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One of the principle advantages of Magnetic
Resonance Imaging (MRI) over other diagnos-
tic imaging modalities is the intrinsically large
bandwidth of soft tissue contrast. Traditionally,
clinical imaging exploits the contrast due to
differences in spin density (p), spin-lattice
relaxation (T1), and spin-spin relaxation (T3)
between normal tissues and pathology.

However, other contrast mechanisms such as
susceptibility, magnetization transfer, chemical
shift, diffusion, perfusion, flow, and endogenous
and exogenous agents can be used to create
specific and subtle changes in contrast. One of
these mechanisms, magnetization transfer, has
been actively researched during the last couple
of years, following Wolff and Balaban’s
publication of their first results®.

Magnetization Transfer Contrast (MTC) in
magnetic resonance imaging is the result of
selectively observing the interaction of bulk
water protons with the protons contained in
macromolecules of tissue.

Magnetization Transfer (MT) is based on
well-defined biophysical and biochemical
properties. Since different tissues have different
macromolecular compositions, the degree of
interaction, or Magnetization Transfer (MT),
can differ widely, generating very high tissue
contrast.

MTC is obtained by combining saturation
transfer techniques with standard MRI proce-
dures. The basic use of the saturation transfer
technique in MR spectroscopy was already
described in 1963 by Forsén and Hoffman!, who
used it to calculate the exchange rate of specific
chemical reactions. In the 1970’s Edzes and
Samulski® 3 proposed that cross-relaxation
between 'H pools was a dominant relaxation
mechanism in biological systems such as
collagen and muscle. However, it was not until
1989 that Wolf and Balaban* became the first
to apply these principles to in vivo measure-
ments. They calculated the pseudo-first-order
rate constant for the transfer of magnetization

in kidney and skeletal muscle, and showed
images where the contrast was a function of
magnetization transfer. In their first publication*
they predicted that: ‘Since the image contrast
generated using this method is specific to the
exchange between mobile and restricted
protons, this technique may prove valuable in
diagnosis or characterization of cancer, oedema,
or other pathologies where the specific relaxa-
tion mechanism may be useful in determining
the nature of the disease’.

More experiments> were performed on a 4.7
T system and substantiated the original findings.
In 1991, the first magnetization transfer images
of a cat head at 1.5 T were produced by Wolf,
Eng, and Balaban®. Their conclusion that ‘this
technique for increasing tissue contrast has
the potential to be applied to imaging human
beings at clinically relevant magnetic fields’ can
be considered as the beginning of a steady
stream of scientific papers on MR physics and
clinical applications of magnetization transfer
contrast. A number of different review papers
have recently been published on the various
aspects of MTC7> 10, In this review, simplified
schematic drawings are used to explain the
physical properties of MTC for those readers
who are less specialized in mathematics and
physics.

MR physics of magnetization transfer: relaxa-
tion mechanisms
In biological systems, hydrogen nuclei or pro-
tons ('H) can be described as existing in two
pools. The so-called ‘free pool’ consists of
relatively mobile protons (correlation times =
3. 10712 ) in free bulk water and some lipid-
containing tissues. This pool has a narrow
spectral line (10-100 Hz) and a relatively long
T, (> 10-100 ms), and is labelled in mathema-
tical descriptions as the A pool. With standard
MRI this pool provides the bulk of the signal.
The second pool or ‘bound pool’ consists of
restricted protons bound in proteins, other large



macromolecules, and cellular membranes. This
pool has a very broad spectral line (10-50 kHz)
and subsequently a very short T (< 0.1 ms), and
is labelled in mathematical descriptions as the
B pool. With conventional MRI this pool is not
‘MR visible’, because its signals are not directly
detectable due to the very short T.

Note that both pools have approximately the
same central resonance frequency (Fig. 1) and
that the only difference is the larger spread in
resonance frequencies of the restricted protons
(correlation times = 1078 s).

Under normal MR conditions magnetization
is exchanged from the ‘free pool’ to the ‘bound
pool’ and vice versa, resulting in an equilibrium
situation characteristic for that type of tissue.
One should realize that if the magnetization in
either pool is perturbed (e.g. by the RF excita-
tion pulses in standard MRI), changes occur in
both pools. The normally observed spin-lattice
relaxation of the ‘free pool’ is, in fact, a complex
function of the recovery of both pools to the
equilibrium state (relaxation coupling).

A special situation occurs when the ‘bound
pool’ is selectively saturated. This will result in
no net magnetization of the ‘bound pool’ and
thus a difference in magnetization between the
pools is created. Due to cross relaxation proces-
ses, magnetization is transferred from the ‘free
pool’ to the ‘bound pool’.

In order to obtain a first order impression of
the magnetization transfer phenomenon, a
simplified biological tissue with only one
imaging voxel is shown in Figure 2. This hypo-
thetical tissue has a ‘free pool’ of four water
molecules with four proton spins, and a ‘bound
pool’ of one macromolecule with three proton
spins. In Figures 2-6 the arrow up denotes one
unit of measurable MR signal for the ‘free pool’,
and the arrow down indicates zero measurable
MR signal. The ‘free pool’ and ‘bound pool’ can
transfer magnetization to and from each other
and are in equilibrium. In the present constella-
tion the signal to noise ratio (S/N) = 4 arbitrary
units (AU). Note that the three spins of the
‘bound pool’ do not contribute to the S/N of
this tissue.

The second step of the MTC experiment is
to selectively saturate the bound protons (Fig.
3). Note that the four spins of the ‘free pool’ are
not (yet) affected. As an example for this
specific tissue, the next step in the MT process
is that two spins exchange magnetization. The
result of this cross relaxation is that the S/N is
decreased to 2 AU (Fig. 3). Note that the two
spins of the ‘bound pool’ are ‘MR invisible’ and
therefore do not contribute to the S/N of the
tissue. If the ‘bound pool’ is held in saturation,
a new equilibrium situation has been created

where the tissue has less available longitudinal
magnetization. Note that the apparent longitu-
dinal relaxation time Tig,¢ has been shortened
compared to the normal Ty: after excitation it
now takes less time to relax back to the new
(smaller) equilibrium magnetization (Fig. 4).
How this mechanism can actually be used to
improve contrast in MRI is shown in Figure 5.
We now have two hypothetical tissues. The
outside tissue has only four free water molecules
with four spins, whereas the inner tissue has both
a ‘free pool’ and a ‘bound pool’ with also a total
of four ‘MR visible’ spins. Both tissues have a
S/N =4 AU, and therefore there is no contrast.

‘free pool"

‘bound pool'

fo Frequency

macro-
molecule

However, after selective saturation of the
‘bound pool’ the S/N of the inner tissue is
reduced to 2 AU as a result of magnetization
transfer. The other tissue is not affected (S/N =
4 AU). Consequently, in the new equilibrium
situation, there is a large contrast between the
two tissues: namely the Magnetization Transfer
Contrast (MTC) (Fig. 5).

Fig. 1. The spectral lines
of the ‘free pool’ and the
‘bound pool’ are both
centred at the same
Larmor frequency fo. The
‘free pool’ has a narrow
line (relatively long T>);
the ‘bound pool’ has a
homogeneous broadened
line (T, < 0.2 ms).

Fig. 2. Simplified
biological tissue
consisting of one imaging
voxel. This hypothetical
tissue has a ‘free pool’ of
four water molecules with
four proton spins, and a
‘bound pool’ of one
macromolecule with three
proton spins. An arrow
up indicates one unit of
measurable MR signal
(S/N) for the free pool’.
An arrow down means no
measurable MR signal
(S/N =0).
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Pre-saturation:
S/N=4

Selective saturation
of bound protons

Magnetization transfer
post-saturation:
S/IN=2

Fig. 3. During an MTC
experiment the
measurable MR signal is
decreased. The upper part
shows the initial magnetic
environment of the
hypothetical tissue in Fig.
2, the middle part shows
the spins after selective

Fig. 4. The apparent
longitudinal relaxation
time Tsq has been
shortened compared with
the normal T: after
excitation it now takes
less time to relax back to
the equilibrium
magnetization M agqr.
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saturation of the ‘bound
pool’, and the bottom
image shows the new
equilibrium situation with
a lower signal of the ‘free
pool’.

Cross relaxation: dipole-dipole interactions
Although the magnetization transfer mecha-
nism is relatively well understood at the tissue

normal T1

Tlsat

Time

level, much less detailed knowledge is available
on a cellular and molecular level. Continued
advances in modelling of magnetization transfer
effects will improve the detailed picture of the
mechanism underlying this phenomenon!? 21,
The most comprehensive models, as summa-
rized by Balaban and Ceckler’, describe the ‘free
proton pool’ and the macromolecule proton
pool (‘bound pool’). The ‘free pool’ is thought
toinclude both mobile bulk water molecules and
water molecules bound to the macromolecular
surface, the so-called ‘hydration water’ or
‘surface water layer’. These two water fractions
exist in a state of rapid chemical equilibrium,
such that all the tissue water can be thought of
as a single proton pool. According to Eng et al.?
the surface layer of water communicates with
the bulk water by diffusion. The actual transfer
of magnetization (see also Figure 6) from the
surface layer of water with the macromolecule
protons occurs by means of dipole-dipole
interactions through space (cross relaxation).
Research on the actual binding sites is
ongoing. Eng et al.> suggest that lipid bilayers



are effective macromolecular structures for
magnetization transfer between ‘bound’ and
‘free’ protons.

It has also been suggested that chemical
exchange between protons in hydration water
and macromolecule protons could be the
primary mechanism for magnetization transfer.
However, experiments with ‘broad’ H spins
and water 2H in vivo, as well as experiments
with the spin % isotope tritium, did not reveal
magnetization transfer effects. Furthermore, in
model lipid systems and other macromolecules,
similar magnetization transfer effects have
been observed independently of pH values from
5to 8.

From these studies it is concluded that
chemical exchange is not a significant factor in
the magnetization transfer process>.

It is to be expected that ongoing studies will
explore the biochemical and biophysical path-
ways underlying the magnetization transfer
mechanism, in order to optimize the specificity
of MR tissue characterization with this unique
physical phenomenon®.

chemical

exchange

Q= ONGO

Fig. 5. Magnetization
transfer can increase
contrast between tissues
with different biophysical
properties. The images on
the left represent the pre-
MTC situation; those on
the right the post-MTC
situation. The upper set
of drawings show the
proton spins in the
different tissues. The
lower set of images are
grey scaled to represent
the corresponding signal
level.

Fig. 6. Different physical
and chemical processes
play a role in
magnetization transfer:
diffusion, chemical
exchange, and cross
relaxation. For further
details, please refer to the
main article.
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Fig. 7. The ‘coupled
bathtub’ model. The A
pool is the ‘free pool’, the
B pool is the ‘bound
pool’. The longitudinal
magnetization of the A
pool is labelled M 5, and
for the B pool Mpy. The
spin-lattice relaxation
rates in the absence of
exchange are labelled R4
(RIA = l/T]A) andRZB
(R]B = I/TIB). The
exchange rates of
magnetization transfer
between the A and B pool
are labelled Ko and K yey.
The water level in the
bathtubs represents the
amount of magnetization.

Fig. 8. When the B pool is
selectively saturated, a
new equilibrium is
created where the A pool
has less available
longitudinal
magnetization (labelled

M gsar). See also Figure 7.

Fig. 9. A larger exchange
rate Ko, will result in a
lower value for M gsar.
The labels K,y =1 and
Kyor =2 indicate the
magnitude of the
longitudinal
magnetization M agq; in
the two situations. See
also Figures 7 and 8.

Fig. 10. A larger
relaxation time T14 will
result in a lower value for
Musar. The labels 0.5 T
and 1.5 T indicate the
magnitude of the
longitudinal
magnetization M 44 at
different field strengths.
Kjor is the same for both
situations. See also
Figures 7 and 8.

Dynamics of the magnetization transfer

mechanism

The dynamics of the magnetization transfer
process were already formulated in 1963 by
Forsén and Hoffman!. A two-pool spin
exchange system, shown in Figure 7 by the
‘coupled bathtubs’ diagram, has been analysed
to form a quantitative basis of the previously
described mechanisms?2-27-32, The longitudinal
magnetization of the A pool s labelled M, and
for the B pool Mg. Under fully relaxed
conditions, this is Mg and Mgy.

The spin-lattice relaxation rates in the
absence of exchange (intrinsic relaxation) are
labelled R1a (R1a = 1/T1a) and Rig (Rip =
1/T1g).

The exchange rates of magnetization trans-
fer between the A and B pools are labelled Ky,
and Kiey.
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The water level in the bathtubs (Figs 7-10)
represents the amount of magnetization.

At equilibrium the transfer of magnetization
from A to B (Ma . Kfor) is equal to the transfer
of magnetization from B to A (Mg . Kyev).

In more general terms, the rate of change of
magnetization in the A pool, dMa(t)/dt,is given
by:

dMa(t)/dt = (Mao - MA(t)) . Ria —
MA(t) . Kfor + MB(t) - Krey (1)

When the B pool is selectively saturated (and
kept in complete saturation!) a new equilibrium
is created where the A pool has less available
longitudinal magnetization (labelled M ss,¢) and
also a shorter longitudinal relaxation time con-
stant (labelled T1ga¢), with:

Masat = Mao / (1 + Ksor - T1A) 2
and:
1/T1sat = R1a + Keor A3)

Re-arranging (2) and (3) results in

Kfor = (1/Tlsat) . (1 - MAsat/MAO) (4)
or:
Masat/Mao = 1 - Kfor . T1sat (5)

Note that magnetization transfer is a dynamic
process. After selective saturation of the B pool,
the equilibrium longitudinal magnetization Mo
is reduced exponentially to Mag,¢ with a time
constant Tis¢. Moreover, the analytical solu-
tions above assume complete and indefinite
saturation of the B pool. More details are well
described by Hajnal et al.32, More complex and
detailed MTC models are still being develo-
ped15 19,20,

A more intuitive understanding of these
effects is shown in Figure 8. The B pool is now
empty (complete saturation has taken place
since there is no water in bathtub B) and water
flows from A to B. A new equilibrium water
level is established when the inflow (via tube
R14) and outflow (via tube Kfor) are in balance.
The amount of water which flowed from A to
B cannot flow backwards, because the B pool is
continuously emptied (kept in saturation). It is
also easy to understand that a larger exchange
rate Ko, will result in an even lower value for
M asat (mathematically described in Formula 2).

Figure 9 shows that a larger outflow tube
(larger Ksor) will result in a lower equilibrium
water level. This effect is comparable to the

situation where the exchange rate Ko is
unchanged but the T4 is larger.

The smaller inflow tube (R14) will result in
a lower equilibrium water level (Fig. 10). This
effect is also known from clinical practice - a
higher field strength will result in a larger
magnetization transfer effect’.

Ceckler et al.” showed experimentally that
the exchange rate Ky, is field strength inde-
pendent. The lower value of Mgy is the result
of the higher T; relaxation values with higher
main magnetic fields (Fig. 10).

Saturating pre-pulses
There are basically two methods to selectively
destroy the ‘bound pool’31-41,

The first method employs the differences in
widths of the resonance lines (Fig. 11). Fre-
quency selective RF pulses are transmitted at a
frequency offset Af with respect to the central
IH Larmor frequency. Using these off-reso-
nance pulses it is possible to substantially
saturate the broad resonance of the ‘bound pool’
while hardly affecting the ‘free pool’. Note that
such a pulse will not only destroy the spins with
the specific off-resonance frequency: due to spin
diffusion all the macromolecule protons will be
affected. The lower water peak is the result of
the magnetization transfer process.

The second method employs the differences
in T, between the pools. Binomial RF pulses
with a resultant zero degree pulse angle (‘jump
and return’) are transmitted on-resonance. The
most often used pulse is a 90°% 90°.x 90°x 90°%
pulse, with a pulse length < 0.5 ms per element.
During such a pulse-train, the magnitude of the
‘free proton’ magnetization is not changed, but
its direction is changed according to the flip
angle of each RF element.

Due to the long T (much longer than the du-
ration of the RF elements) the magnetization is
returned to the z-axis at the end of the binomial
pulse. Magnetization of ‘bound protons’ with a

11

‘free pool
before MT

‘free pool" after MT

off-resonance
pulse

‘bound pool'

NI

Frequency

Fig. 11. Using off-
resonance pulses it is
possible to substantially
saturate the broad
resonance of the ‘bound
pool’ while hardly
affecting the ‘free pool’.
Due to spin diffusion all
the macromolecule
protons will be saturated.
The lower water peak is
the result of the
magnetization transfer
process.
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Fig. 12. Simplified
representation of the
change of longitudinal

the ‘bound pool’. The
fourth column shows M,
and My after a 90°., reset

are destroyed (Figs 12, 13). Both methods
should be considered as MTC pre-pulses which
can be interleaved with all known MRI pulse

magnetization M, durin, ulse. . . ..

a ggox 90°. pu Ise. Uppegr' P sequences (Fig. 14). Depending on the clinical
row represents the free application, one can either use the induced
pool’, lower row changes in longitudinal magnetization (lower
represents the ‘bound Masat) or the reduced longitudinal relaxation
pool’. First column is the . tant (1 T binati £
mitial situation. The ime constant (lower T1g,¢) Or a combination o
second column shows Mz both.

and Mxy after a 90° As a starting point for experimentation it is
excitation pulse. The third probably easiest to select a proton density
column shows the weighted sequence and add either an on-
sttuation after some time

A, with Dt << T of the resonance or an off-resonance MTC pre-pulse
‘free pool’ and At >> T of to generate the desired signal changes.

z z z z
Mz=1 X Mz =0 X Mz =0 X Mz=1 X
Mxy =0 Mxy =1 Mxy =1 Mxy =0
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Fig. 13. The result of an
on-resonance binomial
pulse (90°% 90°_, 90°_,
90°) for the ‘free pool’ is
that the longitudinal
magnetization M returns
to its original value. The
spins of the ‘bound pool’
with very short T only
experience decay,
resulting in destroyed
magnetization after the
on-resonance pulse.
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very short T, is destroyed, because the trans-
verse dephasing is much faster than the duration
of the RF elements. The net effect of such a
pulse-train is that the magnetization of the ‘free
protons’ is not changed and the ‘bound protons’

13

Mz

10 | 121 pulse i
‘free pool"
0.5 | L
'bound pool' ’

0.0 | L
0.0 05 1.0 15 2.0
Time (ms)

Because magnetization transfer is a dynamic
process the MTC pre-pulses have to be repeated
to keep the ‘bound pool’ saturated. As a rule of
thumb, 10-20 MTC pre-pulses per second
should be sufficient for complete saturation3”.
Depending on the software implementation on
clinical scanners, the user can influence this by
modifying repetition time TR and number of
slices. On the Philips Gyroscan MR systems the
MTC pre-pulses (either on-resonance or off-
resonance), followed by a spoiler gradient to
dephase any residual transversal magnetization,
are applied before each excitation RF pulse
(with Turbo Field Echo before each shot).

On-resonance and off-resonance pulses

The off-resonance pulse is a single, shaped RF
pulse (e.g. sinc-Gauss) with a relatively narrow
excitation bandwidth (dependent on pulse
shape and duration). Two critical parameters
will affect the amount of saturation: the
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magnitude and the frequency offset of the off-
resonance pulse31-34: 38, 41,

More B; power will result in a better
saturation, but is limited in practice by safety
considerations (Specific Absorption Rate or
SAR).

Decreasing the frequency offset will also
create a better saturation of the ‘bound pool’,
but values closer to the 'H Larmor frequency
will also result in direct excitation of the ‘free
pool’. A practical value is a 700° pulse angle of
10 ms applied at a frequency offset of 1500 Hz.
For more details the user should refer to the
operator’s manual of the scanner used.

The on-resonance pulse is a composite RF
pulse consisting of a series of rectangular (block)
pulses. These binomial pulses can be consider-
ed as transparent for the ‘free pool’. Several
authors35-37: 39-40 studied the optimal form
(11, 121, 1331 etc). From the Bloch equations
one can show that higher order binomial pulses,
with a shorter duration and a larger Bj, will
result in a larger transparent bandwidth. This is
the range of frequencies for which the ‘free
spins’ are not affected after the pulse. Due to
safety (SAR) and hardware limits a typical on-
resonance pulse is a 121 pulse (4 elements) with
a pulse angle of 90° and a duration per element
of 0.3 ms.

In clinical practice, a practical problem at 1.5
T is the water-fat shift (WFS = 220 Hz). The
transparent bandwidth of the on-resonance
MTC pre-pulse should be larger than the WFS,
otherwise the fat spins will also be affected. Note
that this has nothing to do with the actual
magnetization transfer (cross relaxation), but is
the direct result of the excitation bandwidth of
the pulses used. Increasing the flip angle and
decreasing the time duration of the on-
resonance pulse elements will be helpful to
increase the transparent bandwidth of the bino-
mial pulse (Fig. 15). Again, the user should refer
to the operator’s manual of the scanner used.

The results of both methods for the magne-

tization transfer effects are basically similar,
whereby the amount of saturation is a direct
function of the B1 power of the MTC pre-
pulses. Theoretical simulations on the power
efficiency*! are probably bypassed by other
factors in practical scanning, like SAR safety
limits, desired contrast, and time efficiency.
Interleaving a standard MRI pulse sequence
with MTC pre-pulses will increase TR with the
time duration of the MTC pre-pulse and time
for spoiling. This might be a disadvantage
depending on the clinical application.

Incidental MTC

Dixon et al.28 described the fact that MTC is
implicitly generated in many normal imaging
sequences where off-resonance pulses are
applied. For example, in Spin Echo (SE)
sequences the slice selective excitation and
refocusing pulses can be considered as off-
resonance pulse for neighbouring slices. This
effect will also occur in 3D, spectral fat
suppression and REST slabs (out-of-slice
suppression).

In multislice TSE (Turbo SE, also called Fast
SE) sequences this effect is significant due to
the many 180° refocusing pulses3?. Melki et al. 2
nicely demonstrated that the signal attenuation
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Fig. 14. MTC pre-pulses
which can be interleaved
with all known MRI pulse
sequences. On the Philips
Gyroscan systems the
MTC pre-pulses (either
on-resonance or off-
resonance), followed by a
spoiler gradient to
dephase any residual
transverse magnetization,
are applied before each
excitation RF pulse (a).

Fig. 15. The transparent
bandwidth is the range of
frequencies for which the
‘free spins’ are not
affected after the pulse.
Increasing the flip angle
and decreasing the time
duration of the on-
resonance pulse increases
the transparent bandwidth
of the binomial pulse
(squares). M, is the
longitudinal
magnetization.
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Fig. 16. MR images
showing incidental MTC
in knee joint imaging.
Note the differences in
cartilage and muscle
intensity between multi-
slice SE, multi-slice TSE
and single-slice TSE.
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for white and grey brain matter in multislice
sequences is a direct function of the number of
slices. An example in knee joint imaging of the
incidental MTC effect is shown in Figure 16.

Visualization of MTC

There are many ways to visualize the effects of
the magnetization transfer process. The easiest
way is tojudge the MTC images directly. A more
time-consuming way is to generate two sets of
images, one with and one without MTC pre-
pulses, and compare the changes in contrast
qualitatively. A more quantitative approach is
to construct synthetic images, for example a

subtraction image or a ratio image. The first
approach means that for each pixel the
difference between two images is calculated and
visualized; in the latter approach the relative
change in signal intensity for each pixel is
calculated. These subtraction or ratio images
can be colour coded and overlaid on a high-
resolution normal grey scale image. The most
complex way is to calculate the actual rate of
exchange of magnetization on a pixel basis.
Theoretically, this is the most specific way of
visualizing the MTC. Experimentally, it is more
difficult because it requires measurement of
several physical properties (Mao, Masat, T1sat,
see Equation 4) and requires postprocessing of
the data. The optimal solution of MTC visuali-
zation in routine scanning is dependent on the
clinical application, scan time considerations
and software for automatic generation of
calculated images.
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