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7.1 Indications for Musculoskeletal

MRI

MRI is a very sensitive imaging modality and fre-
quently identifies abnormalities that are not visible
on plain radiographs, CT and ultrasound. Indications
for MRI include occult fractures; early osteomyeli-
tis; soft tissue injury to joints, particularly the shoul-
der, hip and knee; bone and soft tissue tumours and
for imaging of the spine. However, not all pathology
is optimally imaged with MRI, and the sensitivity
and specificity of MRI are maximised when used in
conjunction with other imaging modalities.

7.2  Obtaining a Good Image

The acquisition of an image of high diagnostic
quality depends on multiple factors including:

e Lack of patient movement

e Use of an appropriate MR protocol

* Use of an appropriate coil

* Magnetic field strength
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Patient movement during an MRI examination
is usually due to patient discomfort or anxiety.
Padding should be used to maintain adequate
comfort during scanning, and if there is a chance
that the patient may not be able to tolerate an
entire study, it is sensible to perform the most
important sequences first. Analgesia taken prior
to an examination may also be helpful. In the
case of babies and children, or those unable to
follow commands, sedation or general anaesthe-
sia may be required. Claustrophobic patients may
benefit from referral to an open scanner, although
image quality may be slightly inferior to that of a
closed magnet.

An ideal image has a high ‘signal-to-noise
ratio’ (SNR) and good resolution (the ability to
detect small or fine structures). Unfortunately,
increasing the resolution tends to decrease the
signal and vice versa. As a result, there is always
a trade-off between the SNR and image resolu-
tion, which can be minimised with the choice of
an appropriate coil and imaging protocol.

Surface coils placed on, or volume coils placed
around, the body part of interest produce a supe-
rior signal to that produced by a body coil. While
the smallest coil possible should be used, it must
be capable of detecting signal from the entire
length and depth of the tissues of interest.

Imaging in an MRI scanner with a higher
magnetic field strength (e.g. 3T vs. 1.5T) can pro-
duce an increase in the SNR, improvement in
resolution and faster scanning times. However,
there is a greater risk of producing artefacts.

7.3  Basic MR Physics

An atom consists of a nucleus containing protons
and neutrons and an outer shell, consisting of
electrons.

Within the nucleus of an atom, the protons and
neutrons spin about their own axes. Nuclei with
an odd number of protons such as hydrogen 1,
carbon 13 and oxygen 17 are known as ‘MR-active
nuclei’, as they combine a net charge with net
spin. A ‘moving charge’ or current therefore
exists, and in keeping with the basic rules of
physics, this current induces a magnetic force.

The MR-active nuclei act as tiny bar magnets,
and the application of an external magnetic field
(as in an MRI scanner) causes their magnetic
moments to align in parallel with the external
magnetic field. The magnetic moments are also
induced to spin at a certain frequency determined
by the strength of the external magnetic field. The
magnetic moments are said to be ‘in-phase’ when
they are all at the same position in their preces-
sional path at a single point in time. Routine MRI
uses hydrogen as an MR-active nucleus because
it is abundant in the fat and water of the body and
contains a single proton, giving it a large mag-
netic moment.

When a radio frequency (RF) pulse of the
same frequency as that of the precessing hydro-
gen nuclei is applied at 90° to the direction of the
external magnetic field, resonance occurs, lead-
ing to the hydrogen nuclei absorbing energy from
the RF pulse. The magnetic moments move in
phase with each other, and the net magnetic vec-
tor (NMV) comes to lie in the transverse plane,
90° to the direction of the magnetic field.

The receiver coil also lies in the transverse
plane. A voltage (the MR signal) is induced in the
receiver coil as a result of the NMV rotating
around the transverse plane at resonance.

The RF pulse is then removed and the newly
established transverse magnetisation (and there-
fore also the MR signal) decreases, while the lon-
gitudinal magnetisation is restored to its original
state. A new RF pulse is applied and the process
is repeated.

The time taken for the longitudinal magneti-
sation to increase again following removal of
the RF pulse is referred to as the time constant
‘T1’, and the time taken for the transverse mag-
netisation to disappear is described by the time
constant ‘T2’. Typical values are T1 of 300-
2,000 ms and T2 of 30-150 ms. Water has a
long T1 and a long T2, while fat has a short T1
and a short T2.

7.3.1 TRandTE

The degree of T1 weighting of an image is con-
trolled by the repetition time (TR) — the time
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interval between two consecutive RF pulses. A
short TR maximises T1 differences, while a long
TR minimises T1 differences between tissues.

The T2 weighting is controlled by the echo
time (TE), which is the time interval between the
generation of the RF pulse and the collection of
the MR signal. A short TE minimises T2 differ-
ences between tissues, while a long TE maxi-
mises the T2 differences.

The TR and TE are measured in milliseconds
(ms).

7.4 MRImage Contrast

An image has contrast if it contains areas of high
signal intensity (white), low signal intensity (black)
and intermediate signal intensity (grey). The inten-
sity of the signal generated by a tissue depends on
its water and fat content, the proton density and the
presence of any CSF or blood flow.

The signal intensity returned by a tissue is
proportional to the size of the transverse compo-
nent of magnetisation of that tissue at resonance.

Water consists of small molecules with little
inertia, which are not able to absorb energy
efficiently, while fat consists of large molecules
which have slower motion, greater inertia and are
able to absorb energy more efficiently. It is these
differences that cause the magnetisation in differ-
ent tissues to relax at different rates when the RF
pulse is removed and is the basis for the contrast
between tissues that contain varying amounts of
fat or water.

Image contrast can also be adjusted manually
by means of manipulating other factors, includ-
ing the TE and TR.

7.5 Image Sequences

Musculoskeletal MRI examinations typically
consist of at least two sequences obtained in sev-
eral planes. Spin echo (SE) and gradient echo
(GE) pulse sequences are typically used in MSK
imaging and are used to produce T1-weighted
(TIW), T2-weighted (T2W), proton density-
weighted (PDW) and T2*-weighted GE images.

Conventional spin echo (CSE) sequences have
the drawback of long acquisition times. To over-
come this, fast spin echo (FSE) sequences are
now routinely used.

The majority of standard MRI examinations
take 20-30 min to complete, with each sequence
lasting around 5 min. Post-contrast sequences
will typically add an extra 10-15 min to an
examination.

7.5.1 T1 Weighting

T1-weighted (T1W) sequences have a short TR
and short TE. Fat, subacute haemorrhage and pro-
teinaceous fluid are bright on T1-weighted images,
but other fluids are typically of a low signal
intensity.

T1 weighting best demonstrates anatomy and
bone marrow architecture (Fig. 7.1) and is also
useful for demonstrating the presence of fat, sub-
acute haemorrhage and abnormal tissue enhance-
ment following administration of intravenous
gadolinium contrast agent. It is less sensitive
than T2W fat-saturated or STIR (short tau inver-
sion recovery) sequences for the detection of
fluid, soft tissue oedema and bone marrow
pathology.

Typical — parameters  for  TI-weighted
sequence: TE < 30, TR < 1,000, Flip angle 90
(Helms et al. 2009).

7.5.2 T2 Weighting

T2W images are obtained by using sequences
with a long TR and a long TE.

Fat is bright (high signal) on T2W FSE
sequences (unless fat-saturation techniques have
been applied) although not quite as bright as on
the TIW sequences. Normal muscle is of inter-
mediate-low signal, while fluid is very bright.
T2-weighted images are useful for identifying
fluid and general pathology, which typically
appears as high signal (Fig. 7.2).

Typical  parameters  for  T2-weighted
sequence: TE>60, TR > 2,000, flip angle 90
(Helms et al. 2009).
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Fig. 7.1
T1-weighted
sagittal image of
the lumbar spine,
demonstrating
normal hypoin-
tense cerebrospi-
nal fluid (arrow)

7.5.3 Proton Density (PD)

PD-weighted images are obtained by using
sequences with an intermediate/long TR and a
short TE, with the result that the T1 and T2 effects
are diminished.

Contrast is mainly due to differences in the
relative density of protons in different tissues.
Tissues with a low proton density are of low sig-
nal, while those with a high proton density appear
as areas of high signal.

PDW sequences are good for demonstrating
anatomy and are a good sequence for evaluat-
ing pathology of the menisci and articular carti-
lage (Fig. 7.3). However, they produce relatively
little tissue contrast and in the absence of fat
saturation, are relatively insensitive to marrow
pathology and the presence of fluid.

Typical parameters for a PD-weighted
sequence: TE<30, TR>1,000, flip angle 90
(Helms et al. 2009).

Fig. 7.2 T2-weighted
sagittal image of the
lumbar spine. The
cerebrospinal fluid
(arrow) is
hyperintense

Fig.7.3 Sagittal PDW image of the normal knee demon-
strating intermediate intensity articular cartilage (black
arrow) and hypointense meniscus (white arrow)
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7.5.4 Fast Spin Echo (FSE)

Imaging times are reduced by using fast or turbo
spin echo sequences, which can produce T1, T2
and proton density-weighted images.

Multiple RF pulses (and therefore multiple
echoes) are produced during every TR. Each
echo has a different TE, and the number of
echoes produced for each TR determines the
echo train length (ETL). A FSE sequence with
an ETL of 8 will produce an image in 1/8 of the
time of a conventional spin echo sequence (CSE).
The reduction in scan times allows the matrix
size to be increased, resulting in improved spa-
tial resolution. FSE sequences are less sensitive
to metallic artefact and patient movement arte-
fact than CSE.

Disadvantages of FSE sequences include
increased fat signal on T2W sequences which
may require fat suppression (particularly in the
subcutaneous fat), an increased susceptibility to
flow artefacts, blurring at tissue margins (particu-
larly problematic with a high ETL) and reduced
conspicuity of haemorrhage (Helms et al. 2009).

Typical parameters of FSE T2-weighted
sequence: TE: > 60, TR>2,000, flip angle 90,
ETL 2—-16 (Helms et al. 2009).

7.5.5 Fat Suppression

There are situations where it is advantageous
to reduce (suppress) the bright signal produced
by fat on T1- and T2-weighted images. This
may be to confirm the presence of fat within a
lesion, distinguish between fat and haemor-
rhage or to increase the conspicuity of fluid,
oedema or contrast agents. T1-weighted fat
saturation is routinely used pre- and post-IV
contrast administration to identify areas of tis-
sue enhancement.

The technique used depends on the specific
tissue and the clinical situation.

Frequency-selective fat suppression exploits
the differences in the resonant frequency of pro-
tons in fat compared to that of protons in water: at
1.5T, fat protons precess at a frequency 225 Hz
slower than water protons.

This technique achieves fat saturation by
applying a RF pulse at the same frequency as the
precessing fat protons, followed by a ‘spoiler’
pulse at the resonant frequency of fat, which
removes its signal. Frequency-selective fat sup-
pression can be used with any imaging sequence
and with gadolinium contrast agents. However,
the technique can only be used at field strength in
excess of 1T and is prone to inhomogeneities in
fat suppression (Delfaut et al. 1999).

7.5.5.1 Inversion Recovery

Inversion recovery (IR) sequences homoge-
neously suppress signal from specific tissue
types. IR exploits the different T1 between adi-
pose tissue and water.

STIR (short tau inversion recovery) sequences
are frequently used in MSK imaging, where
suppression of fat leads to increased conspicuity
of fluid and oedema within bones and soft tis-
sues (Fig. 7.4). The fat suppression achieved is
less susceptible to magnetic field inhomogene-
ities, is the preferred method of fat suppression
for minimising metallic artefact (Vandevenne
et al. 2007) and can be used at lower magnetic
field strengths. However, the suppression
achieved is not specific for fat alone and as a
result may also lead to suppression of proteina-
ceous fluid, mucoid tissue, haemorrhage and
gadolinium. Thus, STIR sequences should not
be used with contrast agents.

Fluid attenuated inversion recovery (FLAIR)
sequences are used as a sensitive sequence for the
detection of pathology in the CNS, as the signal
from CSF is suppressed, making hyperintense
periventricular and spinal cord lesions more
conspicuous.

Typical parameters for FSE STIR sequence:
TE>60, TR>2,000, TI 120-150, flip angle 180-
90, ETL 2—16 (Helms et al. 2009).

Opposed phase imaging relies on the fact that
protons in fat and water will not be in exactly
the same position or phase during precession,
due to differences in their resonant frequencies.
This technique is good for detecting lesions
containing small amounts of fat or water, for
example, in adrenal adenomata (Vandevenne
et al. 2007).
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Fig. 7.4 Sagittal TIW (a), T2W (b) and STIR (c¢) images of the lumbar spine. The bone marrow oedema surrounding
the compression fracture of L5 is most obvious on the STIR sequence (arrow)

7.5.6 Gradient Echo

Gradient echo (GE) sequences use a magnetic
gradient to reduce magnetic field inhomogene-
ities, in contrast to spin echo sequences where an
additional 180° RF pulse is used for this purpose.
GE sequences are generally faster to acquire than
spin echo sequences.

GE is typically used to produce a sequence
with similar weighting to a standard T2W
sequence. This is termed T2*, and although fluid
and oedema return a high signal, the appearance
of other tissues may differ from that of a standard
T2W sequence.

T1W and PD-like sequences can be produced:
as in the T2* sequence, the tissue weighting is
dependent on TR, TE and the ‘flip angle’.

GE sequences are used for optimal imaging of
menisci, articular cartilage, labrum and ligaments.
Three-dimensional (volume) acquisitions can also
be obtained using GE, particularly useful in small

joints such as the wrist (Fig. 7.5). Other advantages
include the increased conspicuity of haemorrhage,
haemosiderin-laden synovium in pigmented vil-
lonodular synovitis (PVNS) (Fig. 7.5¢), loose bod-
ies or gas. Thin section fat-suppressed gradient
echo sequences have been shown to be more sensi-
tive than fat-suppressed T1-weighted images for
detecting labral tears in direct arthrography of the
shoulder. TIW sequences were more specific in
delineating the tears, suggesting the need for multi-
sequence imaging (Lee et al. 2008).

Disadvantages of GE sequences include
increased metallic artefact, poor demonstration
of marrow pathology in the absence of trabecular
destruction and overestimation of the size of
osteophytes in the spine (Helms et al. 2009).

Typical parameters for GE Tl sequence: TE
variable, TR < 30, flip angle 70-110

Typical parameters for GE T2* sequence: TE
variable, TR < 30, flip angle 5-20 (Helms et al.
2009).



7 Basic Principles of MRI

155

Fig. 7.5 Gradient echo sequence. (a) Image of the wrist,
demonstrating the scapholunate ligament (arrow). (b) Axial
image of the glenohumeral joint demonstrating articular

7.5.7 Diffusion-Weighted Sequences

In diffusion-weighted MRI (DWI-MRI), the sig-
nal intensity of a tissue is determined by the
degree of Brownian motion of water molecules
when a magnetic field gradient is applied. DWI
provides information regarding tissue cellularity
and cell membrane integrity and is already an
established imaging sequence used in the assess-
ment of brain lesions. DWI is gaining acceptance
in MSK imaging as an aid to help distinguish

cartilage (arrow). (c¢) Gradient echo T2* axial image
through the patellofemoral joint showing hypointense syn-
ovial thickening in a patient with diffuse PVNS (arrow)

between malignant and non-malignant lesions,
including benign osteoporotic collapse vs.
malignant vertebral compression fractures and
benign vs. malignant soft tissue tumours
(Karchevsky et al. 2008). Malignant tissues show
restricted diffusion due to the high cellularity of
tumour tissue, irrespective of the degree of associ-
ated oedema and necrosis (Fig. 7.6). There is
some controversy in the literature regarding accu-
racy of DWI sequences for differentiating between
TB spondylodiscitis and malignancy in the spine,
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Fig. 7.6 (a) Coronal T1W image of the sacrum showing
ill-defined hypointensity (arrow). (b) Axial DWI of the
pelvis showing marked hyperintensity (restricted diffu-
sion) in the sacrum of the same patient (arrow), confirming

although it appears that DWI can be used as a tool
to help differentiate between pyogenic osteomy-
elitis and malignancy (Herneth et al. 2008).

7.6  Contrast-Enhanced MRI
Gadolinium (Gd) is a paramagnetic agent used to
produce intravascular, intralesional or intra-articular
enhancement. When in solution, it works by reduc-
ing the T1 relaxation time of adjacent water protons,
leading to an increase in signal on T1W sequences.
Gd is a metal that binds to membranes and cannot be
excreted in its unchelated form. To allow its excre-
tion from the body, gadolinium must be chelated
with other compounds, such as the ligand diethylen-
etriaminepentaacetic acid to form Gd-DTPA.

Side effects of IV Gd-DTPA are uncommon
but include nausea and vomiting, hypotension,
headache, rash and a transient rise in serum bili-
rubin and ferritin. Nephrogenic systemic fibrosis
(NSF) is a rare but serious complication follow-
ing the administration of intravenous gadolinium
to patients with poor renal function or in renal
failure. It starts as red, painful swellings on the
arms and legs, which may progress to form
fibrotic lesions in the skin, subcutaneous tissues
and internal organs. NSF may be fatal in severe
cases: renal impairment must be excluded with

the presence of sacral metastases. An insufficiency frac-
ture of the sacrum would show bone marrow oedema but
would not show restricted diffusion

serum creatinine and GFR measurement in
patients over the age of 60 or those considered to
be at risk of renal failure, prior to administration
of Gd-DTPA.

7.6.1 Intravenous Contrast

IV gadolinium is used to differentiate between solid
and cystic structures (Fig. 7.7), necrotic vs. viable
tissue, oedema vs. abscesses and recurrent disc her-
niation vs. scar tissue in the postoperative spine.
The degree of contrast enhancement of tissues
depends on their relative vascularity. T1 fat-sup-
pressed images both pre-contrast and post-contrast
administration are obtained.

7.6.2 MR Arthrography

Indirect MR Arthrography: IV gadolinium is
administered, with imaging performed after 10
min of exercise of the joint under investigation.
While this technique lacks the capsular distension
of direct arthrography, it is more sensitive than
non-enhanced MRI for the detection of rotator
cuff tears, meniscal tears and cartilage pathology.

Direct MR Arthrography: The joint is dis-
tended with an intra-articular injection of a dilute
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Fig.7.7 Intravenous
contrast enhance-
ment. (a) Axial TIW
image of the
proximal thighs
showing a hypoin-
tense mass in the
anterior aspect of the
right thigh (arrow).
(b) IV contrast-
enhanced T1W
fat-saturated image
demonstrating
peripheral enhance-
ment (black arrow),
with no central
enhancement (white
arrow) confirming a
solid periphery and
necrotic centre. Axial
T1 weighted (c¢) and
axial T1 weighted
fat-suppressed image
post IV gadolinium
(d) of a solid mass in
the left axilla,
showing uniform
post-contrast
enhancement (arrow)

solution of gadolinium (if a TIW fat-saturated
sequence is used) or saline (with T2W fat-satu-
rated imaging). A direct arthrogram optimally
delineates fibrocartilage, ligamentous and articu-
lar cartilage tears, for example, in the shoulder,
hip and wrist joints (Fig. 7.8). T2W fat-saturated
images in the presence of an effusion also result
in good visualisation of the labrum and ligamen-
tous structures, without administration of intra-
articular contrast.

MR Angiography: Flowing blood produces
‘flow voids’ on standard MR sequences, with
vessels commonly appearing as low signal struc-
tures. However, selective MR imaging of vessels
can be achieved using intravenous gadolinium,
combined with T1-weighted sequences (Fig. 7.9),
or alternatively time of flight (TOF) and phase
contrast techniques which allow sensitive and
reliable vascular imaging, without the need for
administration of IV contrast.
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Fig.7.8 T1W fat-saturated axial direct arthrogram of the
glenohumeral joint showing a Bankart lesion (arrow)

7.7  MRI Appearances of
Musculoskeletal Tissues
7.7.1 Bone

Cortical bone contains few mobile protons and as
a result is black on all imaging sequences
(Fig. 7.10).

Marrow contains varying amounts of fatty
marrow and haematopoietic marrow, depending
on the age of the patient and the presence of any
marrow reconversion.

Fatty marrow is hyperintense on T1W, while
haematopoietic marrow is slightly hypointense to
fat on TIW and slightly hyperintense to muscle
on all sequences.

Fat-suppressed sequences (STIR, T2 and PD
fat saturated) are the most sensitive means of iden-
tifying pathology within fatty marrow and adipose
tissue, which appears as areas of loss of fat sup-
pression (bright signal) at sites of pathology. Loss
of normal fatty marrow signal on T1-weighted
sequences also indicates pathology (Fig. 7.4).

7.7.1.1 Bone Tumours
While primary bone tumours are relatively rare,
secondary or metastatic bone lesions are a

Fig. 7.9 MR angiogram (TRICKS) of both thighs show-
ing the distal superficial femoral arteries, the popliteal
arteries and the arterial trifurcations

common clinical presentation. MRI is a useful
tool to establish the extent of involvement of
the bone and adjacent soft tissues, in conjunction
with other modalities. However, appearances
of bone lesions are frequently non-specific, and
it is often difficult to differentiate between vari-
ous tumour types, or even to differentiate between
tumour and infection. For this reason, bone
tumour diagnosis is frequently made by multimo-
dality imaging, supplemented with a bone biopsy.
Common MRI findings, regardless of the nature
of the bone tumour, are T1 hypointense/interme-
diate intensity and T2 and STIR hyperintense
(Fig. 7.11). Necrosis, haemorrhage and neuro-
vascular invasion are more typical of malignant
lesions.
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Fig.7.10 Axial TIW image
of the left glenohumeral
joint, showing hyperintense
fatty marrow in the humeral
head (black arrow) and
hypointense glenoid cortex
(white arrow)

Fig.7.11 Coronal imaging of a spindle cell sarcoma in the distal femur. STIR sequence (a), T1weighted non-contrast
(b), and T1 weighted post-IV gadolinium (¢) showing post contrast enhancement of the tumour in ¢
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7.7.1.2 Osteomyelitis

Acute osteomyelitis must be diagnosed and
treated early to prevent long-term complications.
Spread of infection to the bone may be haematog-
enous, contiguous or by direct implantation.
Patterns of spread and location of the primary
lesion within the bone depend on the age and
immune status of the patient, anatomical site and
to some extent, the type of infection (Fig. 7.12a).

MRI is the most sensitive tool for the early
detection of osteomyelitis, with the T2 and STIR
hyperintense disease indicators visible days
before any abnormality is seen on ultrasound, CT
or plain radiographs. A normal MRI has a nega-
tive predictive value of virtually 100 % for osteo-
myelitis (Helms et al. 2009). Sensitivity ranges
between 53 and 94 %.

Elevation of the hypointense periosteum occurs
as the disease progresses and the intraosseous
pressure increases. Eventually, cortical disruption
occurs, and a T2W/STIR hyperintense cloaca,
abscess cavity or sinus tract may develop. A
Brodie’s abscess is a subacute bone abscess, often
occuring in the metaphyseal regions of the lower
limbs, and sometimes extending into the epiphy-
sis. Typical findings are of a fluid signal intensity
lesion, with a T1 hyperintense margin (penumbra),
and a sclerotic hypointense rim (Fig. 7.12¢ and d)
Intravenous contrast enhancement assists with the
differentiation between oedema and an abscess,
the latter demonstrating peripheral capsular
enhancement, with a non-enhancing centre. Bone
marrow inflammation without infection frequently
displays uniform enhancement post-IV gado-
linium contrast.

Chronic recurrent multifocal osteomyelitis
(CRMO) is a disorder most common in adoles-
cents and young adults, with some imaging fea-
tures suggestive of chronic osteomyelitis, but
with no sequestrum or cloaca formation and no
organism cultured on microbiological analysis
(Jurik and Egund 1997).

7.7.1.3 Septic Arthritis

Septic arthritis should always be considered in
the presence of a monoarthritis. MRI findings of
septic arthritis are non-specific and include a joint
effusion and enhancing thickened synovium. T2/
STIR hyperintensity in the adjacent bone and soft

tissues is particularly suggestive of a septic arthri-
tis (Fig. 7.12b).

7.7.1.4 Avascular Necrosis (AVN)

Many causes of bone infarction are recognised,
including trauma, steroids, sickle cell disease,
Gaucher’s disease and alcoholism. Resulting
osteonecrosis may occur at any site within the
bone and is commonly termed AVN when present
in the epiphysis. Areas with a greater proportion
of the relatively avascular fatty marrow are more
commonly affected, such as the diametaphyses
and epiphyses (Helms et al. 2009).

MRI is the most sensitive imaging technique
for early detection of AVN, and the appearances
vary according to the stage of the lesion. MRI
abnormalities may be evident in asymptomatic
lesions (Fordyce and Solomon 1993). Marrow
oedema is seen as high signal on T2W FS and
intermediate signal on TIW images early in the
disease, with a serpiginous geographical appear-
ance developing later. Joint effusions are usually
present in cases of acute AVN.

In 80 % of cases of AVN, a high signal inten-
sity line develops on T2W images (Helms et al.
2009), adjacent to a low signal serpiginous line,
producing a ‘double line sign’. Sclerosis and col-
lapse of infarcted bone occur late in the disease
process, appearing as hypointense on all
sequences (Fig. 7.13).

7.7.2 Synovium

Normal synovium is not usually visualised on
MRI and is usually only identifiable when it is
thickened. TIW post-IV gadolinium sequences
are the most sensitive for identifying synovial
pathology (Fig. 7.14).

7.7.3 Cartilage

Articular cartilage appears as dark grey on STIR
and T2W fat-saturated images and slightly
brighter signal on PDW fat-saturated images,
which allows easy distinction between cartilage
and joint fluid (Fig. 7.15).
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Fig. 7.12 (a) Sagittal T2W image of the thoracolumbar
spine, showing abscess formation (black arrowhead), ver-
tebral collapse (black arrow) and bone marrow oedema
(white arrows) secondary to multilevel spinal TB infec-
tion. (b) Coronal STIR image of the hip joints in a patient
with right hip septic arthritis, showing a joint effusion

(black arrow) and bone marrow oedema of the right femo-
ral head and neck (white arrow). (¢) Coronal STIR image
showing the fluid signal intensity centrally with surround-
ing marrow oedema. Figure 7.12d: T1 coronal image
without contrast, demonstrating the T1 hyperintense pen-
umbra peripherally (arrow)
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Fig.7.13 (a) Coronal TIW
image of the proximal
femora in a patient on
high-dose steroids, showing
the serpiginous hypointense
line secondary to bilateral
AVN of the femoral heads
(arrows). (b) T2W fat-sup-
pressed coronal image of the
same patient showing a joint
effusion (white arrow),
proximal femoral bone
marrow oedema (black
arrow) and a hypointense
serpiginous line (black
arrowhead)

Fig. 7.14 Axial T1 weighted non-contrast (a), and axial T1 weighted post IV gadolinium (b) showing synovial thick-
ening and enhancement (arrow)

Normal articular cartilage is hyperintense on
gradient echo fat-saturated images, and as a
result, focal defects or thinning is easily identified.
3D gradient echo sequences are particularly help-
ful for identifying small defects.

7.7.3.1 Fibrocartilage
The normal meniscus is hypointense on all
sequences: hyperintensity in a meniscus is

abnormal, with the exception of children and
young adults in whom the peripheral meniscus
may contain areas of intermediate-high signal, as
a result of normal vascularity.

7.7.3.2 Meniscal Pathology

Meniscal pathology is best evaluated on T1W, gra-
dient echo T2* and spin echo PDW sequences. A
meniscal tear is seen as a linear area of high signal
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Fig. 7.15 Sagittal PDW fat-suppressed image of the
knee, showing normal articular cartilage (white arrow)
and a focal osteochondral lesion (black arrow)

extending to an articular surface. Meniscal tears
may have oblique, radial, horizontal, vertical or
‘bucket handle’ morphology (Fig. 7.16). Increased
signal intensity within a meniscus that does not
extend to an articular surface is not defined as a
tear but is termed ‘intrasubstance or myxoid
degeneration’.

A ‘discoid’ meniscus has a body that is rounder
that the usual C-shape. They occur in approxi-
mately 3 % of the population, most commonly
involving the lateral meniscus. Discoid menisci are
more prone to cystic degeneration and tears than a
normal meniscus and are seen as a thickened ‘bow
tie’ on more than three successive 4-mm sagittal
slices.

7.7.3.3 Labral Pathology

Labral pathology is best demonstrated with an
MR arthrogram (T1W with fat saturation follow-
ing intra-articular injection of dilute gadolinium
(Fig. 7.17) or T2W fat-saturated images if saline
has been injected).

Fig. 7.16 Sagittal PD FS image of the knee showing a
complex medial meniscal tear, involving a radial tear of
the body (black arrow) and an oblique tear of the posterior
horn (white arrow)

Fig.7.17 Coronal MR arthrogram of the right hip with-
out fat saturation showing a labral tear (arrow)
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7.7.4 Ligaments and Tendons

Normal ligaments and tendons are generally
hypointense on all MR sequences, although some
structures such as the normal ACL and quadri-
ceps tendon may have a striated appearance
(Fig. 7.18a). TIW, T2W, PDW FSE and gradient
echo T2* are useful sequences to assess these
structures.

Ligament and tendon tears may be partial or
complete. Partial tears appear as thickened struc-
tures which contain areas of increased signal but
are in continuity. Complete tears show disconti-
nuity of the structure with or without retraction of
the torn ends (Fig. 7.18b).

7.7.5 Muscle

Normal muscle has a striated appearance on MRI;
is of intermediate signal intensity on TIW, STIR
and PDW images; and is relatively hypointense
on T2W FSE sequences.

{ 'ty
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Fig. 7.18 (a) Sagittal proton density image of the knee,
showing the normal striated appearance of the anterior
cruciate ligament (arrow). (b) Sagittal TIW image of the

Muscle tears most frequently occur at the
musculotendinous junction but can occur any-
where within the muscle and may extend between
adjacent muscles (Fig. 7.19). They are graded
depending on their severity:

Grade 1: Few fibres torn and a minor amount

of interstitial haemorrhage

Grade 2: Muscle partially torn, with reduced

function and haemorrhage at the site of

injury, with possible extension between
muscles

Grade 3: Complete rupture of the entire mus-

cle, with haemorrhage and complete loss of

muscle function

In the acute and subacute phase, a haematoma
is usually present, although it may have resolved
in the case of a chronic tear.

The MRI appearance of a muscle tear
depends on the age and severity of the injury:
subacute blood is relatively hyperintense on
T1W images, while haemosiderin from an older
lesion is typically hypointense on T1 and T2W
sequences (Table 7.1). The use of fat-saturated

ankle, showing a full thickness tear of the Achilles ten-
don, with retraction of the torn tendon ends (arrows)
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images will avoid misinterpretation of fat as an
area of haemorrhage.

7.7.6 Intervertebral Discs

The normal intervertebral disc consists of an
outer annulus fibrosus, which is hypointense on
all imaging sequences, and an inner nucleus pul-
posus, consisting of proteoglycans, water and
collagen.

On T2W sequences, the nucleus pulposus is
uniformly hyperintense on each side of a hori-
zontal hypointense intranuclear cleft that typi-
cally appears by the fourth decade of life
(Saifuddin 2008). Normal intervertebral discs
are of intermediate signal intensity on T1W
sequences and should appear hypointense to the
bone marrow and of a similar intensity to muscle.
On T1W images, the nucleus and annulus are
not reliably distinguished. Abnormal discs may
contain an annular tear, seen as a focus of

Fig.7.19 Muscle tears. (a) Axial STIR image of the left
thigh showing a grade 1 tear of the biceps femoris muscle
(arrow). (b) Axial STIR image through the proximal
thighs showing a grade 2 tear of the right adductor

muscles (arrow). (¢) Coronal STIR image of the right
lower leg, showing a grade 3 tear of the right peroneus
brevis muscle (arrow)

Table 7.1 Changing appearance of haemorrhage with time

Appearance on TI-W

Time Haemoglobin form sequence Appearance on T2-W sequence
First few hours Oxyhaemoglobin Iso/hypointense Hyperintense

Hours to days Deoxyhaemoglobin Iso/hypointense Hypointense+

Several days Intracellular methaemoglobin ~ Hyperintense++ Hypointense++

Several days—months Extracellular methaemoglobin ~ Hyperintense++ Hyperintense++

Indefinite Haemosiderin Hypointense Hypointense
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T2-hyperintensity, or may be dehydrated and of
low signal intensity on T2W sequences. Disc
bulges, protrusions, extrusions and sequestra-
tions may occur (Fig. 7.20). When the bone
marrow is hypointense compared to the adjacent
intervertebral disc on TIW images, haemato-
logical malignancy must be suspected.

7.7.7 SoftTissue

7.7.7.1 Soft Tissue Tumours

The majority of soft tissue masses are benign,

with soft tissue sarcomas accounting for only

1 % of all soft tissue masses. The likelihood of

malignancy increases in elderly patients, or if the

mass has rapidly increased in size, is painful,
larger than 5 cm in diameter and is located deep
to the fascia.

Necrosis, neurovascular involvement, cross-
ing the fascia and the formation of an obtuse
angle between the mass and the fascia are also
suggestive of malignancy. Rapid enhancement
post-IV gadolinium indicates neovascularity and
is more suggestive of a malignant lesion.

Soft tissue masses are frequently hyperintense
on T2W sequences and of low or intermediate
signal intensity on T1W, although there is consid-
erable overlap.

* Soft tissue lesions which may be hyperintense
on T1W sequences include lipoma, hibernoma,
well-differentiated liposarcoma (Fig. 7.21) and
a subacute haematoma.

e Lesions which may contain low signal on
T2W include PVNS, giant cell tumour of
tendon sheath, fibromatosis, chronic haema-
toma and amyloid.

MRI narrows the differential diagnosis of a mass
lesion, but biopsy and histological analysis are fre-
quently required to give a definitive diagnosis.

7.7.7.2 Soft Tissue Infection
MRI is a highly sensitive modality for the detec-
tion of soft tissue infection.

Cellulitis appears as a reticular pattern of
T1W hypointensity/T2W hyperintensity of the

Fig. 7.20 Sagittal T2W image of the cervical spine,
showing a large intervertebral disc protrusion (arrow),
resulting in significant narrowing of the spinal canal

subcutaneous tissues. Enhancement may occur
on post-contrast imaging.

Pyomyositis is usually due to Staphylococcus
aureus infection and initially manifests as focal
muscle oedema and swelling, followed by abscess
formation, seen as focal T2ZW/STIR hyperintense
lesions, with rim enhancement.

Necrotising fasciitis is a rare and frequently
fatal infection of subcutaneous tissues, with MRI
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Fig. 7.21 (a) Coronal TIW image of the anterior thighs,
showing a hyperintense fatty lesion of the right thigh
(arrow). The lesion showed imcomplete and inhomoge-

findings of T2 hyperintensity in the subcutaneous
tissues and fascial planes. Abnormal areas show
post-contrast enhancement, although necrotic tis-
sue will not enhance. Gas within the soft tissues
is seen as foci of low signal on all sequences.

7.8 Interventional MRI

Historically, the lack of real-time imaging capabili-
ties has limited the suitability of MRI as an inter-
ventional imaging technique. MR-guided biopsy,
MR-guided focused ultrasound and laser ablation
procedures and real-time MR-guided interventional
vascular and neurosurgical procedures are now
being performed in specialist centres (Kos et al.
2008). Some neurosurgical and vascular operating
theatres are equipped with an MRI scanner within
the theatre, and the patient can simply be moved
into the scanner when imaging is required. While
some vascular procedures can be performed in a
closed scanner, real-time interventional MRI typi-
cally requires an open style of scanner to allow the
operator direct access to the patient. All devices
and instruments must be non-ferromagnetic and
should produce minimal artefact.

neous fat suppression on the STIR sequence (b). Biopsy
confirmed a well-differentiated liposarcoma

7.9 Spectroscopy

MR spectroscopy is a technique that allows non-
invasive examination of organ and cell metabo-
lism. It is most commonly employed in central
nervous system (CNS) imaging to investigate
malignancy, necrosis, localised brain activity and
chronic disorders such as Alzheimer’s disease
and multiple sclerosis. MR spectroscopy can also
be used to investigate musculoskeletal malig-
nancy and cartilage pathology, with many tech-
niques still in the research stage but with
promising early results.

IH-MR Spectroscopy: We have discussed
how exploitation of the slight variations in the
resonant frequency and phase of precessing pro-
tons within water and fat molecules allows fat-
saturation techniques to be performed. Using
similar principles, 1H-MR (or proton) spectros-
copy can identify relative quantities of hydro-
gen-containing molecules within the body. In
vivo spectroscopy uses gradients to selectively
excite a small volume of tissue. The free induc-
tion decay produces spectra instead of images,
with each peak specific for a particular metabo-
lite. Clinically relevant metabolites that are
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measured with in vivo 1H-MR spectroscopy
include:

Lactate — specific marker of cell death and

necrosis

N-acetyl aspartate — reduced in the presence of

neuronal disease

Glutamine and glutamate complex — relate to

liver function

Creatine — may be elevated in malignancy

Choline — may be elevated in malignancy

Myo-inositol — may be elevated in the brain in

Alzheimer’s disease and malignant tumours

(McRobbie et al. 2007)

A recent preliminary 1H-MR spectroscopy
study looking at choline levels and the choline/
creatine ratios in benign and malignant bone and
soft tissue tumours achieved an accuracy rate of
91 % in distinguishing between benign and
malignant lesions (Qi et al. 2009).

Sodium Spectroscopy: Proteoglycans and col-
lagen are important constituents of articular carti-
lage. Loss of proteoglycans results in failure of
the articular cartilage, leading to chondral thin-
ning, chondromalacia and arthritis.

Proteoglycans have a net negative charge,
which attract positively charged sodium ions
(Shapiro et al. 2000; Borthakur et al. 2000). As a
result, the amount of articular cartilage present
can be indirectly measured by evaluating sodium
ion concentration using sodium spectroscopy.
Abnormalities in the articular cartilage can be
identified before any pathology is identified with
standard MRI. This technique is also useful for
evaluating the success of chondral and osteochon-
dral implants. Different RF coils and imaging pro-
tocols are required for sodium spectroscopy.

7.10 3T MRI

3T MRI scanners are becoming increasingly
common in routine clinical practice and can
produce images with excellent resolution,
increased SNR and shortened acquisition time.
The benefits of imaging at a higher field strength
are most striking in 3T MRI of articular cartilage,
menisci, labrum and ligaments (Ramnath 2006;
Mosher 2006).

The increased magnetic field can produce
images with slightly altered tissue contrast when
compared to standard 1.5T images: in particular,
images with longer T1 weighting are obtained,
which radiologists must be aware of when mov-
ing from 1.5T to 3T. Enhanced MRI can be per-
formed with a reduction of approximately 50 %
of the contrast dose.

Excellent sensitivity and resolution of spec-
troscopy can be achieved at 3T. More peaks are
identified, and there is a marked improvement in
the separation of the peaks, thereby increasing
the diagnostic sensitivity. The imaging time for
MR spectroscopy is also reduced at 3T, with
spectra obtained in 2—-3 min.

7.11  Upright MRI

Upright MRI scanners allow patients to be scanned
in standing and sitting positions, unlike standard
MRI scans, which are usually performed with the
patient lying prone or supine. This technique is of
particular value in patients with posture-dependent
symptoms, in whom the degree of spondylolisthe-
sis or disc protrusion may vary with position
(Fig. 7.22) (Alyas et al. 2008, 2010).

As upright MRI machines have an open
design, they are suitable for claustrophobic
patients. They often have a higher maximum
weight limit than standard MRI tables.

Disadvantages of the upright MRI scanners
include a low magnetic field strength and limited
availability, with only two such facilities cur-
rently available in the UK.

7.12 Pitfalls of MR Imaging
of the MSK System

It is important to use appropriate imaging planes
and sequences relevant to the pathology and tis-
sue type of interest (Tables 7.2 and 7.3).

‘Magic angle’ artefact can cause erroneous
interpretation of pathology in a normal struc-
ture. It causes apparent hyperintense pathology
in ligaments, tendons or menisci which lie at
55° to the main magnetic field on TIW, PDW
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Fig.7.22 Sagittal T2W images of the lumbar spine supine
and standing. (a) shows a small spondylolisthesis (arrow)
on a supine scan. On standing (b), there is a reduction in

and most GE sequences. Pathology can be
excluded and magic angle phenomenon
confirmed when normal appearances are seen
on T2W sequences.

Metallic artefact may obscure a lesion or pro-
duce images suggestive of a lesion in a normal
study (Fig. 7.23). Avoiding sequences which
increase the metallic artefact (such as Gradient
echo) and cautious interpretation of tissues

the AP dimensions of the spinal canal (arrow) as a result of
the increased lumbar lordosis, buckling of the ligamentum
flavum, and a slight increase in the spondylolisthesis

adjacent to metallic structures should minimise
errors of interpretation.

7.13 MRI Safety

Patient safety is of paramount importance in the
MRI department. Ferromagnetic objects must not
be taken into an MRI scanner, as they can fly into
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Table 7.2 MRI appearance of tissues on T1- and T2-weighted sequences

Tissue type High signal intensity
Fluid (oedema, CSF, urine) T2

Fat T1 T2

Subacute haemorrhage T1 T2

Chronic haemorrhage/

haemosiderin

Proteinaceous fluid T1 T2

Gadolinium T1
Skeletal muscle

Spinal cord

Hyaline cartilage

Intervertebral disc nucleus T2

Cortical bone, calcium, fibrous
tissue, fibrocartilage, tendon, air

Table 7.3 Summary of optimal MRI sequences for mus-
culoskeletal tissues (Helms et al. 2009)

Tissue Optimal sequence
STIR, FSE T2 with fat suppres-

sion T1

Bone marrow

Articular cartilage ~ STIR, FSE T2 with fat suppres-

sion, 3D GE FS, PD
Fibrocartilage, SE PD, T1, GE T2*, T1-fat
meniscus, and sat+ gadolinium (arthrogram) for
labrum labrum

Ligaments and STIR, FSE T2+/- FS, T1, GE for

tendons small ligaments, e.g. wrist.

Muscle T1 for architecture and fatty
atrophy, STIR for pathology

Synovium T1 fat-saturated pre- and post-IV

gadolinium

the magnetic field at high speed, causing death or

injury to patients and staff, as well as damage to

the MRI scanner. Such items include scissors,
oxygen cylinders and other non-MR-safe medi-
cal equipment.

Patients with medical devices or implants
should not be scanned unless the device is
identified and known to be MR-safe.

MRI is contraindicated in patients with the
following devices/implants:

» Pacemakers are contraindicated. Pacemakers
may even be affected by the magnetic field
outside the scanning room. The potential con-
sequences include heating, arrhythmia and
death.

Intermediate signal intensity ~ Low signal intensity

T1
T2 fat suppressed
T1T2
T1 T2
T1 T2
T1 T2
T1
T1T2

Fig. 7.23 Sagittal PDW image of the knee showing
metallic artefact (arrows) resulting from screws within the
proximal tibia

e Spinal cord stimulators.

e Cochlear implants.

¢ Infusion catheters.

e Metallic fragments in the eyes.

e Shrapnel in the body, depending on the site,
nature and field strength involved — caution is
advised (Eshed et al. 2010).

e Aneurysm clips, depending on MR compati-
bility of the clips and institutional protocols.
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While there are no reports of foetal or maternal
harm following an MRI, scanning is usually
avoided in pregnancy, particularly during the
period of organogenesis in the first trimester. It is
not known to what impact the heating effect and
noise have on the developing foetus. However, an
MRI should be performed when the benefit out-
weighs the potential risk, and MRI is being increas-
ingly used as a tool for assessment of foetal birth
defects in utero. Gadolinium should not be admin-
istered during pregnancy (Chen et al. 2008).

Orthopaedic implants are usually MR-safe but
not necessarily MR-compatible (i.e. they cause
artefact that distorts the image). Many devices
are now made of titanium, which causes less arte-
fact than stainless steel devices. Details of the
orthopaedic implant are recorded at the time of
surgery, and MR compatibility can be checked
prior to a scan. If there is any doubt, do not pro-
ceed with the scan. Halos and Ilizarov frames are
circular structures around which induced currents
can flow, leading to heating, and patients with
these devices should not undergo an MRI scan.
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