
Magnetization Transfer 57

5 Magnetization Transfer

 Joseph C. McGowan

J. C. McGowan, PhD
Associate Professor of Electrical Engineering, Department 
of Electrical Engineering, United States Naval Academy, 
Annapolis, MD 21405-5025, USA

CONTENTS

5.1 Introduction 57
5.2 Physical Basis 57
5.3 Magnetization Transfer Imaging 58
5.4 Analysis of Magnetization Transfer Images 59
5.5 The Inverse Problem 61
 References 61

5.1 
Introduction

One of several techniques that achieve contrast by pre-
paring the magnetization in some way and then sam-
pling the prepared magnetization via a conventional 
imaging sequence, magnetization transfer offers advan-
tages that have proven valuable in the study of white 
matter disorders. In the most common implementation, 
the magnetization transfer preparation is integrated 
into a gradient echo pulse sequence, with a conven-
tional gradient echo acquisition serving as a control 
study. The magnetization transfer (MT) effect can be 
expressed quantitatively and also evaluated using histo-
gram measures. With the assumption of models for mo-
lecular behavior within tissue, fundamental relaxation 
parameters can theoretically be extracted by solving an 
inverse problem. Imaging sequences incorporating MT 
have proven to be relatively easy to implement and to 
interpret, and have become a common research tool for 
evaluation of brain disorders. This brief overview will 
lay out the fundamental assumptions regarding the MT 
model and will provide suggestions for implementation 
and analysis of MT studies.

5.2 
Physical Basis

Conventional MRI techniques with relaxation-time 
weighting incorporate the implicit assumption that 

a quantity of a particular tissue may be fully char-
acterized by use of T1, T2, and proton density. For 
example, if a particular tissue appears hypointense 
relative to another on a T1-weighted image, the dif-
ference may be attributed to the former tissue having 
a longer T1. Since conventional MRI is not typically 
used (or designed) to provide quantitative measure-
ments on an absolute scale, a region may be described 
as hypo- or hyperintense without any conclusions 
being drawn about the magnitude of change in T1 
that was responsible for the observation.

By comparison, the magnetization transfer (MT) 
model allows two (or more) components on the molec-
ular level to each have their own relaxation parameters. 
This leads to the characterization of tissue with at least 
twice as many parameters as in the conventional MRI 
case. While in theory this represents an expansion in 
the ability to characterize tissue that is analogous to the 
advantage of MRI over X-ray, the full parameter space 
has yet to be exploited. What instead has arisen is a po-
tentially novel contrast mechanism that can be used 
to make images refl ecting in some way the exchange 
properties of magnetization between, in the limit, large 
and small molecules. Specifi cally, tissue is treated as a 
more complicated structure that includes not only pro-
tons in water molecules, but also bound-water protons 
associated with proteins and other large molecules. 
Since bound-water protons cannot be imaged directly 
via conventional means, the technique is constructed 
to sample them indirectly. In theory, advantage is 
taken of the wider frequency spectrum associated with 
short-T2 protons (bound water spins, macromolecu-
lar spins) that behave more solid-like when compared 
with protons of water. Thus, saturating radiofrequency 
energy is applied adjacent to, but not on, the reso-
nance frequency of the free water protons. This tends 
to drive the short-T2 protons into saturation while 
leaving the free water protons untouched. A process 
of, most likely, cross relaxation, effectively “transfers” 
the magnetization of the saturated macromolecules 
to the free water protons. The effect of this transfer is 
seen as a reduction in available magnetization in the 
free water protons. Subsequent sampling of the free 
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water spin magnetization via any pulse sequence will 
elicit a relatively smaller signal. Translated into imag-
ing terminology, regions where this mechanism are ef-
fective will be hypointense. A more rigorous treatment 
of this model and information on the foundation ex-
periments of the technique may be found in the listed 
articles and reviews (McConnell 1958; Forsen and 
Hoffman 1963a,b, 1964; Edzes and Samulski 1977, 
1978; McGowan 2001; Horská 1996).

The consequence of magnetization transfer in hu-
man MRI is that observed proton relaxation times may 
refl ect not only the characteristics of free water pro-
tons, but also the characteristics of the macromolecular 
environment. MT analysis has been said to represent a 
window into the structure of tissue, and this idea has 
been borne out by studies relating MT observations to 
histopathology. The implementation of MT typically 
has included a control study, so that quantitative values 
can be obtained by comparing the two sets of images. 
MT analysis has been suggested to provide information 
complementary to T1, T2, and proton density.

5.3 
Magnetization Transfer Imaging

Magnetic resonance imaging is based upon the sup-
position that rf excitation, applied off-resonance, ex-
hibits a preferential saturation effect on the short-T2 
macromolecules. The observed results of MT stud-
ies are consistent with this theory. The fi rst reported 
study of MTI employed continuous rf excitation using 
a dedicated rf channel to saturate the macromolecu-
lar (bound) spins (Wolff and Balaban 1989), but 
subsequent experiments by Schnall and collaborators 
used the standard signal channel to excite the bound 
spins, as well as to perform the excitation required by 
the imaging pulse sequence (McGowan et al. 1994). 
Another approach was introduced and dubbed “on 
resonance” pulsed magnetization transfer (Hu et al. 
1992). In this variant the effect of pulses applied at 
the proton resonance frequency is to leave the long 
T2 spins with magnetization intact while saturating 
the short T2 spins. This method can be shown to be 
equivalent via Fourier transform to the off-resonance 
approach, and can be shown to be equivalent to satura-
tion at a certain off-resonance frequency (referred to 
as effective offset frequency). A theoretical treatment 
detailing off-resonance selective saturation has been 
provided (McGowan and Leigh 1994).

The above-listed experimental MT techniques all 
produce MT images where image intensity is reduced 

in regions where the MT effect is signifi cant. As noted, 
control images are also obtained so that a compari-
son may be made between the two. The ratio of inten-
sities of these two images is a natural measurement, 
but the most common measure of the MT effect is ac-
tually that ratio subtracted from unity, known as the 
magnetization transfer ratio (MTR). This measure 
was introduced as a value that increased in magni-
tude with increasing MT effect (Dousset et al. 1992). 
Assuming that the saturation provided to the short 
T2 spins is perfectly selective, meaning that the equi-
librium magnetization of the macromolecular spins 
is reduced to zero while the water spin magnetiza-
tion is not directly affected, the water-spin magne-
tization will be maintained at a reduced value in the 
steady-state, during the pulse sequence. The decrease 
in magnetization will be larger in regions where the 
exchange of magnetization is more “effi cient”, with 
effi ciency potentially a function of one or more of the 
relaxation parameters that characterize either type of 
spin. In practice, selective saturation departs signifi -
cantly from perfect selectivity in any pulsed experi-
ments. However, rather than accept the additional 
complexity of adding a separate transmit channel to 
apply continuous wave rf energy, most researchers 
accept a smaller degree of saturation and rely upon 
an assumption that the behavior observed will be 
consistent with an equivalent continuous wave satu-
rating power. Since the results of many experiments 
to date have been presented by comparison with con-
trols, as relative differences between groups and indi-
viduals, this is a reasonable compromise.

It should be noted that contrast between areas ex-
hibiting varying degrees of MT effect is developed 
and superimposed upon the intrinsic contrast of the 
baseline image. Thus the appearance of MT images is 
highly variable when the underlying images can be 
gradient echo, spin echo, or spin-echo with exoge-
nous contrast. For quantitative study, many research-
ers have adopted gradient echo imaging as the con-
trol image, in order to superimpose the MT results on 
strictly proton density images. Magnetization trans-
fer contrast is also used in a qualitative manner for 
applications including magnetic resonance angiog-
raphy and as a means of enhancing contrast visibil-
ity when exogenous contrast agents are given. These 
techniques are successful because the MT effect is 
generally pronounced in relatively dense tissues and 
relatively ineffective in fl uids. In MRA, tissue inten-
sity is reduced while blood remains bright. In stud-
ies with exogenous contrast agents, incorporation 
of MT pulses into the imaging sequence can provide 
additional tissue suppression to allow the contrast-
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affected tissues to appear brighter. Appropriate con-
trol studies should be used in this case to ensure that 
the two independent effects are not confused. These 
applications of MT have been implemented on many 
commercial scanners and are used with both gradi-
ent-echo and spin-echo pulse sequences.

As has been described here, the MT experiment 
nearly always includes its own control study. A dif-
fi culty may arise when trying to compare MTR 
numbers between different scanners, over time, or 
between sites. This arises in part because scanners 
have never been designed to produce “reproducible” 
absolute values of image intensity. Rather, they must 
be able to reproduce contrast differences in reference 
phantoms. Coil loading with varying fi lling factors 
with different size patients is just one of several vari-
ables that are compensated for by the automatic “pr-
escan” functions of clinical scanners. When obtaining 
quantitative MT studies, it may be necessary to over-
ride some of the automatic adjustments in order to 
minimize the differences between acquisition of the 
MT and control images.

Scanner manufacturers have employed a variety 
of ways to effect the prescription of MT images with 
clinical software. Some use the concept of “fl ip angle” 
(although this may not have meaning in the context of 
the off-resonance excitation of macromolecular spins) 
as power. This fl ip angle is understood as related to the 
power that the scanner provides to the rf coil to produce, 
for example, a 90º fl ip angle in proton spins of water. 
This is meaningful as a relative measure of saturating 
power, but may be diffi cult to convert to conventional 
power units without detailed knowledge of the scanner 
software and hardware. Offset frequency is self-explan-
atory when the pulse sequence incorporates pulsed off-
resonance MT excitation, less so when “on-resonance” 
pulses are used. To compare studies, the experimen-
tal parameters should match exactly, as any MTR is a 
strong function of the experimental parameters. The 
choice of effective offset frequency may be controver-

sial. The common wisdom is to avoid “direct saturation” 
of the water spins while still providing saturation to the 
macromolecular spins. In brief, this is unlikely to be 
achieved. There is no sharp line delineating the region 
of “direct saturation”. Rather, it is reasonable to assume 
that there is always some direct effect on the water spins 
and always some indirect effect on the macromolecular 
spins. Perhaps the best compromise in the prescription 
of the scanning protocol is to choose experimental pa-
rameters to maximize the contrast, or MTR difference, 
between tissues of interest.

Magnetization transfer images may be acquired 
with control images to obtain MTR values for each im-
age location. Additional images may also be acquired 
in order to obtain additional data points for later 
application to the inverse problem of determining 
fundamental tissue relaxation and exchange param-
eters. The additional images will often be prescribed 
using a programmed variation of the effective offset 
frequency or the effective saturation power, or both. 
A series of images at constant power with variable 
offset frequency yields data that is often referred to 
as a Z-spectrum (Grad and Bryant 1990). 

5.4 
Analysis of Magnetization Transfer Images

Images can be analyzed pixel-by-pixel or regions of 
interest (ROI) can be prescribed with the MTR cal-
culated as an average of contained pixels. Most early 
MTR studies used ROI analysis as the calculation of 
individual pixel MTR values can be somewhat noisy. 
However, in some cases insight can be gained from 
MTR images constructed via pixel-by-pixel MTR cal-
culation and if necessary ROI values can easily be 
obtained from those images. An example in MS dem-
onstrating regions of interest is depicted in Fig. 5.1. 
Studies involving patients diagnosed with multiple 

Fig. 5.1a,b. Magnetization transfer imaging in a 
patient with multiple sclerosis. a An image with 
MT contrast, where darker regions represent 
greater MT saturation effect. b The correspond-
ing MT map, arrived at by normalizing the MT 
image using an image obtained without MT satu-
ration, that is, by obtaining the MT ratio. Higher 
intensity corresponds to greater MTR on the MT 
map. Regions of interest are shown with regional 
average MT values depicted, demonstrating the 
range and variance of abnormal tissue in MSa b
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sclerosis (MS) have led to increased understanding 
of the disease and in particular of the nature of le-
sion evolution (Petrella et al. 1996; Hiehle et al. 
1994). 

In response to the recognition of the diffuse na-
ture of MS, and the concept of diseased “normal 
appearing white matter”, McGowan and Grossman 
developed the MTR histogram which was applied by 
van Buchem et al in 1996 (van Buchem et al. 1996). 
This method of analysis was designed to be applica-
ble to MS because it was responsive to the large scale 
variation of MTR in lesions as well as to the small 
scale variation in what was to be dubbed “normal 
appearing white matter.” A histogram is simply a 
graph depicting the number of pixels with a certain 
value of, in this case, MTR. The height of the his-
togram at any MTR value represents the frequency 
with which that value occurs in the underlying data. 

The range of MTR values is divided into “bins” and 
the choice of bin size is important to the character 
of the histogram. Specifi cally, too-large bins tend to 
overly smooth the data and too-small bins provide 
a noisy appearance that masks the features within 
that are being sought. The optimum size is a func-
tion of the quality (signal-to-noise ratio) of the raw 
data. Figure 5.2 is the fi rst comparison of MTR his-
tograms, obtained from human subjects. Figure 5.3 
shows a series of MTR histograms obtained in a 
rat spinal cord injury model and serves to iden-
tify some of the histogram parameters that may be 
studied and compared. MTR values have also been 
presented using a contour map technique (Fig. 5.4) 
and this showed promise for identifi cation of pat-
terns of abnormality that were consistent with pa-
thology studies yet inapparent on conventional MRI 
(McGowan et al. 1999).

Fig. 5.2. a MT images obtained in a patient with MS (left) and a normal volunteer. b MT histogram corresponding to the images. 
A decrease and shift of the characteristic peak associated with white matter is seen

Fig. 5.3. MTR histograms in a rat spinal cord injury model, in-
cluding an average control histogram and average histograms 
corresponding to weight-drop injuries with 2.5 and 15 cm 
drop-heights
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5.5 
The Inverse Problem

Some researchers have investigated models of in-
creased complexity compared to the simple binary 
spin bath model discussed above. Impressive results 
have been obtained by treating the macromolecular 
fraction as characterized by other than Bloch equation 
(i.e., T1 and T2) behavior (Morrison et al. 1997; Li 
et al. 1997; Henkelman et al. 1993). Implementation 
of this assumption was achieved by substituting a 
Gaussian or superlorentzian line shape to describe 
the behavior of the macromolecular magnetization, 
where the Bloch equations would predict a lorent-
zian line shape. To pursue these models, additional 
data points must be gathered and the resulting Z-
spectra fi tted to appropriate line shapes. The results 
of fi tting are model parameters including relaxation 
times associated with the macromolecular compo-
nent and characteristic exchange (transfer) rates. The 

time cost of these experiments is high, even though 
a single control study can be used for many values 
of effective offset frequency. When the studies are 
completed, however, results include images based 
upon one parameter of the MT model. Such images 
are being investigated in light of the potential clini-
cal value of an additional MRI contrast parameter. 
Current studies also attempt to optimize the number 
of data points gathered with the aim of a reasonable 
study time for application to human subjects. 
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