127. The results obtained with the method have also 

been succesfully correlated with the biomechanical properties of articular cartilage11,13,113,128–

130. The spatial anisotropy of T1 in the presence of gadolinium is clearly appreciated by its 

sensitivity to the PG content and its spatial distribution41,113,128 (Figure 4.18). {Fig. 4.18 near 

here} 

 

Nonetheless, there has been concern about the specificity of dGEMRIC for PGs in the in vivo 

setup. Complicated pharmacokinetics and diffusion properties of cartilage, as well as partial 

agreement of T1 data acquired with charged and uncharged contrast agents suggest that other 

factors besides the fixed negative charge affect T1 relaxation in the presence of a charged 

contrast agent131–134. More recently, interest towards the dGEMRIC technique has reduced 

partially in light of reported cases of nephrogenic systemic fibrosis, a life-threatening condition, 

after exposure to certain gadolinium-containing contrast agents. However, these cases have 

only occurred in patients with severely limited renal function135,136. 

 

One particular feature in the original dGEMRIC protocol was an arbitrary scaling constant of 

two110, which was needed to make the experimentally determined glycosaminoglycan 

concentration values between MRI and histochemistry agree with each other. This arbitrary 

scaling factor was recently found to be unnecessary137. Although this scaling factor does not 

affect the qualitative imaging study of cartilage lesions in MRI, it could introduce significant 

error in a quantitative study of cartilage and its degradation, especially when the MRI results 
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are correlated with independent measurements from for example histochemistry or mass 

spectroscopy138. 

 

One potential reason for overlooking T1 relaxation time is the general lengthiness of the 

measurement procedure, especially if both native and contrast enhanced T1 relaxation times 

are to be measured. The commonly accepted “standard” method for measurement of T1 

relaxation is inversion recovery (or saturation recovery) sequence. Inversion recovery 

sequence relies on applying an inversion pulse and then sampling the z-magnetization at 

several intervals after the inversion, thus measuring the T1-recovery curve. Several methods 

for faster quantification, such as Look-Locker139 and variable flip angle (VFA)140, have been 

developed. Especially for in vivo applications, faster methods, such as the three-dimensional 

versions of the previous141,142, or other rapid methods143  are necessary. In addition to fast 

acquisition, the possibility to measure the T1 relaxation times of the shortest T2 species using 

UTE144 or sweep imaging with Fourier transformation, SWIFT115,145 may provide additional 

information of other musculoskeletal tissues besides cartilage. (see Chapter 17 for a discussion 

of the measurement of short-T2 specimens) 

 

 

4.6 Sensitivities in Practical Relaxation Measurement 

Typically, relaxation time values in one type of tissue are compared to the adjacent tissue (e.g., 

lesion vs. healthy cartilage). Previously, it was noticed that neither the percentage ratio of 

relaxation changes nor the absolute change were reliable indicators for the sensitivity of the 

measurement, due to two practical factors in the relaxation measurement: the influence of the 

experimental noise and the unreliability of low value relaxation measurement. For example, 
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when T2 changes from 2ms to 4ms, it would be a 100% change. However, this 100% change at 

a low relaxation value of several milliseconds could contain a large error from the influence of 

experimental noise and the intrinsic unreliability of determining short relaxation times in MRI 

when the echo-time (TE) of an imaging experiment is at least several milliseconds or longer. To 

better determine the sensitivity of any relaxation measurement, a parameter called sensitivity, 

has been defined103 as, 

 Sensitivity = Percentage_Ratio x Absolute_Change (Eq.4.6), 

where the Percentage_Ratio is (Tafter – Tbefore)/Tbefore, and the Absolute_Change is (Tafter – Tbefore) 

in ms in this equation (T could be any type of relaxation time, e.g. T1, T2 or T1).  

 

This sensitivity parameter, describing normalized change has the form of an equilateral 

hyperbola and can be plotted as a set of 2D contours (Fig 4.19), where each hyperbola equals 

a constant sensitivity and the diagonal line points to an increasing sensitivity103.  A set of 

experimental T2 and T1 data with different comparison conditions demonstrate the use and 

interpretation of the sensitivity parameter (Figure 4.19). Any group of data points that are close 

together implies less variability in sensitivity. Any data point that is near one of the axes or the 

origin is insensitive or inaccurate in the relaxation measurement. {Fig. 4.19 near here} 

 

4.7 Conclusions 

Relaxation anisotropy in MRI occurs widely in cartilage tissue and manifests itself directly in 

different relaxation parameters to a varying degree. As a classical example, T2 relaxation time 

is most sensitive to the collagen anisotropy, collagen content and tissue hydration, whereas T1 
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is shown to yield little anisotropy. The sensitivity of T1ρ, on the other hand, reflects 

dependence on both PG content and collagen orientation of the sample, and is modulated by 

the measurement setup. On top of this, a plethora of methods, such as sodium MRI146–148, 

chemical exchange saturation transfer (CEST)149,150, magnetization transfer (MT)151,152, 

relaxation along a fictitious field to nth order (RAFFn)153, to name a few, reflect different 

sensitivities and specificities towards relaxation anisotropy of the cartilage tissue, many yet to 

be investigated. Thus, to yield the overall characteristics of relaxation anisotropy throughout 

the cartilage reflecting different physiological, biophysical, and biochemical conditions, multi-

parametric MRI approaches101,118 have been developed. Complementary theoretical methods, 

such as theoretical modeling and simulations on model cartilage systems55,154 are expected to 

yield additional insight into the relaxation anisotropy characteristics of cartilage. In conclusion, 

the relaxation anisotropy research of cartilage looks bright owing to the different tissue 

characteristics probed by different relaxation times, with a wealth of interesting physical 

phenomena still to be discovered.  
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Figure 4.1. The depth-dependent structures and properties of canine humeral articular 
cartilage by MRI. (a) Diagram of cartilage showing the collagen fibrils (short lines) in different 
histological zones and the chondrocytes (circles and ovals) (not to scale). (b) Approximate 
water concentration and depth-dependent compressive modulus in cartilage. (c) T2 anisotropy 
profiles of articular cartilage at different specimen orientations (0° is when the articular surface 
is perpendicular to the magnetic field direction). (d) T1 profiles of articular cartilage at two 
specimen orientations. (e) and (f) T1ρ profiles of articular cartilage under three different spin-
lock powers at 0° (e) and at 55° (f). (g) Self-diffusion profiles of articular cartilage when the 
diffusion gradient is applied in two different directions. (Figure directly taken from Figure 1 in 
Ref. 33) 

 

Figure 4.2. Rotation of an osteochondral sample in static magnetic field (Figure modified after 

Fig. 3 in Ref. 57)  
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Figure 4.3. Correspondence between T2 relaxation and birefringence of collagen network as 
determined by PLM. T2 relaxation time is not associated with proteoglycan content, as 
measured by optical density (OD) of Safranin-O staining (Figure adapted from Figure 3 in Ref. 
24) 

 

 

Figure 4.4. Effect of enzymatic treatment on depthwise T2 profile. Superficial degeneration of 
collagen network with collagenase causes an elongation of T2 relaxation time while PG 
cleavage by chondroitinase does not alter T2 relaxation time (Figure taken from Figure 4 in Ref. 
71) 
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Figure 4.5. Variation of collagen arrangement as manifested by T2 mapping and polarized light 
microscopy at central to peripheral joint surface of a young beagle. (Figure modified after 
Figure 1 in Ref. 73) 

 

 

Figure 4.6. Maturation- and species-related variation in collagen anisotropy as revealed by T2 
mapping and polarized light microscopy (Figure directly taken from Figure 2 in Ref. 13) 

 

 

 

 



 27 

 

 

Figure 4.7. Varying number of collagen-related laminae at different age as determined by T2-
weighted MRI (see Ref. 80) 

 

 

 

Figure 4.8. Typical spin-lock T1ρ sequence.  

 

 

Figure 4.9. Dispersion of T1rho relaxation times in normal and enzymatically treated cartilage. 
(see Figure 2 in Ref. 88) 
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Figure 4.10. Depth-wise T1rho profiles over the cartilage depth. Articular surface is to the left 
and bone-interface to the right. (Figure adapted from Figure 2 in Ref. 103) 
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Figure 4.11. In vivo T1ρ (c) and T2 (d) maps of a patient with advanced OA (KL score of 4) 
demonstrating spatial and topographical anisotropy of T1ρ relaxation time. (Figure adapted 
from Figure 3 in Ref. 96) 
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Figure 4.12. Correlation of normalized FCD and T1ρ (R1ρ) relaxation data in natural OA model. 
(Illustration taken from Figure 6 in Ref. 99) 

 

 

 

 

Figure 4.13. T1ρ maps of human cartilage specimen acquired at different spin-lock powers 
along with T1 and T2 maps of the same specimen. Clear spatial anisotropy of T1r relaxation 
time is appreciated, as well as transition from T2-appearing to T1-appearing with increasing 
spin-lock power. (Figure is based on Fig. 2. in Ref. 101) 

 

 

 

Figure 4.14. Orientation anisotropy of T1ρ. The curves show T1ρ relaxation rate profiles over 
the depth of bovine articular cartilage obtained at different angles of the cartilage surface 
normal with respect to B0. The middle region demonstrates the highest orientational 
anisotropy and likely reflects high organization of the tissue in the region. (Figure is based on 
data in Ref. 104) 
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Figure 4.15. Orientation dependence of T1ρ in bovine nasal cartilage. A) Two orientationally 
distinct options for preparing BNC specimen, B) T1ρ relaxation time in native tissue as a 
function of orientation and spin-lock power and C) in degraded tissue. (Figure adapted from 
Figures 1 and 2 in Ref. 45) 

 

 

 

Figure 4.16. T1 relaxation time profiles over cartilage depth from surface to bone. Overall 
decrease from the surface to deep tissue is observed. (A) profiles from normal and 
spontaneously degenerated bovine patellar cartilage (Illustration from Figure 3 in Ref. 113) 
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Figure 4.17. T1 relaxation time profiles over cartilage depth from surface to bone under static 
compression. Under compression the T1 values of the tissue reduce significantly, both as the 
function of tissue depth and the function of mechanical strain. The most superficial zone has 
the largest reduction in T1; under a modest compression of 14%, the T1 in the superficial tissue 
can reduce by up to 68%. (Figure directly taken from Figure 2 in Ref. 116) 

 

 

 

Figure 4.18. T1Gd profiles together with optical density (OD) profiles, reflective of proteoglycan 
content over the cartilage depth in cartilage specimens of normal and advancing degeneration. 
(Figure adapted from Figure 4 in Ref. 113) 
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Figure 4.19. The sensitivities of T2 and T1rho relaxation values in a microscopic MRI study of 
native and trypsin-degraded articular cartilage, before and after being soaked in 1mM Gd-
DTPA2- solution. Each hyperbola contour equals a constant Sensitivity based on Eq. (4.6) (D = 
cartilage degraded in trypsin, N = native healthy cartilage, Gd = cartilage soaked in gadolinium 
contrast agent, 0.5kHz and 2kHz refer to the spin-lock fields in the T1rho experiment) The MRI 
data points that are not close to any of the axes or the origin have better sensitivity to tissue 
degradation. (Figure directly taken from Figure 5 in Ref. 103) 
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