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Introduction

Magnetization transfer (MT) refers to the exchange of magnetization occurring between
spins sitting in different molecular environments. This exchange means that any external
interaction with one of the two proton pools results in changes to the other pool. As pro-
tons attached to large molecules are typically “magnetic resonance imaging (MRI)—invisi-
ble” due to their short T, MT can be exploited to indirectly probe them.

History

The ability of nuclei in different molecular compounds to exchange magnetization was first
demonstrated using nuclear magnetic resonance (NMR) spectroscopy in a system consist-
ing of two weakly coupled sets of spins [1]. The concept was later extended to protons
with the same resonant frequency and different transverse relaxation time T, [2], such as
water protons and macromolecular protons in collagen or muscle. This phenomenon is
typically explained as follows: the relatively “immobile” macromolecular protons produce
a signal that decays too fast to be detected with standard MR sequences. This is due to
their very short T,, which causes their signal to decay faster than the typical echo times
achievable on a clinical scanner. In biological tissue, macromolecular protons are mainly
found in lipids and proteins. Water protons, by contrast, are the main contributors to the
signal typically visible on magnetic resonance imaging (MRI). They are in constant motion,
and when they come in contact with macromolecular protons, they can exchange magneti-
zation with them. Through this magnetization exchange, the magnetization state of the
water pool protons can affect that of the macromolecular protons, and vice versa. The
myelin bilayer is made up of approximately 80% lipid and 20% protein [3], which makes
MT of great relevance for the study of demyelinating disorders. In 1989, magnetization
transfer imaging was introduced by Wolff and Balaban [4].

Magnetization transfer experiment

There are different ways of probing MT, but the simplest one relies on the differently
shaped resonance lines of water (liquid pool) and macromolecular protons (Fig. 11.1). The
width of such lines is inversely proportional to the protons T, and therefore macromolecu-
lar protons tend to have much broader line shape than water protons. This property can be
exploited to selectively interact with the macromolecular proton pool by using radio fre-
quency (RF) pulses tuned few kilohertz (kHz) away from the central resonance frequency
(also known as off-resonance pulses). These pulses “saturate” the macromolecular pool, that
is, cause the number of up-spins and down-spins to be the same, thus nulling the magneti-
zation vector for the macromolecular protons. This saturation can be partially transferred to
the liquid protons via MT, thus reducing the measured MRI signal (see Fig. 11.1). The result-
ing attenuation depends on the density of macromolecular protons and their ability to
exchange magnetization. As a consequence, tissues with higher concentration of macromole-
cules will appear darker than tissues with primarily liquid content. This phenomenon cre-
ates a source of contrast in MRI which is independent from T; and T, and, importantly, is
sensitive to the myelin content in the brain.
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FIGURE 11.1 Qualitative representation of the spectra of free water and bound protons before and after RF irradi-
ation. The spectra of the two pools are centered around the same frequency, but the free water protons present a nar-
row line shape (blue), while the macromolecular protons (red) present a broad line shape (A). If an RF pulse is
applied with a frequency offset larger than 1—2 kHz, the free water pool is unaffected, while the macromolecular pool
magnetization is saturated (B). As a result of the magnetization transfer between macromolecular protons and free
water, the saturation is partially transferred to the latter pool, and attenuates the signal from the water itself (C).

In the early NMR experiments, off-resonance saturation was achieved using the so-
called continuous wave irradiation, that is, applying constant RF energy for a long period
(typically of the order of 1second) with relatively low power, using a second transmitter
system. Due to large power deposition into the patient, this method is not practical or safe
for clinical use, and requires dedicated hardware, not available as standard on clinical
MRI equipment. For this reason, on human MRI scanners, the so-called pulsed MT is used
[5]. In this case, regular RF pulses (similar to those used for excitation and refocusing but
typically larger) are used. They are tuned a few kHz (usually 1-2 kHz) from the resonant
frequency and occur at regular intervals so that their effect can add up and create suffi-
cient saturation. MT modules can be added to almost any MRI sequence, but they are
most commonly used in spoiled gradient echo (fast low angle shot [FLASH], spoiled
gradient-recalled [SPGR]) for efficiency. Alternative approaches to probe the MT effects
rely on on-resonance saturation [6,7].

Clinical use of magnetization transfer contrast

MT increases the contrast between tissues rich in macromolecular content and fluids. This
feature finds applications both in the brain and the body. Examples include musculoskeletal
imaging (to provide increased contrast between cartilage and synovial fluid) and time-of-
flight MRI angiography, where it helps to suppress background tissue [8]. In conjunction with
gadolinium injections, it can improve the visibility of gadolinium-enhancing lesions [9].

Quantifying the magnetization transfer effect

The sensitivity of MT MRI to myelin density in the brain quickly attracted the interest
of researchers in the field of multiple sclerosis (MS). The availability of a noninvasive tech-
nique potentially able to quantify the degree of demyelination clearly offers great
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FIGURE 11.2 Tl-weighted (A), T2-weighted (B), and magnetization transfer ratio (MTR) (C) images of a
patient with secondary progressive multiple sclerosis (MS). Demyelinating lesions can be clearly seen on all scans,
and they appear as hypointensities on the MTR map. In this example, the MTR of the normal appearing white
matter ranges between 39 and 46 percentage units (p.u.), while the average values within lesions ranges between
17 and 28 p.u.

potential, and also the challenge of developing suitable methods to translate MT contrast
into a quantitative and meaningful measurement. Increasingly complex approaches were
proposed over the years, with variable degree of requirements in terms of specialized soft-
ware and scan time.

Magnetization transfer ratio

The simplest approach proposed to quantify the MT effects in biological tissues is the
magnetization transfer ratio (MTR). To compute MTR, only two proton-density acquisi-
tions are required, one with an off-resonance saturation pulse and the other without. From
the resulting images, MTR is then calculated pixel-wise using the following formula:

Mo — Ms
MTR M, 100

where M; and M, refer, respectively, to the images acquired with and without saturation.
An example of an MTR map is shown in Fig. 11.2 (panel C). Each voxel in the resulting
MTR map will contain a value from 0 to 100, providing a measure of the related macromo-
lecular content. In brain imaging, the cerebrospinal fluid (CSF) will show values close to
zero—because of the absence of macromolecules—while white and gray matter areas will
show values depending on the acquisition parameters, with white matter showing higher
MTR than gray matter. The drawbacks of this very simple approach are (1) the lack of a
direct and clear biological or physical interpretation [10], and (2) the dependency on the
acquisition parameters, in particular the magnetic field strength [11], the off-resonance
pulse characteristics [12], and both the repetition time and flip angles [13].

Quantitative magnetization transfer models

To overcome the limitations of MTR, it is necessary to analytically describe the
MT phenomena. With this goal in mind, the methods developed for quantitative
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magnetization transfer (QMT) leverage compartment modeling to formulate and fit the
physical parameters underlying those phenomena. Historically, the first gqMT method
has been developed by Henkelman et al. [14] for continuous wave RF irradiation experi-
ments using agar gels. In these experiments, the system under study is composed of two
compartments or pools: the liquid pool (A) and the macromolecular pool (B). Each pool
can be described by the density of spins (My®, My™) and the proportion of saturated
spins, which depends on the past irradiation phenomena. The irradiation itself also
causes multiple magnetization modifications and exchange phenomena—specifically,
after the irradiation pulse:

® T1 relaxation causes the longitudinal magnetization of both pools to increase (with
relaxation rates Ry and Rg, respectively);

¢ absorption of off-resonance irradiation counteracts T1 relaxation by saturation and
therefore reducing the longitudinal magnetization (with rates Rrga and Rggp);

e the two pools exchange magnetization with rate constant R, which results in the
superposition of the exchanges A — B (with rate Ryop) and B— A (with rate Ryoa).

Coupled Bloch equations can then be written for this system that combines all these dif-
ferent effects. In the continuous wave regime adopted by Henkelman et al., this system can
be fully described by solving analytically in the steady state the coupled Bloch equations
(for a detailed derivation see Cercignani et al. [15]), providing estimates of each pool’s para-
meters. As mentioned, continuous wave experiments are not viable for clinical applications,
and unfortunately pulsed MT experiments would require a numerical approach to solve the
same equations, which is computationally expensive. For this reason, several approxima-
tions have been proposed for the two-pool model in pulsed regime [16—18].

Fitting the two-pool model pixel-wise results in five different parameter maps: the mac-
romolecular pool fraction; the transverse relaxation times for each pool (T>a and Top); the
pseudo-first-order exchange rates between the pools (RMps and RMgg, also known as k;
and k;, respectively). Among these maps, the one that has received the most attention is
the macromolecular pool fraction, as it has been shown to reflect myelin content [19].
Fig. 11.3 shows the main parametric maps derived from qMT.

The fundamental assumption of the two-pool model is that there is a single compart-
ment of water. This is not the case in brain tissue, where water molecules can belong to
the intra- and extra-cellular space, or be trapped in the myelin sheath wrapping around
the axons. It is interesting to notice that a different quantitative MRI approach aiming at
quantifying myelin, namely T, relaxometry, offers a complementary perspective: in T,
relaxometry, one can estimate the size of the intra/extra-cellular and myelin water com-
partments, at the cost of neglecting the magnetization exchange between pools. A combi-
nation of these two approaches, resulting in a four-pool model, has been proposed [20,21],
but the number of parameters to be estimated imposes extremely long scan times, which
do not make it a viable approach for clinical applications.

Another important issue to keep in mind is related to partial voluming effects: as the
spatial resolution for gMT acquisitions can go from 1 to 3 mm, the presence of CSF in a
voxel can introduce a bias in the fitting, as the MT effect in CSF is negligible. To overcome
this issue, Mossahebi et al. [22] have proposed a three-pool model, where the third pool
represents a nonexchanging water compartment and takes into account CSF contributions.

2. Non-conventional MRI use in multiple sclerosis
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FIGURE 11.3 Quantitative magnetization transfer (MT) parametric maps derived from fitting an approximation
of Henkelman’s model to human brain data. Proton density (A), Ty (B), To (C), Toa (D), F (E), and RM4 (F).

Arguably, the main drawback limiting a wider use of qMT is the long acquisition time
required. To overcome this drawback, Yarnykh and Yuan have proposed additional con-
straints to shorten the overall acquisition [23]. The same group also proposed a reduced
protocol (consisting of one MT-weighted measurement and a reference scan) to estimate
exclusively the macromolecular pool fraction [24,25].

Magnetization transfer saturation

In order to overcome the limits of MTR and keep at the same time a relatively shorter
acquisition time compared to qMT, a different method focuses on the magnetization trans-
fer saturation (MTs,)—a phenomenological parameter with no biophysical meaning, but
overcoming some of the main shortfalls of MTR. As proposed by Helms et al. [13], this
approach leverages a protocol that requires three commonly available acquisition
sequences (T1-weighted, PD-weighted, MT-weighted) and allows to estimate not only
MTs,, but also the longitudinal relaxation time T; and the apparent proton density.
Despite lacking a direct biological interpretation, MTs,, inherently corrects for T; relaxation
and on-resonance excitation phenomena. It should be remarked that changes to the acqui-
sition sequence will result in changes to the estimated MTs,:.

This approach has become increasingly popular in the last year, and a contributing fac-
tor for its popularity was the release of multiparameter mapping (MPM) protocols and
processing tools from Weiskopf and colleagues [26,27]. The MPM protocols also include
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solutions based on vendor sequences already available in MRI scanners (https://hmri-
group.github.io/hMRI-toolbox/), bypassing the need for tailored sequence development.

Inhomogeneous magnetization transfer

Inhomogeneous magnetization transfer (hMT) was reported for the first time in 2005 [28]
as an incidental finding during an arterial spin labeling scan. As explained in the introduc-
tion to this chapter, in a typical MT experiment off-resonance pulses are used to saturate the
macromolecular pool: such pulses are tuned either at a negative (i.e., few kHz below the
Larmor frequency) or a positive (i.e., few kHz above the Larmor frequency) frequency. In
the experiment performed by Alsop et al. [28], instead, pulses with power evenly split
between positive and negative frequency offsets (dual-frequency irradiation) were alternated
(Fig. 11.4), and the resulting images showed a marked reduction of signal within the white
matter, suggesting high specificity for myelin. The prevalent explanation for this augmented
specificity is that MT relies on a combination of spin interactions. Some of these effects are
negligible in isotropic liquids, but can leave a residual component for protons with a prefer-
ential molecular orientation, such as myelin bilayers. The dual-frequency irradiation used
for ihMT effectively removes these effects while the single-frequency saturation (used for
regular MT) does not. A way of highlighting such effects is therefore to compare images
obtained with the two types of irradiation. An inhomogeneous magnetization transfer ratio
(ihMTR) map is computed by obtaining images with positive (MT), negative (MT_) and
dual irradiation (MT=, MT +) and then combining them as follows:

MTy +M-) = (MT=+M=)
MT,
where MT) is the reference image, without any saturation.
IhMT is still in its infancy and more work is needed to understand its underlying mechan-

isms, validate it, and develop reliable acquisition techniques that can be translated into clinical
applications. Nevertheless, it is a promising approach to improve specificity to myelin.
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Validation of magnetization transfer—derived parameters as myelin markers

Several studies have attempted to establish the relationship between histological mea-
sures of myelin and quantities derived from MT techniques. Both rodent and postmortem
human studies have confirmed a moderate association between MTR and myelin content
[29,30]. The macromolecular pool fraction derived from qMT also showed good correlation
with myelin content in experimental models of both, demyelination and remyelination
[31—-33]. However, it is known that MT-derived parameters also correlate with edema and
inflammation. In experimental allergic encephalomyelitis, MTR decreases were reversed
with suppression of inflammation [34]. Correlations with the number of inactive macro-
phages within lesions, and with other indices of inflammation have also been reported
[35]. These findings are not surprising, as the MTR measures a ratio between macromolec-
ular and water protons, and therefore changes to its value are driven by changes to both
pools. Despite these limitations, a recent meta-analysis [19] has confirmed that MT-based
measures have the highest correlations with myelin content among all the MRI techniques
that have been proposed as proxies of myelin.

Magnetization transfer ratio in multiple sclerosis

Lesions

Reductions in the MTR were observed from the early days within MS lesions [5,36,37],
consistent with demyelination. A variable range of MTR values can be found in lesions
(see Fig. 11.2 for an example), with lower values in lesions appearing as hypointense on
T1-weighted scans [38]. The lower MTR typically observed in T1-hypointense lesions is
consistent with the recognition that these so-called “balck holes” are the fraction of lesions
with the most severe axonal loss and demyelination. Longitudinal MTR assessments have
shown rapid changes over time in newly enhancing lesions. Dramatic reductions in MTR
at lesion appearance have been consistently reported [39]. Within these lesions, the MTR
tend to recover, at least partially, over a few weeks. Such rapid changes suggest that the
initial drop might be driven by an increase in water content due to edema, rather than by
a reduction in myelin. Conversely, persistent MTR reductions after 3—6 months suggest a
substantial loss of myelin [40] and the presence of permanent tissue damage (see
Fig. 11.5). MTR reductions have also been detected retrospectively in the normal-
appearing white matter (NAWM) before lesion formation [41,42]. These changes in MTR
are probably explained by a combination of edema and gliosis, followed by demyelination.
In ring-enhancing lesions, the lowest MTR values are typically found in the center, where
myelin loss is likely to have occurred, while inflammatory processes are taking place at
the periphery [38,43].

Normal-appearing white matter

Although the MTR is typically larger in the NAWM compared to T,-hyperintense lesions,
abnormally low MTR values are found also in the NAWM compared to the white matter of

2. Non-conventional MRI use in multiple sclerosis



Magnetization transfer ratio in multiple sclerosis 199
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FIGURE 11.5 MTR value evolution in active MS lesions from appearance over 6 months of followup. The
four lines correspond to lesions showing different patterns of appearance on T1l-weighted images: pattern A
(dark red), initially isointense lesions remain isointense; pattern B (light red), initially isointense lesions become
hypointense; pattern C (orange), initially hypointense lesions become isointense; and pattern D (yellow), initially
hypointense lesions remain hypointense. Note the “dip” in MTR occurring approximately at lesion appearance
(month 0). Source: Adapted with permission from van Waesberghe [H, van Walderveen MA, Castelijns JA, Scheltens P,
Lycklama a Nijeholt GJ, Polman CH, et al. Patterns of lesion development in multiple sclerosis: longitudinal observations
with T1-weighted spin-echo and magnetization transfer MR. AJNR Am ] Neuroradiol 1998,19(4):675—83.

healthy controls [5], with typically decreasing values approaching T2-visible lesions [44]. MTR
reductions in the NAWM tend to be more widespread in secondary progressive multiple scle-
rosis (SPMS) than relapsing—remitting multiple sclerosis (RRMS) [45], and not uniform within
the white matter. Specifically, a gradient of decreasing MTR toward the ventricles was demon-
strated [46], with greater MTR reductions in SPMS compared with RRMS patients. This find-
ing supports the hypothesis that MS pathology might be linked to CSF-mediated factors [47].
This MTR gradient toward the ventricles can be already observed soon after a clinically iso-
lated syndrome, and is predictive of the development of MS, independently of WM lesions
[48], and of further relapses after treatment with alemtuzumab [49]. The interpretation for
these MTR changes in the absence of macroscopic lesions is multifaceted: we have already
discussed how low MTR values can be retrospectively identified in the NAWM before the
appearance of a lesion—some studies have reported changes appearing up to 1.5 years before
the lesion appears [42]. However, low MTR values can also result from diffuse changes,
including edema, gliosis, and myelin thinning. The recurring finding of lower MTR closer to
visible lesions [44,50] suggests that it may be caused by a combination of secondary events,
including retrograde degeneration.

Gray matter

MTR was also one of the first quantitative approaches used to assess tissue damage
induced by MS to the gray matter, showing reduced values in the gray matter of people
with MS, including those minimally disabled [51]. As gray matter lesions are frequent in
MS [52] but almost MRI-invisible (particularly in the cortex), access to a quantitative
technique able to assess tissue integrity is of great value. Reduced MTR can also be
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explained by subtle diffuse pathology or by a combination of both. Several studies of
gray matter MTR were conducted in primary progressive multiple sclerosis (PPMS), as
typically these patients have lower white matter lesion load but greater disability than
people with RRMS. In PPMS, MTR reductions in the gray matter are more widespread
than localized atrophy and correlate well with clinical scores [53]. In a longitudinal study
in a PPMS cohort, baseline gray matter MTR best predicted progression over 3 years
[54]. One potential confound when measuring cortical MTR is partial volume with CSF,
which might produce artificially low value in patients with MS then in healthy controls,
as they are more likely to show cortical atrophy. It is therefore recommended to adjust
for this effect. With recent advances in image analysis more sophisticated approaches
have become available, and it was shown that, just like in the NAWM, MTR is not uni-
form across the cortex: when segmenting the cortex into outer and inner bands, Samson
et al. demonstrated a decrease in outer cortical MTR of SPMS and RRMS patients com-
pared to healthy controls, which was not observed in PPMS [55]. This finding could
reflect subpial pathology [52].

Quantitative magnetization transfer in multiple sclerosis

gMT studies in clinical populations have been limited so far, primarily due to the rela-
tively long scan times, and the lack of off-the-shelf acquisition protocols and image analy-
sis packages. Although the latter issue has been partially addressed (notable open-source
projects include: qMRLab—https://qmrlab.org; and QUIT—https://quit.readthedocs.io),
commercial sequences for qMT are not yet available. Nonetheless, initial, proof-of-concept
studies have shown that the macromolecular pool size ratio, F, is decreased in lesions and
NAWM, as expected in the presence of demyelination [56—58]. A recent systematic review
provides an overview of the most consistently reported findings when using MTR and
gMT in RRMS [59]. Overall, the macromolecular proton fraction (F) and the forward
exchange rate (kg appear consistently reduced in lesions compared to the NAWM, and
appear sensitive to lesion severity. In the NAWM changes to qMT parameters are more
subtle and less reproducible. A study performed at 7 T investigated qMT in cortical gray
matter and found a significant reduction in the exchange ratio of MS patients which was
strongly correlated with cognitive performance [60].

Magnetization transfer saturation in multiple sclerosis

One study looking at MTs,; in MS showed reduced values in both NAWM and gray
matter [61]. The MTg,: within lesions was tightly associated with cognitive scores.

Inhomogeneous magnetization transfer in multiple sclerosis

As ihMT is a relatively novel approach, most of the work so far has focused on method
development. Initial applications to RRMS have demonstrated reduced ihMTR values
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within MS lesions compared to the NAWM, and lower values in the NAWM of patients
compared to the white matter of healthy controls. The association with clinical disability
was consistently stronger for ihMTR than MTR [62,63].

Magnetization transfer in spinal cord and optic nerve

Quantitative approaches to quantify myelin in the spinal cord and optic nerve are of
great relevance for MS research: spinal cord and optic nerve lesions are typically more
symptomatic than brain lesions, and correlate better with the degree of physical disability.
Nevertheless, implementing reliable techniques for measuring MT effects in these anatomi-
cal locations is challenging, due to not only their specific anatomy, but also their tendency
to move. The small section of both the cord and the optic nerve call for high spatial resolu-
tion, which, on turn, yields reduced signal-to-noise ratio (SNR) and increased motion sen-
sitivity. Additional complications come from the surrounding tissue (bone, fluid, and fat)
that may confound the experiment.

Spinal cord

In the cord, the majority of investigations have focused on the cervical portion. A simple
approach for quantification is MTcsp [64], which quantifies MT effects relative to the CSF sig-
nal. The voxelwise signal is normalized to that measured in a given region of interest (ROI)
encompassing CSF only, where MT should be zero. MTcsr showed tract-specific signal
abnormalities in the dorsal and lateral columns of the spinal cord in MS patients [65]. One
limitation of MTcgE is its dependency on T; and T, contrast, which might be altered in the
presence of inflammation. Attempts to set up protocols for qMT in the cord have been
mainly hampered by the scan time that can quickly become prohibitively long. Attempts to
compensate for this problem have initially focused on ROI-based (rather than voxelwise) fit,
due to the relatively low SNR. Faster readouts, such as echo-planar imaging offer an attrac-
tive alternative and can be combined with reduced field-of-view acquisition [66]. Finally,
single-point qMT approaches have been proposed [67]. Even ihMT has been applied to the
spinal cord [68], in combination with diffusion tensor imaging but only in healthy volunteers.
Two single slices at C2 and C5 were imaged, showing higher ihMTR at C2 compared to C5.

Optic nerve

Despite the optic nerve being even more challenging than the cord to image, early
attempts to measure the MTR of the optic nerve suggested reduced values in patients with
MS and optic neuritis compared to healthy controls [69], and moderate correlations with
visual evoked potentials. More recently, an approach toward gMT of the nerve has been
proposed using Dixon fat—water separation to remove fatty tissue from MT images [70].

Despite these isolated examples, qMT for these structures is limited by technical chal-
lenges and long scan times. Optimized acquisitions, as well as approaches based on
reduced models allow the scan time to be reduced and/or the precision to be increased.
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Conclusions

MT techniques offer a unique source of contrast and its sensitivity to myelin has been
repeatedly demonstrated against histology. Simple approaches such as MTR or MT,,; make
it a feasible approach in clinical population, and the MTR has been included as a secondary
outcome in some pharmacological trials. One of the challenges that remain to be addressed
is the standardization across scanner models and manufacturers, which limit adoption in the
clinic. More complex modeling of the MT phenomenon has the advantage of providing esti-
mates of true biophysical parameters, with a clear biological interpretability. However, they
require long scan times, which are hardly implementable in the clinic. A further limitation of
MT-derived parameters is its sensitivity to inflammation, which can bias myelin assess-
ments. Despite these limitations, MT remains one of the most promising ways of measuring
myelin noninvasively, and the recent introduction of ihMT promises to improve specificity.
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