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Magnetization Transfer (MT) imaging generates contrast dependent on the
phenomenon of magnetization exchange between free water proton and restricted
proton in macromolecules. In biological materials in knee, MT or cross-relaxation is
commonly modeled using two spin pools identified by their different T2 relaxation
times. Two models for cross-relaxation emphasize the role of proton chemical
exchange between protons of water and exchangeable protons on macromolecules, as
well as through dipole-dipole interaction between the water and macromolecule
protons. The most essential tool in medical image manipulation is the ability to adjust
the contrast and intensity. Thus, it is desirable to adjust the contrast and intensity of
an image interactively in the real time. The proton density (PD) and T2-weighted SE
MR images allow the depiction of knee structures and can demonstrate defects and
gross morphologic changes. The PD- and T2-weighted images also show the cartilage
internal pathology due to the more intermediate signal of the knee joint in these
sequences. Suppression of fat extends the dynamic range of tissue contrast, removes
chemical shift artifacts, and decreases motion-related ghost artifacts. Like fat
saturation, phase sensitive methods are also based on the difference in precession
frequencies of water and fat. In this study, phase sensitive methods look at the phase
difference that is accumulated in time as a result of Larmor frequency differences
rather than using this difference directly. Although how MT work was given with
clinical evidence that leads to quantitative model for MT in tissues, the mathematical
formalism used to describe the MT effect applies to explaining to evaluate knee
disorder, such as anterior cruciate ligament (ACL) tear and meniscal tear. Calculation
of the effect of the effect of the MT saturation is given in the magnetization transfer
ratio (MTR) which is a quantitative measure of the relative decrease in signal
intensity due to the MT pulse.
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Introduction

The many tissue parameters that can be measured by
magnetization transfer imaging (MTI) methods have the
potential to provide physiologic information about the
repair or transplant as well. Because contrast is a
measurement of the difference in signal between two
regions, a measurement of contrast is independent of
any arbitrary image scale factor. Contrast is usually
defined as the signal difference divided by the average
signal:

Contrast = 2(S1-S2) / (S1+S2) [1]

The signal difference normalized to a measurement
of the random noise is dimensionless and independent
of any image gain factors as long as the noise is
measured in the same units as the signal. An ideal MT
contrast should provide accurate assessment of
cartilage thickness, demonstrate morphologic changes
of the cartilage surface, demonstrate internal cartilage
signal changes, and allow evaluation of the
subchondral bone for signal abnormalities. However,
parallel to the development of a physical model for MT
has been the development of imaging application that
takes advantage of MT dependent contrast (MTC).
Imaging using MTC was first demonstrated by Wolff
and Balaban (1) in rabbit kidney using continuous-wave
(CW) off-resonance irradiation to partially saturate the
restricted pool. Nowadays, since CW irradiation is
generally not available for clinical MRI scanners, the
majority of human MT imaging has been performed
using shaped off-resonance RF pulses (2—4) or short
intense on-resonance binomial RF pulses (5). In either
case the pulses are designed to selectively saturate (at
least partially) the short T2 semi-solid spins without
any direct effect on the liquid components (6, 7). In an
attempt to isolate MT effects, acquisitions are often
performed with and without 1H saturation pulses to
compute ratio or percent difference images. Calculation
of the effect of the MT saturation is given in the
magnetization transfer ratio (MTR) that is found by the
following equation:

MTR = (M,-My) /M, = 1-M, /M, 2]

where MO represents the signal intensity when no
saturation pulses are applied and Ms the corresponding
intensity with MT saturation on. The parameters that
determine the MTR values can be classified in three

groups: tissue properties, system parameters and data
processing. Tissue properties exhibit different degrees
of magnetization transfer. However, the uncertain
relationship between tissue properties and MTR
complicates the process of standardization and it is not
yet possible to predict the behavior of individual tissues
in different MR systems. Low MTR can arise from
several physical (tissue) properties: for example a
reduced capacity of the macromolecules in knee tissue
to exchange magnetization with the surrounding water
molecules or a decreased amount of macromolecules.
The MTR is a semi-quantitative measure of the relative
decrease in signal intensity due to the MT pulse. The
use of pulsed irradiation to generate MT contrast
requires further refinement of the physical model. A
number of authors have described analytic methods for
computing the transient behavior of binary spin model
in response to step changes in irradiation (8, 9). The
absorption line shape of the restricted protons
determines the degree of saturation of the restricted
protons. This absorption line shape can be taken as a
Lorentzian, according to the Bloch equations. The
frequency offset influences the degree of saturation due
to the absorption line shapes of both the free and the
restricted protons, which are frequency dependent. It
should be noted that some absorption line shapes are
asymmetric with respect to the centre, therefore the
standard offset in all sequences is chosen to be on the
negative side of the spectrum (10).

Fat suppression method takes advantage of the
difference in the Larmor frequencies of fat and water.
If the field is homogeneous enough, a narrow band RF
pulse can be used to tip either species into the
transverse plane without influencing the other pulse. A
90° RF pulse tuned to the resonance frequency of fat is
applied to tip the bulk magnetization vector from fat
into the transverse plane. Fat saturation (FATSAT) is
only a selective pulse sequence hence it tips down all
fat magnetization regardless of the fat's location in the
object. This is the FATSAT part of the sequence, and is
followed by the spatially selective imaging sequence to
obtain signal from the remaining water nuclei.
Inversion-recovery (IR) imaging is independent of
magnetic field inhomogeneities. This method takes
advantage of the differences between T1 tissue
relaxation times of fat and water by using an inversion-
recovery sequence. An inversion pulse tips the
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magnetization vector 180° or simply inverts the
longitudinal magnetization. Fat has a shorter TI relative
to water, thus recovers faster when an inversion pulse
is applied. After a time delay, TI, all of the
magnetization from fat will be in the transverse plane
or simply Mz for fat will be zero, while most of the
water magnetization is still pointing in the negative z-
axis direction. Application of a 90° RF pulse at this
point will result in data with null fat signal. The null
point for tissues in the finite TR case is given by (11)

TI =Ty 2/(1 + e™™m) [3]

In comparison to a conventional spin echo where
tissues with a short T1 are bright due to faster
recovery, fat signal is reversed or darkened. Because
body fluids have both a long T1 and a long T2, it is
evident that STIR offers the possibility of extremely
sensitive detection of body fluid. This is of course, only
true for stationary fluid such as edema, as the MR
signal of flowing fluids is governed by other factors.

Materials and Methods

Magnetization transfer

Magnetization transfer (MT) imaging is an MRI
technique that generates contrast dependent on the
phenomenon of magnetization exchange between 'free
water’ protons and protons that are 'restricted’ in
macromolecules. This technique makes it possible to
image 1H nuclei (protons) that are bound in semi-
solids, such as proteins. The relaxation decay time of
these materials is too short to image directly and
therefore this indirect imaging technique is a perfect
way to provide insight in the characteristics of these
semisolid materials. Magnetization transfer imaging
uses an off-resonance RF pulse to saturate bound
hydrogen spins that are bound to collagen molecules.
The saturated bound spins exchange with free water
spins. Several studies have demonstrated that the
magnetization transfer effect can be used to
discriminate among articular cartilage, adjacent joint
fluid, and inflamed synovium. (12—14)

The method uses two data sets, one acquired with
magnetization transfer saturation on and one with it
off. Unfortunately, patient motion occurring between
these acquisitions can result in subtraction artifacts.
Also, the SNR of the subtraction image is generally
poorer than that of the component images because the

signals cancel, whereas the noise is additive. If a
different percentage of collagen is present in the repair
tissue than in the adjacent cartilage, a change in the
amount of magnetization transfer might be seen with
this technique (15)

Method to image cartilage

Reasonable morphologic evaluation of cartilage and
chondral pathology is achieved with (1) proton-density
(PD) and T2-weighted fast spin echo (FSE) .PD-w and
T2-w also show cartilage internal pathology due to the
more intermediate signal of the cartilage in these
sequences.

Immediately after an RF excitation, water and fat are
aligned in the transverse plane, but they start to precess
at different frequencies. The phase angle ® between
fat and water magnetizations changes in time, which
can be expressed as

P = 2%t [y [4]

when the phase difference is an odd multiple of ¥4,
water and fat point in opposite directions. The resulting
signal will be minimum because out-of-phase
magnetization vectors cancel each other. When the
phase difference is an even multiple of %, water and
fat points in the same directions or they are in-phase. In
this case, the resulting signal will be maximum.
Together with the relaxation effects, an oscillatory
signal behavior is observed, especially in gradient echo
sequences as shown in Figure. 1.

A refocusing RF pulse would correct not only for the
field inhomogeneity but also phase cancellation due to
chemical shift. Like fat saturation, phase sensitive
techniques are also based on the difference in
precession frequencies of water and fat. However,
rather than using this difference directly, phase
sensitive methods look at the phase difference that is
accumulated in time as a result of Larmor frequency
differences. The 2-point Dixon method (2PD) can be
achieved within reasonable scan times while retaining
a high spatial resolution (16). The method employs an
acquisition of a pair of images with fat and water
magnetizations aligned in-phase and out-of-phase
(opposed-phase), respectively. Addition or subtraction
of these images will result in either water or fat images.
The first of the two images is obtained using a
conventional SE sequence. The second image is
acquired using the same sequence with a change in the
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timing of the 180° refocusing pulse. FIG. 2 shows the
timing diagram of the opposed-phase data acquisition.
The time location of the conventional SE sequence used
in the first image is shown with dashed lines. Right
after the excitation fat and water magnetizations are in
phase, however, they start to dephase as they precess
at different Larmor frequencies. Accumulated phase
dispersion until the 180° refocusing pulse is applied is
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Fig. 1. Phase-cancellation artifact as a result of chemical
shift. When the water and fat magnetizations are out of
phase, minimum signal intensity is observed. When
they are in phase, maximum intensity is observed.
When they are in phase, maximum intensity is
obtained under the existence of relaxation.

given by
O (TE-Tog) = 2%s  fyur (TE-Tog) [5]
where Toff is the correct timing offset. Once the
refocusing pulse is applied, faster precessing water
molecules will fall behind and experience a phase lag of
® (TE—Tg). Because the angular speed of precession is
constant, it would take exactly the same amount of
time to rewind the phase difference. At t = 2(TE?Toff),
fat and water magnetizations are aligned in phase.
From this point, the phase dispersion starts to build up
again. The duration of this time window (Tphase) to
build up a phase dispersion of ¥ radians is given by
Tonase = 2TE=2 (TE=Tygz) = 2 Tegg (6]
With this timing adjustment, the fat magnetization is
out of phase at the time TE of the signal read-out.
Because chemical shift is proportional to BO, Toff is
inversely related to the field strength. For example,
Toff is only 1.1 msec at 1.5 Tesla to achieve an opposed
phase effect (17). Only the opposed-phase image is
obtained with different echo times, which is
characterized by decreased signal at tissue boundaries
of the fat and water interface. The voxels containing
both fat and water appear dark as their signals
destructively interfere. The method works best in
regions where fat and signal contributions are similar.
In tissues that contain predominantly lipid or water,
signal reduction is minimal. The problem with this
technique is that there is no way to tell whether the

TE-Toff
—r

Fig. 2. Out of phase spin echo
7 generation. Magnetization vectors
for water (W) and fat (F) are in
phase, initially. By simply equating
»F the phase offset that is
accumulated to ¥4 radians, T for

/¥ | opposed-phase imaging is found as
W 21/4¢fo 2Ty ) = Y2 => Ty =
Va® £t .
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boundary voxels are mostly fat or water. Furthermore,
it can be difficult to detect small tumors embedded in
fat (18) because the signal from the tumor might be
nulled by the signal from the surrounding adipose
tissue. On the other hand, opposed-phase imaging is
fast, simple, and available on commercial MR systems.

Fat Saturation: A 90° RF pulse tuned to the resonance
frequency of fat is applied to tip the bulk magnetization
vector from fat into the transverse plane. One should
keep in mind that fat saturation is only spectrally
selective, hence it tips down all fat magnetization
regardless of the fat's location in the object.

Inversion recovery doubles the distance spins will
recover, allowing more time for T1 differences. A 180°
preparation pulse inverts the net magnetization to the
negative longitudinal magnetization prior to the 90°
excitation pulse. This specialized application of the
Inversion Recovery pulse sequence set the inversion
time (TI) of the sequence at 0.69 times the T1 of fat.
The T1 of fat at 1.5T is approximately 250 with a null
point of 170 ms while at 0.5T its 215 with a 148 ms null
point. At the moment of excitation, about 120 to 170
ms after the 180° inversion pulse (depending of the
magnetic field) the magnetization of the fat signal has
just risen to zero from its original, negative, value and
no fat signal is available to be flipped into the
transverse plane. The most attractive property of fat
saturation is that, because it only modifies the fat
signal, it can be applied to virtually any sequence.
Because of the T1 relaxation, fat signal recovers; thus
only a limited time is available (approx. 100 msec) for

MTR

Absorption line shape
of the free protons
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Ms/MO 0.5+

Absorption line
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Fig. 3. Graph of the contributions of the direct effect
and the MT effect to the M/M, value at different
frequency offsets.

imaging. Repeating the fat saturation pulse is a
solution, but fat saturation pulses consume a
considerable amount of time, reducing the already
limited time available for image acquisition.

Method to process MTR data

The MR signal is a complex function of proton
density, T2, T1, flow, diffusion and other sample
properties. The signal intensity in an image is also
influenced by the variance of RF pulses and gradients.
The use of different RF pulse sequences creates
different appearance for various tissues on the MR
image. For off-resonance saturation transfer techniques,
unwanted direct saturation effects play an important
role, because off-resonance pulses also saturate the free
pool directly. This direct saturation is caused by the
fact that - although the free protons have a very narrow
absorption peak - there will always be some saturation
in the 'tail’ of the absorption line shape. This can be
seen from FIG.3 in which M/M, is graphed versus
frequency offset on a log scale. The M /M, is composed
of the direct saturation of the free pool (Mdir) and a
contribution due to transfer effects (MMT). The striped
line for the direct effect reflects the (Lorentzian)
lineshape of the free protons.

The composition of the MTR due to these two effects
could be written as:

MTR = (My—M,)/M; = 1—(Mg,/My+Myr/My) [7]

In qualitative imaging it is necessary to distinguish
between MT and direct effect, which often images with
contrast generated by both MT and the direct effect are
used (19, 20). The direct effect may be reduced by
either increasing the frequency offset or reducing the
amplitude of the MT saturation pulse. Calculation of
MTR for individual pixels depends on registration of
unsaturated and saturated images. A shift of 1 mm or
less due to patient motion may be enough to render
invalid the calculated MTR value, especially where
image intensity varies over a small distance (e.g. with
small lesions or at tissue boundaries). At tissue
interfaces (e.g. the entire joint structure, including the
cartilage, menisci, synovial tissue, and ligaments),
image pixels may sample a mixture of tissue, resulting
in partial volume effect with MTR values somewhere
between the values of the individual tissues. Such
effects are variable and will be reduced, but never fully
eliminated, by higher resolution imaging.
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Jim™ is a medical image display package that allows
easy viewing and analysis of Magnetic Resonance. For
a magnetization transfer ratio (MTR) calculation, you
will use two images (the images without and with off-
resonance saturation pulses). For a simple image
subtraction you will be working with two images.
Performing an MTR calculation refers to the image
without the saturation pulses as "M0" and the image
with saturation pulses as "Ms". If you wish, alter the
name in the Name field at the right hand side of each
input image. Each input image must be of the same
dimensionality (i.e., the same number of slices, and
rows and columns within the slice). The algebra
formula (e.g., I= 100(My—M,)/MO works through every
pixel in the set of input images, and applies the formula
to produce a single output image derived from a
combination of the input images

Results

Some different images (PD-, T2-, and MTR-image) of
an ACL tear and meniscal tear in patient’s knee are
shown in FIG. 4. It is clear that the contrast is very
different for these four different images. Abnormalities
in the knee are very clear on the MTR image.
Performing an MTR calculation refers to the image
(Fig. 4A, 5A) without the saturation pulses as "M0", and
the image (Fig. 4B, 5B) with saturation pulses as "Ms".
Fat saturation is the process of utilizing specific MRI
parameters to remove the deleterious effects of fat from
the resulting images. When deciding on the optimal
short T1 time, factors to be considered include not only

the main field strength, but also the tissue to be
suppressed and the anatomy. In comparison to a
conventional spin echo where tissues with a short T1
are bright due to faster recovery, fat signal is reversed
or darkened. Because body fluids have both a long T1
and a long T2, it is evident that short T1/tau inversion

v

(A)
MTR= 100(Mq-Mg/Mq

(B)

>

Fig. 5. (A) Sagittal spin echo proton density obtained
from 55 year-old female. TR 2000 ms, TE 35 ms, NEX
3, ETL 3, and (B) Fat suppressed T2-weighted images
obtained from TR 3215.08 ms, TE 70ms, NEX 3, ETL
9. Anterior horn of medial meniscus is normal with
triangular low signal intensity (short arrows). Posterior
horn of the medial meniscus shows increased signal
intensity with inferior articular extension, indicating
the meniscal tear (arrows). (C) Composition of an MTR
image of ACL tear patient from a PD weighted image
without (M,) and a T2 image with fat saturation (M,).

Fig. 4. (a) Sagittal spin echo proton density obtained from 56 year-old female. TR 2000 ms, TE 35 ms, NEX 3, Echo
Train Length 3, and (b) fat suppressed T2-weighted image obtained from TR 3418.67 ms, TE 90ms, NEX 2, ETL 11.
Anterior cruciate ligament shows increased signal intensity, indicating tear (arrow). (c) MTR image of bins 1% with
threshold intensity; 120. (d) MTR image of bins 0.1% with threshold intensity; 150.
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recovery (STIR) offers the possibility of extremely
sensitive detection of body fluid. This is of course, only
true for stationary fluid such as synovia, as the MR
signal of flowing fluids is governed by other factors.
There is only a small band of tissue where the fat
protons are precessing at the frequency expected,
resulting in frequency selective fat saturation working
only in that area. This can be corrected by volume
shimming or creating a more symmetrical volume
being imaged with water bags. Even with their longer
scan time and motion sensitivity, STIR sequences are
often the better choice to suppress fat. STIR images
(Fig. 4B, 5B) are also preferred because of the
decreased sensitivity to field inhomogeneities,
permitting larger fields of views when compared to fat
suppressed images and the ability to image away from
the isocenter. Fat suppression is the process of utilizing
specific MRI parameters to remove the deleterious
effects of fat from the resulting images with STIR and
FAT SAT.

JimTM can display complex images - images where
the real and imaginary parts are represented by
separate 32-bit floating point values (interleaved).
Magnitude displays the magnitude of the complex
image. Phase displays the phase of the complex image
(Fig. 4AB, 5AB). When the coordinate system of image
dimensions is shown in pixels, pixel coordinates are
always shown in integer values of pixel number. Pixel
(1, 1) is at the top left of the image, and the column and
row number increase to the right and downwards
respectively. When the coordinate system of image
dimensions is shown in millimeters, the origin (0, 0) is
at the centre of the field-of-view, and the x and y values
increase to the right and downwards respectively. A
graph of vertical or horizontal intensity profiles are
shown through an image slice. With a slice selected,
the graph shows a plot of image intensity along a
horizontal or vertical line through the image. In the
Profile frame, the read-out at the bottom of the frame
will show the location of the mouse pointer relative to
the image slice, with the read out showing the
row/column location in the image, the horizontal/
vertical position within the row/column, and the
intensity (I) at that position.

Discussion

MRI can be a valuable tool not only in evaluating the
status of the ACL but also in assessing for associated
abnormalities of internal derangement. The accuracy of
MRI in the detection of acute ACL disruption ranges
from 90% to 95%; however, it is slightly less accurate
in depicting partial-thickness tears and chronic ACL-
deficient knee conditions (21, 22). A thorough
understanding of the normal MR appearance, signs of
injury, and anatomical pitfalls of the meniscus is
essential if one is to maximize diagnostic accuracy (23).
MRI has evolved into a valuable tool for the
preoperative evaluation of the menisci. Short TEs used
for meniscal imaging can result in increased meniscal
signal because of the magic angle phenomenon, when a
part of the meniscus is oriented obliquely to the static
magnetic field. This phenomenon is observed in the
posterely to the static magnetic field. (24) The
amplitude, shape and duration of the MT saturation
pulse and the interpulse interval (duty cycle) determine
the degree of saturation of both the free and restricted
protons. A number of studies have addressed this issue
for off-resonance pulsed saturation transfer imaging
techniques. (25, 26). Most important determinant is the
total energy of the MT pulse. The frequency offset
influences the degree of saturation due to the
absorption line shapes of both the free and the
restricted protons, which are frequency dependent. It
should be noted that some absorption line shapes are
asymmetric with respect to the centre, therefore the
standard offset in all sequences is chosen to be on the
negative side of the spectrum (10). Other factors that
always influence the signal intensity in MR imaging
also determine the received MT signal. The fluid
provides the hydraulic capacity for the pressurization
of the tissue, whereas the fluid-filled solid network
provides resistance to fluid flow, which slows tissue
consolidation. The cause of the hydration changes is
unclear but includes the loss of or damage to the solid
matrix elements. The absorption line shape of the
restricted protons (also shown in FIG. 3 as dotted line)
determines the degree of saturation of the restricted
protons. This absorption line shape can be taken as a
Lorentzian, according to the Bloch equations. The
problem with this approach is that it not uses the
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knowledge of the biophysical properties of the tissue
and specific details of the MR pulse sequence. Some of
the biophysical knowledge and the MR parameters
were taken into account (27). MTR can be used in
several ways. MTR values can be obtained from
individual lesions or discrete areas from the overall
lesion population, the entire normal appearing cartilage
or even the overall knee, thus assessing the
microscopic and the macroscopic burdens of the
disease together. However, there has been a
discrepancy in the analysis of pulsed experiments with
respect to generalizing the behavior of the restricted
pool; the irradiation induced transition rate has either
been assumed constant or time-varying (28, 29).

Because MTR seems to be a very unstable parameter
to characterize magnetization transfer, many attempts
have been made to find another more uniform
parameter. Some investigators have attempted to
quantify MT images by calculating a rate constant
about fat saturation (30):

1 M 1
Ksap = [1 } o vl MTR  [8]
1

Tisar M,

in which T1sat is the time constant for the two pools
to come to equilibrium. Although the algebra can
always be performed, the rate constant ksat only has
physical meaning if two physical conditions are
satisfied: the macromolecular spins must be kept fully
saturated and there should be no direct effect on the
liquid spins. Because these conditions are not always
satisfied, although it purports to be a constant of NMR
dynamics, is only a phenomenological measure and is
still not more than a semi-quantitative value (20). The
parameters that determine the MTR values can be
classified in tissue properties. The fact that different
tissues exhibit different degrees of magnetization
transfer provides the rationale for using these
techniques. However, the uncertain relationship
between tissue properties and MTR complicates the
process of standardization and it is not yet possible to
predict the behavior of individual tissues in different
MR systems.

Conclusion

Investigation of physical basis of MTR and evaluation
of the widely used fat saturation technique, as done in
this study with an experimental and theoretical

approach, can provide us more insight in the physical
and technical basis of magnetization transfer imaging.
A theoretical approach could provide the link between
the measured signal intensity and the physical
properties of the knee and the system parameters. In
the future, this could be of considerable interest for the
quantification of osteoarthritis in knee or shoulder.
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