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Osteoarthritis and magnetic resonance imaging:

potential and problems
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Magnetic resonance imaging (MRI) is in its
infancy. Despite widespread clinical appli-
cations it has enormous unrealised potential.
Unlike all other imaging modalities, it is
intrinsically a varied technology that has to be
engineered for each problem investigated.
Present imaging using whole body systems
lacks specificity and resolution, but this should
eventually be overcome using tailor made
dedicated equipment such as specialised
surface coils and targeted gradient coils. MRI
offers potential for in vivo non-invasive
measurement and imaging that may revol-
utionise the understanding of osteoarthritis
(OA). Currently, there are no known physio-
logical hazards associated with the magnetic
field and gradient strengths used in routine
MRI systems, and there is no other non-
invasive method that allows repeat imaging of
specific aspects of the joint without the use of
ionising radiation and hence promises insight
into the interactions between the different
structures or the processes that are involved in
joint physiology and pathology. Understanding
the potential of MRI to investigate OA requires
an insight into the physics of the technique.

Basic physics of MRI

Nuclear magnetic resonance (NMR) was
developed as a method for studying the atomic
nucleus and chemical composition of
materials.! 2 With the development of methods
of localising nuclear signals, it was extended to
imaging.> MRI is primarily concerned with
mapping the distribution of protons within
hydrogen atoms.* When protons, which spin
on their axes and possess a magnetic moment,
are immersed in a homogeneous magnetic field
(B,) they precess around the field with
orientations allowed by quantum mechanics
that are parallel and anti-parallel to the field
corresponding to low and high energy states.
The frequency of the precession is given by
w, =vYB,, where v is the ratio of the magnetic
moment of the nucleus to its angular
momentum. The majority of commercial
imaging systems operate in the range of values
of B,=0-5-1-5 Tesla (T), the corresponding
proton precessional frequencies being 20-60
MHz.

If the protons are exposed to a pulse of
radiofrequency radiation in a plane perpen-
dicular to B,, they are displaced from
equilibrium and precess around B, in the plane
of the radiofrequency radiation. After the
radiofrequency pulse is switched off, the

protons return to equilibrium with a process
that involves the dephasing of the spinning
protons relative to each other, and one that
restores the equilibrium of low and high energy
states. The former process, spin-spin relax-
ation, is determined by a constant, T2; the
latter, spin-lattice relaxation, by a constant,
T1. Both T1 and T2 vary and depend on a set
of parameters such as tissue composition, field
strength, and temperature. As the spinning
protons relax back to equilibrium, their
associated magnetisations vary in time and
space. This can induce a current in a coil of
wire wound round the sample. To derive data
for MRI experiments, this signal is amplified
and its amplitude, frequency and phase
measured. Figure 1 illustrates this process.

The proton precessional frequency (the
Larmor equation) is influenced by different
chemical environments which produce a
shielding effect on the proton, such that the
Larmor equation becomes w = yB, (1 - 8); B, is
the applied field and 3 is a shielding factor. The
shielding factor gives information about the
chemical composition of the material and is the
basis of magnetic resonance spectroscopy.

The position of the protons giving rise to the
MRI signal can be identified by applying
magnetic field gradients across the sample.
The gradient causes the resonant frequency to
vary with spatial position according to the
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Figure 1 (a) Water protons spinning and precessing in
equilibrium in a static magnetic field B,; protons are
quantum particles—just a few more than half will precess
with the field (low energy state) and slightly less against the
field (high energy state). (b) This equilibrium distribution
can be represented diagramatically as two energy levels with
more protons in the lower level (1) than the upper level (|).
(¢) Application of a burst of radiofrequency (RF) radiation
t0 the system excites a net number of protons from the low to
the high energy state. (d) When the RF is removed the spins
return to equilibrium by emitting RF radiation—this is
detected in the MRI investigation.
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equation w =v (B, +rG,) (1-3), where r is
spatial position and G, the magnetic field
gradient [(dB,)/dr] in the direction r. In most
cases, 9 is only a small correction factor and the
equation can be written w =7y (B, +rG,); in
this way w (frequency) is proportional to r
(position) for constant B, and G,. Applying
magnetic field gradients to an object, the
frequency of precession of the protons is
proportional to position (fig 2). By appropriate
manipulation of gradients in three orthogonal
directions during excitation of the protons, and
collecting signals obtained from a sample when
the protons relax back to equilibrium, an image
of spatial variation of the proton density can be
produced.

The images are generated by Fourier
transformation of the time varying data giving
the frequency distribution of the protons in an
object. Images are generated with 64 X 64,
128 X 128, 256 X 256 or 512 X 512 pixels (or
variations of these), with varying section
thickness according to the resolution required.
The signal in each pixel is a function of B,, T'1,
T2, and proton density.

The imaging experiment takes time. In
particular, it is limited by acquisition of phase
encoding data. During this time there is a
problem with movement altering spatial
relationships, for example movement from the
patient, and flow of protons in tissues by such
activities as perfusion and diffusion; resonant
protons will move within or out of the selected
slice. This problem of movement can be turned
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Figure 2 (a) The application of a magnetic field gradient to two tubes of water in a
magnetic field B, at positions r; and r, endows the protons within them with different
Larmor frequencies, w; and w,. (b) The time varying signals received from each sample
after excitation with a burst of radiofrequency (RF) radiation will have different rates of
variation because the RF radiation emitted is determined by the magnetic field strength. (c)
The combined signals will superimpose and give a more complicated time varying pattern
which can be analysed using a Fourier transform. (d) In this case two frequencies, w, and
w;, will be present and since field strength (and Larmor frequency) is proportional to
position, w; and w, can be directly related to the positions of the tubes of water r; and r,.
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to advantage to give information on flow and
perfusion or diffusion.

Pulse sequences

The MRI experiment is usually designed to
generate signal and signal contrast between
tissues at adequate resolution. This is achieved
by selecting appropriate radiofrequency and
magnetic field gradient pulse sequences, field
strength, pixel size, and slice thickness. There
are a bewildering variety of pulse sequences
used to generate images. The common pulse
sequence used is spin-echo. This sequence
rephases protons dephased by magnetic
field inhomogeneities and thereby increases
signal. However this rephasing takes time
and thus the experiment takes too long to
capture enough signal from tissues with very
short T2, such as hyaline cartilage; this is better
achieved with gradient-echo pulse sequences.
However the gradient-echo image is potentially
distorted by the magnetic susceptibility
differences of tissues in high magnetic fields.
Optimum tissue discrimination particularly
between effusion, cartilage and soft tissue has
been explored with modifications of these
pulse sequences.’

Flow and diffusion imaging

The MRI experiment can yield flow
information in two ways: first, by measuring
signal in an adjacent slice to give a time of flight
angiograph;® and second, by measuring
changes in phase of the MRI signal during the
application of a field gradient. If two oppositely
directed gradient pulses are applied, all protons
that have not moved will have their phase
induced by the first exactly cancelled by the
second pulse. If a proton has moved, this will
be incomplete, and a net phase shift
proportional to velocity can be observed. When
information is obtained in all three planes
patterns of flow can be built up; again, motion
will distort the images obtained.’

A similar phase change method gives
information about non-directional movement
(primarily, diffusion). Longer duration phase
encoding gradients are needed, as the distances
are smaller. If the voxel (three dimensional
pixel) is large, this apparently random
movement will include capillary flow; it
measures the incoherent displacement, as
opposed to the coherent displacement of flow
and thus is termed intravoxel incoherent
motion.? Enhanced information on flow can be
produced by using contrast agents that alter the
relaxation characteristics of the moving fluid.

Biochemistry

The chemical shift effect produced by the local
molecular environment of protons causing
changes in the magnetic field they experience
allows information about the tissue com-
position to be derived. The abundance of
protons in organic molecules means that the
proton is the most attractive atomic nucleus to
measure. Other atoms with intrinsic spin, such
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as phosphorous-31 and sodium-23, can also be
used.® Similarly, the non-radioactive carbon-
13 can be used as a tracer compound for in vivo
experiments. The concentration of these nuclei
is approximately 1000 times less than that of
water and thus the signal is much reduced. At
present this means that volumes of approxi-
mately 15 ml are needed for in vivo
phosphorous spectroscopy, but as techniques
improve this may be reduced to a more physio-
logically appropriate size, particularly for in
vitro analysis.

Tissue hydration

Water is an ideal molecule to study with MRI.
In OA, hydration changes in the cartilage are
striking. Both experimentally and in analysis of
OA samples, there appears to be an initial
increase in water and then, in severe disease,
a loss. This should be reflected in changes in
the T2 and T1 of the tissue,'® and conse-
quently, measuring tissue T1 and T2 provides
information on the organisation of their water
content.'!

In OA, T1 changes in cartilage have been
explored in vitro and related to water content
and histological scale of severity.'? It was found
that T1 values for cartilage less than 2-5 s
(measured at 9-6 T—this was an experimental
system, not a clinical one) appeared to be
associated with early OA, but greater values
may also relate to early stages of the disease
process, when a higher percentage of free water
is present. Improvements to imaging tech-
niques are being made and in vitro studies of
bovine cartilage have shown differences in
water concentrations between superficial and
deep layers.'?

High resolution

To image a tissue in which changes are focal
and at microscopic level requires high
resolution MRI. Images of tissue down to
100 pm can be achieved'*'® using magnetic
field strengths of 0-5-4-7 T; higher resolution
imaging is being considered, but movement of
subjects is difficult to control below this level.
For further improvements, the problems of
water diffusion and blood perfusion will have
to be addressed, as these degrade images. The
major problem however, is that MRI has a poor
signal to noise ratio; it is intrinsically an
inefficient system. Noise derives from the
imaging system and from the subject. The
former source includes problems with
hardware, such as stability of the magnetic field
gradients, and the development of eddy
currents in superconducting magnet system,
while the latter includes motion artefact. Signal
can be improved by increasing field strength
and by improving signal acquisition with
specifically designed surface coils; however, as
field strength is increased, artefacts caused by
susceptibility changes in tissues are more
pronounced, and thus image interpretation
must be undertaken with care.'> Much of the
body, including deep and large joints, is too
remote to allow high resolution imaging.
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Joint movement

Joints are intrinsically dynamic structures,
and their failure in OA must relate to
movement. The static frame of most imaging
systems means that this tends to be ignored.
The knee is seen and studied in extension, and
serial images can be built up from conventional
images to give a dynamic picture. Faster
imaging by ultrafast spoiled GRASS
imaging'” '® and echo planar imaging make real
time imaging possible, but again there is a
problem with low signal for high resolution.'®
This technique has allowed variation in patella
tracking to be identified, and showed the
importance of failure of normal tracking in the
earliest phase of flexion.

MRI imaging of joint structures

CARTILAGE

Cartilage should be an ideal tissue for proton
MRI imaging. It is largely water, held by the
hydrostatic attraction of proteoglycan mol-
ecules trapped by a network of collagen.? The
proteoglycans form a gel, with water bound to
the molecules and hydration shells developing
around the bound layer.?! The effect of the
organisation of water in relation to macro-
molecules has been demonstrated with type II
collagen.?? 2> Water away from the hydration
sphere is essentially ‘free’, while that close to
macromolecules is bound. The spin-spin
relaxation time of these water protons is heavily
dependent on the relatively static environment
of the macromolecules—this produces short
T2 values. T2 and T1 measurements of
dextran and polyacrylamide gels are sensitive
to pore size, with a critical size, G25, at which
the relaxation times increased.?*

BONE
The imaging of bone poses a problem. The
calcified matrix has a T2 that is short, thus at
present signal is impossible to capture and is
imaged as a signal void. The signal void varies
with the thickness of the bone and should
reflect the subchondral sclerosis of OA. Bone
marrow produces a signal; the pattern may
provide information on the organisation of
bone. In OA, the marrow becomes hyperaemic
with venous congestion; these changes should
be detectable as changes in hydration, flow, or
diffusion.

The specific problems of imaging bone are
partial volume effects, susceptibility, and
chemical shift of bone marrow fat signals. As
noted previously, the chemical shift is a
function of the chemical environment of
protons; those associated with water have a
Larmor frequency shift of 3-5 ppm compared
with those associated with fat. As localisation
is dependent on the phase and frequency of the
MRI signal, positional data will differ for the
two types of tissue in the same position: one
associated with water, the other with fat. The
difference will increase with increasing
magnetic field strength; at low resolution this
may be a small shift for large structures, but
with increased magnification the effect
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Figure 3  Part of a three dimensional set of images through
the thumb joint of a normal volunteer taken with a
gradient-echo sequence with TE = 6 ms and TR = 200 ms.
The arrows indicate the different thickness of signal void
generated by subchondral bone and the chemical shift of
bone marrow fat signal into this area. Reversal of the
magnetic field gradient would reverse this asymmetry of the
signal void around the bone ends.

becomes a significant distortion. The direction
of the shift is dependent on the magnetic field
gradient direction, and thus will alter with the
orientation of the tissue in the magnetic field.
In figure 3 subchondral bone images as a void;
this is larger on one side of the joint compared
with the other—an asymmetry that reverses
with reversal of the field gradient. Distortions
also occur from the marrow signal moving into
the true trabecular bone structure. A number
of methods have been proposed to try to
remove the distortion by imaging fat and water
separately.?>-28

Most images of the marrow fail to resolve the
boney microstructure and each voxel will be a
varying mix of the signal from water, fat, and
the void generated by bone. Quantitative
chemical shift imaging shows promise in
demonstrating overall effects in the marrow,
but better resolution is needed to identify the
component structures.? The proportion of fat,
red haematopoietic marrow and bone vary with
age; it has also been found that the effective T'1
and T2 vary with age.*

Bone is a diamagnetic material that will alter
the local value of the magnetic field strength
when immersed in a static field B,.?' This has
two effects: loss of signal because of reduction
of T2, and geometric distortions.>? Experimen-
tally, this can be demonstrated as a change in
T2 when water is mixed with powdered bone—
there is little alteration in T1.3* Spin-echo
sequences rephase static imhomogeneities in
the magnetic field, and thus reduce this effect.
The change in T2 may be used to give
information on changes in the bone content
and structure of trabeculae;** it may also
explain changes in bone marrow signal
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between the end and middle of long bone
where there is relatively more trabecular
bone.*

TENDON AND SOFT TISSUES
Tendon also has a short T2 and is imaged as
a signal void. Contrast around tendons
increases with increase in signal from the
sheaths, relative to the tendon signal void, but
if the fibrous tissue gives a signal the contrast
is reduced and structures such as the triangular
ligament of the wrist will be lost as they become
isointense with the surrounding tissue.’® As
structures move, the effect of structural
orientation within the field may produce
distortion of the image. Orientation is
important in determining effects such as
chemical shift and susceptibility, as observed in
the change of shape and signal of tendons with
orientation.’” It has been suggested that the
orientation of the collagen fibrils gives the
tissue a structural anisotropy which changes
T2 with tendon orientation.>®

MRI in osteoarthritis

The use of routine clinical MRI machines
(0-5-2:0 T) in investigating OA has been
limited and primarily concerned with the
identification of anatomical changes—it Kas
allowed access to deep axial joints.*’

Most studies in man have been preliminary
assessments and have studied the knee.
Changes in soft tissue, particularly in the
menisci, have been identified. Spin-echo
sequences show fibrocartilage as signal void,
but changes in the meniscus, allowing an
increase in free water, give increased signal
contrast; this may be associated with a tear or
mucinoid degeneration.** MRI studies which
show the ligaments and relationships between
cruciate instability, meniscal lesions, cartilage
thinning, and bone change are now being
reported.*! In OA, meniscal changes seem to
be common, with abnormal and varied signals
also being seen, relating to subchondral cysts
and osteophytes.*? It is not clear how well
arthroscopy correlates with these MRI features
of OA.* In post-traumatic OA, MRI may
reveal an occult fracture.** Figure 4 shows a
typical MR image of a knee joint in a patient
with osteoarthritis.

In the hip, spheroidal cartilage cuts the
imaging plane. This increases the risk of partial
volume effects, which throws into question the
accuracy of the small number of studies
completed which explore the value of MRI in
grading hip disease.® Using gradient-echo
fast imaging steady state procession (FISP)
sequences, thinning of the cartilage and focal
intensity changes could be detected in elderly
volunteers, suggesting that it might be possible
to detect early presymptomatic change.
However, more formal studies of cartilage have
demonstrated a lack of precision when using
MRI for quantitative measurements.

Interpretation of the MRI changes is
difficult. Initial studies comparing MRI with
other imaging modalities demonstrated the



Osteoarthritis and magnetic resonance imaging: potential and problems

Figure 4 Spin-echo images of an osteoarthritic knee. The
sequence used had a TR of 500 ms and TE of 25 ms and
slice thickness of 4 mm. The image illustrates: cartilage (C)
as grey but partial volume effects and lack of contrast with
synovial fluid makes the edges unclear; an area of decreased
marrow signal in subchondral bone sclerosis (S); and (O)
osteophyte formation.

variation in MRI features and difficulty in
understanding change in relation to techniques
that focus primarily on bone change.®® MRI,
however, also allows study of changes early in
the evolution of disease, demonstrating in vivo
changes that could previously only be inferred
from pathological study.”’ The process of
interpretation is restricted by poor resolution
and tissue discrimination; improved higher
resolution imaging should overcome this and
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show early changes in joint and periarticular
structures, for example a growing Heberden’s
node (fig 5). A similar variation and problem
of interpretation has been found with analysis
of osteoarthritic synovial fluid.>?> In the
temporomandibular joint, MR has suggested
much more frequent degenerative change
which may be the basis of facial skeleton
remodelling.>?

Cartilage in other diseases

Experience in other bone and cartilage
disorders suggests considerable information
may be derived from conventional MR
scanning used in routine clinical practice. In
Perthe’s disease of the hip, an increase in
cartilage thickness has been identified,** in
addition to early cartilage fractures after
avascular necrosis.”> Chondromalacia shows
changes similar to fibrillation and cartilage
cratering, but at low resolution confidence in
defining early change has been poor.>**° In
allogenic cartilage transplants, spin-echo
imaging shows bone, but gradient-echo
sequences illustrated cartilage degeneration
and oedema;®® in trauma, subchondral bone
bruising, undetected cruciate tears, and
subchondral fracture are identified by MRI,
suggesting greater sequelae than has previously
been appreciated.®!

The accuracy of resolving defects in cartilage
has been addressed by several workers, with
conflicting reports concerning identification of
cartilage thinning, craters, and fibrillation.
Gadolinium contrast medium is needed to
identify small full thickness 2 mm lesions on
T1 weighted images, but even 5 mm lesions
were occult on T1 weighted images without
gadolinium.®? Other studies of 3 mm slice

Figure 5 Left: Part of multi-slice two dimensional set of images through the thumb joint of a patient suffering from

osteoarthritis, using a gradient-echo sequence—the osteophyte formation was not revealed by x radiography. Right: Part of
three dimensional set of images of the distal interphalangeal joint of a patient suffering from osteoarthritis, showing unequal
distribution of cartilage thinning.
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thickness spin-echo images (TR 600ms, TE
17ms) with a resolution of 095 mm per pixel
and B, of 1 T suggested 1 mm lesions could
be identified. The gross cartilage appearance
was well demonstrated and cartilage thickness
variation of 1 mm could be defined.®® Use
of T1 weighted fat suppression spin-echo
sequences has been suggested to enhance
lesion detection in hyaline cartilage.®*

Experimental OA

Anterior cruciate OA shows MRI changes in
cartilage with thickening paralleling biochemi-
cal activity.®® Changes may be detected at four
weeks, before any radiographic features have
developed.®”” Three dimensional gradient-echo
imaging®® *° has been used to monitor cartilage
change; this was successful only in the late
stages of disease. In bovine patella cartilage,
use of both T1 and T2 weighted pulse
sequences permitted detection of two layers in
cartilage, correlating with the tangential and
transitional zones. Differential effects on the
signal with pressure and in early degenerative
change have suggested that there was increased
hydration in the superficial layer.” Injection of
papain into a joint to induce OA produces a
loss of signal and a narrowing of the cartilage,
which can be partly resolved.”’ Quantitative
MRI has been used in the study of rhesus
macaques’? and the analysis of the evolution of
OA of the guinea pig.”’

Summary

To date, MRI has primarily been used to study
anatomical changes, and at a resolution that
makes detailed analysis of focal change
difficult. This is primarily because cost limits
the development and use of tailor made
research systems. The detailed analysis of soft
tissue, cartilage, and bone marrow images
should provide a fruitful non-invasive method
to study OA. However, the development of
MRI methods to study movement, diffusion
and perfusion, and the spatial localisation
of spectroscopic information, promises a
revolution in the study of the living joint in
man.
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