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The use of MTC in clinical scanning is based on
the fact that different biological tissues show
different sensitivities for magnetization transfer
(MT). This is summarized in Tables 1 and 2.

Table 1 shows the biological tissues and fluids
which do not show a measurable effect (quan-
tified as < 5% signal attenuation), and Table 2
shows the tissues with significant signal reduc-
tion due to MT. These figures are compiled from
the literature, and have been experimentally col-
lected at different field strengths with a variety
of MRI pulse sequences. Tissue types are listed
in order of the amount of signal reduction with
MT. Note that sub-maximal signal reduction can
still be relevant (or sometimes even desirable)
from a clinical point of view.

From a practical perspective, any clinical si-
tuation where one wants to increase the contrast
between tissues from Table 1 and tissues from
Table 2 will benefit from MTC. More funda-
mentally, many investigators try to relate the
characteristics of normal and pathological tissue
to the underlying fundamental biophysical and
biochemical properties. It is hoped that MTC in
relation to tissue characterization will increase
the diagnostic specificity.

Recently, Wolff and Balaban1 summarized
the present state of the art in MT imaging. Many
of the potential clinical applications of MTC
which appear to be very promising must,
unfortunately, still be considered as works in
progress. This paper discusses the successful
current applications, as well as potentially
attractive new clinical applications.

Successful MTC applications

Intracranial MR angiography
Time-of-flight (TOF) magnetic resonance
angiography has proved to be an effective tech-
nique for imaging intracranial vessels. This tech-
nique is based on the flow-related enhancement
phenomenon. Stationary brain tissue within the
volume of excitation becomes partially satura-
ted due to the multiple RF pulses. On the other
hand, inflowing unsaturated blood maintains a
high signal resulting in a good contrast between
the vessels and the background brain tissue7,8.

Typically, 3D volumes are measured with fast
gradient-echo sequences and flow compensa-
tion schemes. Optimization of contrast is based
on careful selection of the repetition time TR
and excitation flip angle α, and is dependent on
the flow velocity.

In order to further improve the vessel
conspicuity in TOF MR angiography, Edelman7

added an off-resonance MTC pulse to an RF-
spoiled gradient-echo sequence for further
saturation of background tissue. A total of 80
small-calibre vessels were blindly evaluated
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Table 1. Biological tissues
and fluids not influenced
by MT (experimentally
defined as less than 5%
signal attenuation.

Table 2. Signal
attenuation in biological
tissues with MT imaging
(typical values reported
for 1.5 T, measured with
a variety of MRI pulse
sequences).

adipose tissue (fat)
bone marrow
fluid
oedema
blood (fast flowing)
blood (in ventricle)
CSF
bile
synovial fluid
urine

skin 80%
skeletal muscle 60 - 80%
hyaline cartilage 70 - 75%
cardiac muscle 50 - 70%
white brain matter 42 - 69%
grey brain matter 39 - 52%
tendons/menisci/ligaments 50%
fibroglandular (breast) 30 - 40%
liver 35 - 40%
spleen 25 - 35%
pancreas 25 - 35%
kidney 25 - 35%
blood (in vitro) 15 - 25%
joint effusion 20 %
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from MIP (maximum intensity projection)
images obtained without and with MTC. The
results indicated that 71% of the vessels could
be seen better with MTC. He concluded that the
use of MTC pulses in conjunction with 2D and
3D flow-compensated gradient-echo sequences
results in substantial improvement in small-
vessel conspicuity. The only limitation of MTC
was the increase in the minimum repetition time,
necessitated by the application of the 16 ms off-
resonance MTC pulse.

Pike et al.8 used a 1 ms on-resonance pulse
in combination with a velocity-compensated 3D
time-of-flight pulse sequence. The addition of

this pulse (plus the time for a spoiler gradient)
increased the minimum TR by only 5 ms. It was
shown that this technique also enhanced the
blood-to-tissue contrast significantly. These 
initial results were reproduced by other 
groups9-17. It was generally concluded that for
the small, tortuous intracranial vessels (rela-
tively slow flow) MTC improved vascular
visualization (Fig. 2).

For imaging systems with a whole-body RF
transmitter system, care must be taken to
minimize the effect of the RF pulses outside the
imaging volume. Kouwenhoven et al.11 pro-
posed a subtle but important modification of the

off-resonance MTC 3D TOF technique. The use
of a small magnetic field gradient (400 µT/m),
applied during the MTC RF pulse, will create a
Spatially Varying Off-Resonance Frequency
(SVORF - see Figure 1). Using this technique,
arterial blood entering the imaging volume will
have experienced MTC pulses with a larger
frequency offset, so that the signal reduction will
be less. Cranial to the imaging volume, the MTC
pulses become on-resonance and will suppress
the venous blood, which obviates the need for
additional venous presaturation pulses (Fig. 1).

A similar technique was described by
Miyazaki et al.16. In conclusion, MTC is a

clinically useful technique for contrast augmen-
tation in MR angiography. It is currently used
routinely at many imaging sites to improve small
vessel conspicuity1.

Multiple sclerosis classification
Multiple sclerosis (MS) is a disease in which
there are patches of demyelination throughout
the white matter of the central nervous system,
sometimes extending into the grey matter. The
course of the disease is usually prolonged with
remissions and relapses over a period of many
years. Magnetic resonance imaging has proved
to be a sensitive method for detecting MS lesions

Fig. 1. Schematic
diagram of the magnetic
field gradient applied
during the MTC pulse in
order to create a Spatially
Varying Off-Resonance
Frequency (SVORF).
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in vivo (Fig. 3), but lacks specificity to further
characterize the stage of the disease process.

Although MRI with contrast agents helps to
separate active from nonactive plaques, it is not
specific with respect to the pathological sub-
strate of the MS lesion (oedema, demyelination,
gliosis).

Dousset et al.18 were the first to use MT
techniques to subcategorize the MS lesions,

based on the rigid macromolecular structure of
the myelin sheets (lipid bilayers of cholesterol
and glycerophospholipids with embedded
proteins). 3D proton density weighted gradient-
echo sequences, with and without off-resonance
pulses, were used to calculate the MT ratio
(MTR = [MA0 - MAsat]/MA0). In 15 patients
with multiple sclerosis, all lesions (209 plaques)
had a significantly decreased MTR (26%
compared to 42% in normal white matter). The
authors believe that demyelination produced
the lower MTR and, thus, lesions varied in
transfer ratio on the basis of the extent of myelin
loss18,19,23.

Quantification of MTC may allow subcate-
gorization of MS lesions into demyelinated ver-
sus oedematous lesions, which cannot be seen
with standard spin-echo or gradient-echo MRI.

Grossman et al.20,22 showed nice examples
of images of MTC and gadolinium enhance-
ment, where the centre of the lesion had the
lowest MTR values, which would presumably
correspond to regions of greatest myelin loss.
The peripheral rim of enhancement, which had
a higher MTR, and presumably more myelin, is

Fig. 2. Examples of
intracranial MR
angiography using MTC.
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the region of active demyelination. The original
findings were confirmed by Gass et al.21 in a
study with 43 patients. All MS subgroups
showed significantly lower average MT ratios
than age-matched controls and small-vessel
disease patients. Secondary progressive MS
patients showed significantly lower lesion MT 
ratios than those with benign disease, and there
was an inverse correlation of disability with
average lesion MTR. They concluded that the
reduced MTR in multiple sclerosis patients may
provide an indication of the degree of de-
myelination and axonal loss, both of which are 
likely to cause the functional deficits in MS.
Thus, magnetization transfer imaging is a robust
quantitative method which can differentiate 
demyelination in MS from less destructive
pathological changes, and may be useful in
monitoring drug treatment21.

Gadolinium-enhanced MR imaging of the 
central nervous system
The use of gadolinium-based paramagnetic
agents in MR imaging of the central nervous
system (CNS) has been demonstrated in a
variety of CNS lesions. Contrast agents are used
to increase the signal intensity in regions where
the agent accumulates by increasing its relaxa-
tion rate. By shortening the longitudinal
relaxation time, these agents increase contrast
in T1-weighted images between normal (non-
enhancing) brain and brain areas with a dis-
rupted blood-brain barrier where contrast
material accumulates (Fig. 4).

The purpose is to optimize the differences in
signal between lesions and background brain
tissue29. Any technique that will increase this
contrast will increase the sensitivity of diag-
nosing tumours, infections and infarctions.

Tanttu et al.24 were the first to combine
magnetization transfer with gadolinium-enhan-
ced MR imaging. They reported on three cases
(multiple sclerosis, neuroma, and meningioma)
imaged at 0.1 T, and studied the separate and
combined effects of magnetization transfer and
gadolinium-enhancement. In each case the best
contrast was obtained when both techniques
were combined. This synergistic effect was
explained by the fact that the paramagnetic
agents reduce the T1 values and therefore, as
discussed previously, also the magnitude of the
magnetization transfer effect. 

The signal of the enhancing lesions is actually
reduced (12%-16%), but much less than the
signal reduction of the background white 
matter (35%-37%), and therefore the contrast
is increased.

The fact that MT amplifies the tissue contrast
has been reported by many authors, both with

on-resonance and off-resonance pulses25-33.
Mehta29 reported for example a contrast im-
provement factor of 1.6 - 2.1 for CNS tumours
(metastases, glial tumours, lymphomas) when
combining MT with gadolinium-enhanced MR
imaging at 1.5 T. Similar synergistic effects were
found in patients with recent infarctions27, and
a wide variety of enhancing brain lesions,
including primary neoplasms, metastases, extra-
axial lesions, cerebral infarctions, multiple scle-
rosis plaques, meningitis, vascular malforma-
tions, and contusions38. Of practical importance
is the fact that the grey-white contrast can be
reversed with MT. For these reasons, pre-
contrast MT images are not used routinely.
Conventional T1-weighted images are used as
the pre-contrast comparison to detect low-
signal intensity lesions65. Finelli reported that
one can achieve the same relative contrast
improvement as that provided by triple-dose
gadolinium, by using single-dose gadolinium in 
combination with magnetization transfer T1-
weighted imaging28.

Because the MT technique quantitatively im-

proves contrast enhancement with gadolinium-
based agents, it allows the use of a reduced dose
of paramagnetic contrast agent. If the current
recommended dose of 0.1 mmol/kg can be 
reduced without clinical drawbacks, this can
have important economic ramifications1. The
optimum balance between lesion contrast, 
gadolinium dose, SAR, time and money is an
intriguing problem that remains to be solved28.

Intra-articular cartilage evaluation 
(osteoarthritis)
Magnetic resonance imaging of joints plays an
important role in the evaluation of soft-tissue

3

Fig. 3. Magnetic
resonance imaging has
proved to be a sensitive
method for detecting
multiple sclerosis lesions,
but lacks the specificity to
further characterize the
stage of the disease
process.
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advantage for osteochondral abnormalities.
Peterfy36,37 showed that magnetization trans-

fer can not only be used to distinguish cartilage
from joint fluid, but can also differentiate
synovial pannus from adjacent fluid. In patients
with inflammatory arthritis and osteoarthritis,
MT was combined with gadolinium enhance-
ment. When MT-enhanced images were sub-
tracted from conventional gradient-echo
images, articular cartilage and synovial pannus
showed large contrast with adjacent joint fluid,
fat and bone tissue. Because pannus enhances
with gadolinium, subtracting post-gadolinium
from pre-gadolinium MT images revealed the

structures in patients with arthritis. It is the only
non-invasive method with any potential for 
directly depicting articular cartilage and syno-
vial tissue.

An important drawback of conventional 
imaging sequences is the relatively poor image
contrast between articular cartilage, joint effu-
sion, and inflamed synovial tissue.

In one of the very first clinical papers on
magnetization transfer, Wollf et al.34 studied the 
cartilage-synovial fluid contrast in the knees of
human volunteers. He was able to show signifi-
cant increase in contrast on high-resolution 3D
gradient-echo images (Fig. 5). He concluded

that MTC not only provides better structural 
information about the knee, but may also pro-
vide non-invasive insight into the structure and
biochemical composition of cartilage in vivo.

The latter idea was studied in detail by Kim
et al.62. Articular cartilage is a three dimensional
helical matrix of collagen fibres (type II collagen
which is highly hydrophilic) and proteoglycans.
In vitro data demonstrate that the structure and
concentration of the collagen matrix are the
predominant determinants of the magnetization
transfer process in articular cartilage, with little
or no contribution from proteoglycans.

Other groups studied MTC as a method to
increase specificity of low-grade chondromala-
cia34,35,47. Fine tuning of the MT pulse sequen-
ces revealed that it is not always necessary to
suppress cartilage maximally, as long as it is not
iso-intense with fluid. A blind comparison
between MTC and conventional gradient-echo
images by six musculoskeletal radiologists in 40
cases, however, did not show a diagnostic

Fig. 4. The combination
of magnetization transfer
with gadolinium-
enhanced MR imaging
amplifies the tumour-
brain contrast.
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difference between hypertrophic synovial tissue
and articular cartilage.

Due to the high contrast with these pulse
sequences, semi-automated segmentation is
possible. This makes volumetric quantification
of cartilage feasible, and may improve moni-
toring of arthritic disease progression and
efficacy of medical treatment37.

Work in progress
Cardiac (work in progress)
Cardiovascular applications were first mention-
ed by Balaban in 199138. Cardiac muscle tissue
shows a strong MT effect and when off-
resonance pulses are used MT is insensitive to
motion. Based on the large MTC between 
myocardium and blood, volumetric studies and
coronary angiography may prove to be useful5.

The latter idea was pursued by Li et al.41 using
a non-breath-hold 3D technique. The contrast
was optimized by applying fat saturation and
magnetization transfer contrast techniques to
suppress the signals of fat and myocardium
surrounding the coronary arteries. An example
of such an approach at 0.5 T using 3D echo
planar imaging (EPI) by the Philips research
laboratories is shown in Figure 6.

Hypertensive cardiomyopathy was studied
using an animal model39. However, hypertro-
phic cardiomyopathy does not alter MAsat/MA0,
although the accompanying change in tissue
water content influences water proton relaxa-
tion. Myocardial ischaemia was also studied
using MT40,42,43.

A potentially very attractive method to eva-
luate myocardial perfusion without a contrast
agent was published by Prasad40. Experiments
with an isolated heart model demonstrate in-
crease of MT-weighted signal intensity and T1sat
with flow. From studies with an ex vivo piglet
heart it was concluded that contrast between
ischaemic and non-ischaemic tissue improved
when MT was combined with low doses of Gd-
DTPA-BMA42,43. Moreover, MT is related to
the distribution of cellular water (intracellular
oedema) which is known to be associated with
the acute phase of myocardial ischaemia.

Musculoskeletal (work in progress)
The effect of exercise on muscles is of great
scientific interest. First observations showed
that MT increased contrast between active and
less active muscles. This phenomenon was
explained by an increase in extracellular water
content44.

Further studies provided better insight in
muscle physiology and flow45,46 but did not
open new clinical opportunities.

A very interesting result of a clinical study

with patients suffering from amyotrophic lateral
sclerosis (ALS or Gehrig’s disease) is shown in
Figure 7. Using an approach similar to that
described by Hajnal6, the changes in longitu-
dinal relaxation time were exploited. MT results

Fig. 6. Combined fat
saturation and
magnetization transfer
contrast techniques were
used to suppress the
signals of fat and
myocardium surrounding
the coronary arteries,
resulting in this 3D
surface rendered
reconstruction of the
coronary artery tree.

Fig. 5. Magnetization
transfer can be used to
increase the cartilage-
fluid contrast. Examples
of knee imaging in
human volunteers.
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in a significant decrease in T1sat of muscles and,
based on the STIR (Short Tau Inversion Reco-
very) technique, muscles and fat are suppressed
simultaneously. Signal from muscle oedema is
now clearly visualized using this approach.

Liver (work in progress)
Outwater et al.48 applied magnetization transfer
techniques to optimize contrast in the abdomen.
They demonstrated that MT can increase the

lesion-to-liver contrast of haemangiomas and
cysts over that in gradient-echo imaging without
off-resonance MTC pulses. MT does not
increase the contrast between metastases and
liver parenchyma. Haemangiomas tend to trans-
fer magnetization considerably more than fluids
but less than malignant lesions. Part of this can
be explained by the blood content. In vitro
studies showed a significant inverse relationship
between haematocrit and signal reduction due
to MT. At 0.1 T, MT-increased contrast
between hepatic neoplasms and normal liver
parenchyma was found49. Li et al.50, however,
concluded that at 1.5 T MTC was inferior to T2-
weighted sequences in distinguishing necrotic
from viable tumours. Other MTC studies did
not find significant improvements in detecting
hepatic neoplasms51,52 and liver fibrosis54.
However, the presence of fat in the liver will
affect MT parameters53.

Spine (work in progress)
Finelli et al.55 studied the use of magnetization
transfer for improved contrast on gradient-echo
MR images of the cervical spine in 103 patients
with degenerative disc disease or intrinsic cord
lesions. MT provided an average 2.2 to 2.4-fold
improvement in spinal cord-CSF contrast.

The increase in spinal cord-CSF contrast and
lesion-spinal cord contrast improved image
quality and allowed higher resolution imaging,
which translated into superior clinical perfor-
mance of this sequence (Fig. 8).

Clinically, the technique has proved to be
helpful for the delineation of lateral disc
herniations and foraminal stenosis, and the
detection of intrinsic spinal cord lesions such as
multiple sclerosis plaques.

A potential drawback compared to the T2-
weighted SE sequence is the decreased sen-
sitivity to disc degeneration and loss of disc 
hydration. Similar results were found by 
Yoshioka56, who also demonstrated that MTC
provided clearer visualization of syringomyelia.

Fig. 7. Patient suffering
from amyotrophic lateral
sclerosis. The  STIR
(Short Tau Inversion
Recovery) technique was
combined with MTC such
that muscle and fat
signals were suppressed
simultaneously. The
signal from muscle
oedema is clearly
visualized.
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Breast (work in progress)
There are surprisingly few publications of MTC
in mammography. The original work of Pierce
et al.57 showed a combination of fat suppression
and magnetization transfer to be very useful in
evaluating multi-focal and inflammatory
carcinomas.

Others58,59 further studied the effects of 
lesion-enhancing contrast agents. Similar to
applications in the central nervous system, the
synergistic effect of MT and contrast agents can
be exploited to increase sensitivity in MR
mammography5.

Tissue characterization (work in progress)
Based on the different relaxation mechanisms,
it is to be expected that MT imaging can provide
information that may be more specific than that
obtained from T1 or T2. Since the original
publications of Wolff and Balaban2,3,4 scientists
have been using magnetization transfer
techniques to pursue the unique biophysical and
biochemical properties of biological tissues60,61.

Studies have been performed on multiple
sclerosis plaques18, meningiomas25, intracranial

haemorrhage64, wallerian degeneration in the
feline visual system65, lipids66, 67, articular car-
tilage62, myocardial tissue38, 39, and haemato-
mas63.

Most studies attempted to quantify MT by
means of the dynamics described in Part 1 of
this article68. Experimentally, the ability to com-
pletely saturate the ‘bound pool’ without direct
saturation of the ‘free pool’ (non-magnetization
transfer mediated) is problematic, and reported
magnetization transfer rate calculations should
be regarded with great care.

Clinically, no definite advantages of tissue
characterization have yet been published. Still,
many authors conceive this as a useful and
attractive approach, especially since changes on
a macromolecular level most probably precede
cellular changes as associated with subsequent
disease development69.
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