Functional imaging of the musculoskeletal system
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Abstract: Functional imaging, which provides information of how tissues function rather than structural
information, is well established in neuro- and cardiac imaging. Many musculoskeletal structures, such as
ligaments, fascia and mineralized bone, have by definition a mainly structural role and clearly don’t have the
same functional capacity as the brain, heart, liver or kidney. The main functionally responsive musculoskeletal
tissues are the bone marrow, muscle and nerve and, as such, magnetic resonance (MR) functional imaging
has primarily addressed these areas. Proton or phosphorus spectroscopy, other fat quantification techniques,
perfusion imaging, BOLD imaging, diffusion and diffusion tensor imaging (DTI) are the main functional
techniques applied. The application of these techniques in the musculoskeletal system has mainly been
research orientated where they have already greatly enhanced our understanding of marrow physiology,
muscle physiology and neural function. Going forwards, they will have a greater clinical impact helping to
bridge the disconnect often seen between structural appearances and clinical symptoms, allowing a greater
understanding of disease processes and earlier recognition of disease, improving prognostic prediction and

optimizing the monitoring of treatment effect.
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Functional imaging has been a buzz word for the last
5-10 years. It has been widely adopted in neuroimaging and,
also to a lesser extent, cardiac imaging. Particularly with
regard to neuroimaging, functional imaging has bridged the
gap between experimental research and clinical imaging.

What is functional imaging? Musculoskeletal imaging
is for the most part about achieving higher and higher
resolution morphological imaging (Figure 1). Functional
imaging provides information on the physiologic properties
rather than the structural properties of the musculoskeletal
system. This is the essence of functional imaging.

How does this differ from other types of non-conventional
imaging? There is, as expected, an overlap between
functional imaging with other types of non-conventional
imaging such as molecular imaging, biomechanical imaging,
kinetic imaging and other specialized tissue interrogation
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techniques. Molecular imaging addresses the characterization
and measurement of biological processes at a molecular
and cellular level and is generally the prerogative of PET
or SPECT imaging. Biomedical imaging usually relates to
the microarchitectural composition and relative strength
of living tissues with detailed computational analysis as
well as finite element modeling and virtual stress testing.
Kinetic imaging is used to assess tissue movement while
other tissue interrogation techniques such as ultrasound or
MR elastography, T'1 rho imaging or delayed gadolinium-
enhanced magnetic resonance imaging (MRI) of cartilage
(dGEMRIC) provide additional information about specific
tissues.

Not all tissues in the musculoskeletal system are as
receptive to functional imaging as other tissues. For example,
some tissues are relatively inert (such as ligaments, tendons
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Figure 1 High resolution proton density image of the wrist. Note
the clear visibility of the intermediate intensity hyaline articular
cartilage (arrow) and the hypointense fibrocartilage of the articular

disc (open arrow).

or menisci) and serve a primary structural or locomotive role
with relatively little in the way of demonstrable physiological
activity. Other tissues such as the bone marrow, the synovium,
skeletal muscle and the spinal cord are more physiologically
active and more receptive to functional imaging. The main
types of functional imaging used in MSK imaging are MR
perfusion, MR spectroscopy, diffusion-weighted imaging,
diffusion tensor imaging (DTT) and BOLD imaging. Each of
these will be discussed in turn.

Perfusion imaging is assessed using dynamic contrast-
enhanced MRI. This involves the rapid acquisition of serial
MR images during and after administration of MR contrast
agent. Based on the time following injection and the
concentration of contrast in the tissues under investigation,
a time intensity curve can be drawn allowing detection
and quantification of ‘wash-in’ and ‘wash-out’ contrast
kinetics. Perfusion imaging measures tissue perfusion
which is different to tissue blood flow. While blood flow
refers to flow within vessels, perfusion is much more
encompassing and physiologically relevant parameter that
incorporates blood flow, though also capillary permeability
and interstitial diffusion. Various quantitative parameters
can be used to classify the time intensity curve. The most
robust of these parameters are the enhancement slope and
enhancement maximum. Enhancement slope refers to the
incline of the upright sweep of the time intensity curve
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Figure 2 Time-intensity curve of dynamic contrast enhanced MRI
following curve fitting of data points. The line representing E,.

and the E,,, point are shown. MRI, magnetic resonance imaging.

usually taken between 10-90% of the length of the upward
sweep. Emax is the maximum intensity achieved (Figure 2).
Pharmacokinetic models have also been applied to the time
intensity curve though do tend to be limited in clinical
practice by great variability in measurements, particularly
arterial input function (AIF) though also transfer constant
(Ktrans) and efflux rate constant (kep) which are strongly
influenced by noise and AIF variation (1,2). The parameters,
extravascular extracellular space (Ve) or amplitude (A)
are more robust and preferable. To help overcome these
difficulties, it may be possible to use an internal reference
tissue such as skeletal muscle as a comparative standard.
That said some studies have shown good reliability of
pharmacokinetic perfusion parameters (3).

MR perfusion techniques can be used to assess the
perfusion of any tissue within the area of interest, either
bone or soft tissue. In practice, the two main areas where
perfusion imaging is clinically applicable at the moment
are in the assessment of scaphoid perfusion and also in the
assessment of synovial activity. Physiologically, all the carpal
bones seem to have a comparable level of perfusion (4).
For fractures of the waist of the scaphoid, because the blood
flow to the scaphoid bone is retrograde though the distal
pole, proximal pole perfusion can be compromised. This
is not an all or none phenomenon and various degrees of
proximal pole ischaemia can exist. Although, one would
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Figure 3 (A-C) Time intensity perfusion curves of three different patients with fractures of the waist of scaphoid. The proximal pole of the

right hand image (A) has good perfusion while of the left hand image (C) has no perfusion i.e., is avascular. The proximal pole of the middle

image (B) is poorly perfused (i.e., is ischaemic) as the E,,,, and Ey,,. are less the 50% those present in the distal pole.

inherently think that perfusion imaging would be helpful
in the assessment of scaphoid vascularity, this has not been
a consistent finding with some studies advocating (5,6) and
others less enthusiastic (7,8) about the technique.

Similar studies have been performed on the proximal
femur were the femoral head is prone to avascular necrosis
following fractures of the femoral head. The femoral head is
inherently very poorly perfused compared to other skeletal
areas (9). In osteoporosis, perfusion throughout the proximal
femur is even further decreased especially in the femoral neck
region (10). Femoral neck fractures have a high incidence of
avascular necrosis and non-union (11). Perfusion imaging
is useful for addressing the effect of different surgical
dislocation techniques on femoral head perfusion (12),
compromised femoral head perfusion following femoral
neck fracture (13) and predicting non-union or avascular
necrosis (14,15). An Emax or Eslope on the fractured side
of <30% that of the contralateral non-fractured side seems
a good indicator of subsequent avascular necrosis and non-
union (14,15) (Figure 3).

Perfusion imaging can also be used to assess synovial
activity. Synovial activity can be assessed by measuring the
degree (volume) of synovial proliferation and its perfusion. In
patients commencing anti-biologic agent such as TNEF alpha
blocker, a reduction in synovial perfusion seems to be a more
sensitive indicator of response than synovial volume (16,17)
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(Figure 4). Dynamic contrast enhanced MRI may also be
useful in the detection of early rheumatoid arthritis (18).

PET imaging can also be used to assess bone perfusion
using ""F-fluoride ion which has a half-life of 112 minutes.
Complete extraction of "F-fluoride as it passes though
bone in the first few minutes following injection allows for
assessment of bone blood perfusion using dynamic PET
time-activity curves while uptake after 45 min reflects bone
turnover (19). Pure bone perfusion can be evaluated by PET
using the freely diffusible tracer O which has a half-life of
only two minutes and requires an on-site cyclotron. Highly
significant correlation between blood perfusion measured
using "*F-fluoride and true bone perfusion using oxygen
-15 has been shown in porcine bone (20). PET can provide
bone metabolism data as well as bone blood perfusion data,
is not limited by respiration and field of view, and can be
used in subjects with renal failure. The main disadvantages
are that it needs access to a PET-CT imaging system, does
involve ionizing radiation and is more costly than MR and
generally more time consuming (each examination can take
up to 2 hours).

Following treatment of Paget’s disease with
bisphosphonates, kinetic parameters, including plasma
clearance of fluoride, reduced by about 25% after one
month and a further 25% by about 6 months in nearly all
patients. Dynamic PET imaging was more perceptive to
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Figure 4 (A,B) Axial MRI images of the wrist showing enhancement maps of synovium pre- and post-treatment (Rx). The enhancement

map represents all of those pixels which enhance to a greater degree than muscle tissue (using thenar or hypothenar muscle as a reference

standard) and is indicative of enhancing synovium (*). The volume of enhancing synovium decreases appreciably following treatment. MRI,

magnetic resonance imaging.

pagetic change than biochemical markers. A similar effect
of reduced perfusion in treated pagetic bone was shown by
DCE-MRI with reduction in bone perfusion being greater
in bisphosphonate-naive patients than in those previously
treated (21). DCE-MRI may be beneficial in determining
disease free survival in osteosarcoma (22), for identifying
response to chemotherapy (23), disease free survival and
overall survival in acute myeloid leukemia (24,25). An
animal-based model study has shown delayed contrast wash-
out in the normal femoral head compared to other bone
areas, which may have implications for conditions such as
steroid-induced osteonecrosis (26). Perfusion bone imaging
by MRI in guinea pigs with varying severity of osteoarthritis
showed how osteoarthritis was associated with decreased
subchondral bone flow though no change in permeability
or increased intravascular thrombosis (27,28). A decrease
in perfusion in medial tibial subchondral bone was
observed at 6 and 9 months and temporally preceded the
development of cartilage and bone osteoarthritic changes
suggesting venous obstruction as an potential underlying
mechanism though no cause and effect was established
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(19,28). ""F-fluoride PET has been used to study blood flow
in allogenic bone grafting (29), joint replacement (30,31)
and fracture healing (19,32). DCE-MRI can also be used to
assess diffusion into relatively non-vascular structures such
as the intervertebral disc (33) with reduced second wash-in
phase of E,,,. and E,,. seen in ovarectomised rats (Figure 5).
This may help explain why post-menopausal women have
accelerated disc degeneration (34).

MR spectroscopy (MRS) uses the same basic principles
as standard MRI. However, instead of generating an image,
the chemical shift of the permitted signal is detected. MRS
yields quantitative information on the chemicals that reside
within the tissue. The most commonly measured elements
in the musculoskeletal system are hydrogen, phosphorus and
sodium. Because the MRS is spectrum that is weak, a large
volume, usually around 1 cm’, needs to be used compared
to standard MRI imaging. The most common type of MRS
used in musculoskeletal imaging is proton MRS which
measures the fat water ratio to obtain the relative amount of
fat within the tissues (Figure 6). This is principally applied
to the assessment of the bone marrow were MRS is a quite
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Figure 5 (A-D) Series of images showing set up and results for perfusion imaging of intervertebral disc in a rat. (A) Wooden cradle for

holding the anaesthetized rat; (B) cannulation of rat tail vein; (C) regions of interest placed on the intervertebral discs. The normal rat has

six lumbar vertebrae.

Fat : water ratio

Fat

ppm

Figure 6 Proton MRS of lumbar vertebral body. MRS assesses the fat peak: water peak ratio. In this example, the marrow is predominantly

comprised of red or functioning marrow with a relatively high water peak than fat peak. MRS, magnetic resonance spectroscopy.

highly reached reducible technique (35).

Limitations of MRS are that it assumes a constant
amount of water is present within the marrow, only one
volume of interest (VOI) can be studied at any given time,
and only semi-quantitative information on the amount of
fat present is obtained (% fat content rather than g/cm’).
An alternative method of quantifying marrow fat is to use
the IDEAL or DIXON method (Figure 7). This IDEAL
method uses different pulse sequencing to produce either
fat only or water only images. It has advantages over
proton MRS in that multiple bone regions can be studied
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simultaneously and it tends to be less machine-dependent.
The limitation is that you get no indication as to the type of
fat present.

Proton MRS has been used to studied bone marrow
showing how marrow fat increases throughout life. Marrow
fat is about 10-15% more abundant in young males then
young females though around the time of the menopause,
there is a dramatic increase in marrow fat in female subjects
such that after the menopause females contain about
10-15% more fat than male subjects (36). This change in
marrow fat composition around the time of the menopause
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Dixon fat fraction map
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Figure 7 Dixon fat quantification technique provides a measure of relative amount of water or fat on a pixel by pixel basis. When compared

to T1-weighted imaging, where fatty marrow is hyperintense and red marrow is isotense to muscle, one can appreciate the predominantly

fatty marrow of the proximal femur (arrow) compared to the predominantly red marrow of the acetabulum (open arrow).

corresponds to a decrease in bone mass at that time and
may well be related to a shift in mesenchymal stem cell
differentiation along adipocytic rather than osteoblastic or
haematological cell lines.

There are up to 22 different fatty acids present within
the marrow fat with different percentages of saturated and
saturated fats (37). MRI study has shown that a decrease
a decrease in bone mineral density is associated with an
increase in marrow fat saturation in osteoporosis as well
as in anorexia nervosa (38,39). Interestingly, an increase
in marrow fat content was also associated with an increase
in intramyocellular lipid content (39). With increasing
field strength and coil development, it is likely that a more
detailed analysis of the MRS profile will be available in
future (40).

Phosphorus MRS has been providing an insight
into muscle metabolism for 25 years. The metabolites
that can be measured are inorganic phosphate (Pi),
phosphocreatine (PCr), and adenosine triphosphate (ATP)
while the concentration of adenosine diphosphate (ADP)
and the intracellular pH value can be calculated from the
biochemistry reaction equilibrium (41). During exercise, the
concentration of Pi increases while that of PCr decreases.
The Pi/PCr ratio is a measure of oxidative phosphorylation.

In diabetics at rest, the concentration of Pi, PCr and
ATP were found to be significantly lower at rest while the
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concentration of ADP and Pi/PCr ratio were higher (42).
The same increase in Pi and decrease in PCr is seen in
diabetic patients as normal subjects though in diabetic
patients the recovery rates are slower helping to confirm a
skeletal mitochondrial abnormality (42). A mitochondrial
disorder is now considered the basis for insulin resistance
in tissue so one can see how this change in phosphorylation
can be used as a marker of mitochondrial function.

DTT has been used primarily to look at neural disorders
using parameters such as apparent diffusion coefficient
(ADC) which measures the magnitude of water diffusion
within tissues; fractional anisotropy (FA) which describes the
degree of anisotropy of this diffusion with eigenvectors (V1,
V2 and V3) and their corresponding eigenvalues providing a
directional component. “Axial” and “radial” diffusivities are
associated with A1 and the average of A2 and A3 respectively.
At the carpal tunnel, the FA, radial diffusivity, and ADC
differed significantly between healthy subjects and carpal
tunnel syndrome patients (P<0.0002) (41,43-45). In healthy
subjects, FA increased (+20%, P<0.001) and radial diffusivity
and ADC decreased (by -15% and -8%, respectively,
P<0.05) when compared the median nerve proximal to the
carpal tunnel with that within the carpal tunnel (45). The
opposite was seen in CT'S subjects where FA decreased (by
-21%, P<0.05) and radial diffusivity increased (by +23%,

P<0.01) when one compared the median nerve proximal to
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the carpal tunnel to that within the carpal tunnel (45).

DT has also been applied to the study of osteoporosis (46).
Mean diffusivity (MD) which is a measure of diffusivity
along several directions and FA were able to discriminate
either osteoporotic or osteopenic subjects from normal
subjects and was better than fat fraction (FF) is this respect.
A highly significant positive correlation was found between
FA and T-score in all groups together, in healthy and in
osteoporotic groups. MD/FF and FA/FF proved more
discriminatory than MD and FA alone and in the femoral
neck region correctly separated all healthy subjects (46).

In conclusion, one can appreciate that functional imaging
in the musculoskeletal system is more than just hype. It can
provide useful addition information over and above that
available on structural imaging. It is still very much in the
experimental stage but similar to functional imaging of say
the brain, functional imaging of the musculoskeletal system
will move more into the clinical arena for problem solving
of selected areas in the not too distant future.
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