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Quantitative myelin imaging with MRI 
and PET: an overview of techniques  
and their validation status

Chris W. J. van der Weijden,1 Emma Biondetti,2 Ingomar W. Gutmann,3 

Hildebrand Dijkstra,4 Rory McKerchar,5 Daniele de Paula Faria,6 Erik F. J. de Vries,1 

Jan F. Meilof,7,8 Rudi A. J. O. Dierckx,1 Valentin H. Prevost9 and Alexander Rauscher5

Myelin is the protective sheath wrapped around axons, consisting of a phospholipid bilayer with water between the 
wraps. The measurement of damage to the myelin sheaths, the evaluation of the efficacy of therapies aiming to pro-
mote remyelination and monitoring the degree of brain maturation in children all require non-invasive quantitative 
myelin imaging methods. To date, various myelin imaging techniques have been developed. Five different MRI ap-
proaches can be distinguished based on their biophysical principles: (i) imaging of the water between the lipid bi-
layers directly (e.g. myelin water imaging); (ii) imaging the non-aqueous protons of the phospholipid bilayer 
directly with ultra-short echo-time techniques; (iii) indirect imaging of the macromolecular content (e.g. magnetiza-
tion transfer; inhomogeneous magnetization transfer); (iv) mapping of the effects of the myelin sheath’s magnetic 
susceptibility on the MRI signal (e.g. quantitative susceptibility mapping); and (v) mapping of the effects of the myelin 
sheath on water diffusion. Myelin imaging with PET uses radioactive molecules with high affinity to specific myelin 
components, in particular myelin basic protein. This review aims to give an overview of the various myelin imaging 
techniques, their biophysical principles, image acquisition, data analysis and their validation status.
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Introduction
Myelin, a cellular membrane-like structure wrapped around axons, 
has neuroprotective effects, enhances neuronal signal conduction 
and supports axonal metabolism.1–3 Myelin accounts for about 
14% of the wet mass and 50% of the dry mass of brain white matter 
(WM)4 and is generated by a wrapping of the cell membrane of oli-
godendrocytes around axons, creating a radial configuration. This 
radial configuration consists of lipids, proteins and fluids trapped 
between the myelin layers (both cytosolic and extracellular water, 
corresponding to the water in both the major dense and intraperiod 
lines, respectively). The non-aqueous major constituents of myelin 
are 70–80% lipids and 20–30% proteins, which is the reverse of the 
ratio found in other cell membranes.1–4 Lipids act as an electric in-
sulator, whereas proteins facilitate myelin compaction effects. 
Together, they enhance neuronal signal conduction, whereas mye-
lin mitochondria are responsible for axonal metabolic support.1–3

In various neurodegenerative diseases, myelin is damaged, 
leaving the axons vulnerable to injury.5 Therapies are currently in 
development, aiming to protect or even restore myelin and prevent 
axonal neurodegeneration.6,7 However, to date, no remyelination 
therapy has passed phase III clinical trials. Remyelination therapy 
might be beyond the capabilities of a single agent due to the multi-
focal molecular processes involved in remyelination. Observed fail-
ure of efficacy in clinical trials may be due to a lack of an accurate 
biomarker for assessing de- and remyelination. Myelin imaging 
could provide such a biomarker and could thus be used to evaluate 
the efficacy of therapies. Furthermore, myelin imaging can also be 
used to monitor disease progression in demyelinating disorders 
and assess neurodevelopment.

MRI is the primary method for myelin imaging. In the MRI com-
munity, the water between myelin layers, consisting of both intra- 
and extracellular water, is referred to as myelin water. All other 
water is referred to as intra- and extracellular water (Fig. 1).8,9 The 
main hydrogen pools relevant for MRI are CSF, free water within tis-
sues and macromolecules (e.g. proteins).8,9 CSF is located in the 
ventricles and the subarachnoid space. The free water within tis-
sues comprises the intracellular fluid, e.g. cytoplasm, and extracel-
lular fluid, e.g. interstitium, and, in the case of myelin, myelin water 
(Fig. 1). The macromolecules are primarily proteins within lipid bi-
layers, such as cell membranes or myelin. The different magnetic 
properties of these hydrogen pools can be used to characterize tis-
sues with MRI.

Myelin imaging via PET exploits a radioactive tracer’s binding 
affinity to proteins specific to myelin. The ionizing radiation emit-
ted during the tracer’s radioactive decay is detected and converted 
into maps of radiotracer concentration, providing an estimate mye-
lin density.

This review aims to give an overview of MRI and PET methods 
for myelin quantification, with emphasis on techniques that have 
been validated against histology. In addition, some emerging tech-
niques are addressed in the ‘Discussion’ section.

Magnetic resonance myelin imaging 
methods and their biophysical bases
The proton, which is the nucleus of a hydrogen atom, has an intrin-
sic spin and a magnetic moment. When biological tissue is subject 

to the MRI scanner’s main magnetic field, the proton’s spin can 
have two possible states, either low-energy or high-energy. At equi-
librium, a slight abundance of spins is found in the low-energy 
compared to the high-energy state, resulting in a net bulk magnet-
ization.9,11 This intrinsic split into energy states is called the 
Zeeman effect. To acquire an MRI, radio-frequency (RF) pulses 
with a frequency that corresponds to the energy difference be-
tween the two states (resonance condition) are applied. 
Interactions between spins and their environment result in relax-
ation of the MRI signal. Spin-spin or ‘transverse’ relaxation is 
caused by dipole–dipole interactions between neighbouring spins, 
which results in slight resonance frequency variations. The expo-
nential loss of coherence between spins due to this process is called 
T2 relaxation. Mesoscopic or macroscopic field inhomogeneities 
further accelerate relaxation, with a characteristic time called T2’, 
resulting in a combined relaxation R2* = 1/T2* = 1/T2 + 1/T2’. An add-
itional phenomenon, called longitudinal relaxation, denotes the 
loss of energy from the spin system caused by interaction with its 
surroundings. The time constant of this exponential return to ther-
mal equilibrium is called the T1 relaxation time. The additional ap-
plication of spatially variable field gradients makes the resonance 
condition spatially dependent, enabling the creation of an image. 
Image contrast is generated by differences in T1, T2, T2* across tis-
sues, as well as other parameters to which the MR signal can be 
sensitized.

Myelin MRI generally considers two hydrogen pools: the macro-
molecular pool, also known as the bound pool, and the free water 
pool (Figs 1 and 2).8,9 CSF is often neglected in myelin imaging 
with MRI8,13 because of the low amount of CSF in WM. The term 
‘bound’ describes slow-moving, covalently bound-hydrogen atoms 
and water bound to macromolecules associated with a semisolid, 
macromolecular structure. In contrast, the free water pool consists 
of hydrogen atoms in water-rich environments, like cytoplasm and 
the extracellular matrix.14 The free water pool can be further di-
vided into myelin water, which is the water trapped between the 
myelin layers, and intra- and extracellular water.8

In the free water pool, the Zeeman order is the main process for re-
storing equilibrium in a magnetic field after RF excitation. However, in 

Figure 1 Representation of CNS characteristics relevant for myelin MRI. 
Myelin is wrapped around the axon. Within the axon is intracellular 
water, and outside the myelin layer is extracellular water. The myelin 
sheath consists of myelin water and lipid bilayers that contain macro-
molecules. Figure inspired by Fig. 1 from Campbell et al.10
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myelin’s compact structure, magnetic dipole–dipole interactions be-
tween neighbouring hydrogen atoms15–18 also contribute to restoring 
magnetization to the equilibrium state.9,11 Dipole–dipole interactions 
decrease rapidly with distance and are primarily intramolecular.11 In 
the free water pool, the rapid orientation changes of atoms within mo-
lecules limit magnetic dipole–dipole interactions between molecules. 
However, the restricted motion of hydrogen in the bound pool formed 
by tightly packed myelin sheets, which contains both macromolecu-
lar bound hydrogen and lipid-bound-hydrogen atoms, enables intra-
molecular dipolar coupling of atoms within the same molecule.9,11,14

The bound pool can therefore be subdivided into the Zeeman order, 
caused by the main magnetic field, and the dipolar order, derived 
from magnetic dipole–dipole interactions.9,19 The dipolar order in 
the bound pool within myelin only interacts with the Zeeman order 
of the bound pool.11,14,20 However, magnetization exchange also oc-
curs between the Zeeman order of the bound-hydrogen pool and 
the Zeeman order of the free water-hydrogen pool. Such magnetiza-
tion exchange occurs either through the migration of water molecules 
or spin exchange.11,14 These phenomena can be exploited to isolate 
the dipolar order.

In a static magnetic field or when RF pulses are applied at the 
resonance frequency (Fig. 3), bulk hydrogen magnetization is ex-
changed between myelin water and intra- and extracellular water 
within the free water pool (Fig. 2).8,21,22 In addition, hydrogen is ex-
changed between the free water pool and the bound pool. These ex-
change processes are in equilibrium. Disruption of the hydrogen 
exchange equilibrium by an off-resonance RF pulse (Fig. 3) leads 
to a net MT from the Zeeman order of the bound pool to the free 
water pool (removal of the dashed black arrow in Fig. 2).13,23

However, a single off-resonance RF pulse (either negative or posi-
tive compared to the resonance frequency, Fig. 3) also results in 
magnetization exchange between the Zeeman order and the di-
polar order of the bound pool, reducing MT (addition of the dashed 
grey arrow, Fig. 2).11 A double-sided off-resonance RF pulse (both 
negative and positive compared to the resonance frequency, 
Fig. 3) can be used to eliminate the magnetization exchange be-
tween the Zeeman and dipolar order in the bound pool, which re-
sults in an enhanced MT from the Zeeman order of the bound 
pool to the free water pool (removal of the dashed grey and black ar-
rows, Fig. 2).23

Five approaches have been used for myelin imaging with MRI: (i) 
imaging of the water pool between lipid bilayers directly (e.g. mye-
lin water imaging, MWI); (ii) imaging of the non-aqueous protons of 
the myelin sheath’s phospholipid bilayer component directly, 
using ultra-short echo-time (UTE) techniques; (iii) indirect imaging 
of the macromolecular content using magnetization transfer (MT) 
or inhomogeneous MT (ihMT) techniques; (iv) mapping of the ef-
fects of the myelin sheath’s magnetic susceptibility on the MR sig-
nal using quantitative susceptibility mapping (QSM); and (v) 
measuring the effects of the myelin sheath on water diffusion. 
These five approaches are detailed next.

Myelin water imaging

The T2 relaxation time of the water signal within different tissue 
compartments (Fig. 1) depends on the mobility of water molecules. 
In the confined space between the lipid bilayers, at a magnetic field 
strength of 3 T, the magnetization relaxes with a T2 of 10–20 ms24,25; 
in contrast, in the intra- and extracellular water compartments, T2 

relaxation times at 3 T vary between 50 and 70 ms.25 A MWI experi-
ment samples the T2 relaxation for 300 to 400 ms at 5–10 ms echo 
intervals, then decomposes the acquired signal into its relaxation 
components on a voxel-wise basis (Fig. 4).

MRI data acquisition for MWI needs to fulfil several criteria. 
First, sufficiently short echo times are needed to sample the relax-
ation of the short-lived myelin signal. On the other hand, echo 
times (TE) of several hundred milliseconds are required to sample 
the decay of intra- and extracellular water. Moreover, MT effects 
preclude multi-slice 2D acquisition. Due to these constraints, early 
work on MWI was done with a single-slice 2D scan.8 With improved 
hardware and new rapid imaging techniques, 3D scans with more 
brain coverage could be acquired within a clinically acceptable dur-
ation. Parallel imaging using multi-channel coils allows for acceler-
ation with a factor of three to four. By using a combined gradient 
echo and spin-echo scan (GraSE), further acceleration by a factor 
of three to five can be achieved.26 Combining GraSE with parallel 
imaging allows for whole-brain coverage in ∼10 min. A much sim-
pler approach for the acceleration of data acquisition is compressed 
sensing,26,27 albeit at high computational cost during reconstruc-
tion. In compressed sensing, the phase encoding steps are under-
sampled in a pseudo-random way, and the image is 
reconstructed under a sparsity constraint. Three-dimensional 
scans allow for high acceleration factors of five to ten due to the 
two-phase encoding directions, allowing for whole-brain MWI in 
well under 8 min.28 Compressed sensing allows for shorter echo 
spacing than GraSE because it does not require an echo-planar 
readout. In principle, the compressed sensing concept can be ex-
tended to the echo dimension for further acceleration. The large 
number of refocusing pulses needed for MWI results in a high spe-
cific absorption rate. Therefore, there is a lower limit for the repeti-
tion time that can be used. For a 48-echo scan at 3 T, repetition 
times are around 1 s. The much higher specific absorption rate at 
7 T requires longer repetition times.29 Furthermore, the T2 relax-
ation times are shortened with increasing field strength. Initial 
work in human MWI at 7 T used the GraSE approach,29 but it is an-
ticipated that compressed sensing approaches will be more suc-
cessful at ultra-high fields. Scan time and specific absorption rate 
can also be reduced by skipping the refocusing pulses altogether 
and using a multi-gradient echo acquisition,30 albeit at the cost of 
increased influences from background field inhomogeneities.

The multi-echo signal needs to be decomposed into its individ-
ual components, which is typically done with a non-negative 

Figure 2 Schematic overview of MRI characteristics of the water pools in 
brain tissue. The free water pool can be subdivided into two compart-
ments, myelin water and intra/extracellular water. Magnetization is ex-
changed between the bound pool and the free water pool. Within the 
free water pool, magnetization is exchanged between myelin water 
and intra- and extracellular water. The compartments have characteris-
tic T2 relaxation times, which are ∼10 µs for the bound pool, 10–20 ms for 
myelin water and 65–100 ms for intra-/extracellular water.12
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least-squares approach.31 This method assumes the measured sig-
nal is the sum of individual signals, each decaying with a specific 
relaxation time, with coefficients corresponding to the number of 
spins within a voxel with that particular relaxation time. Such a sig-
nal decomposition results in a spectrum of relaxation times. The 
myelin water fraction (MWF) is then the area under the short relax-
ation times divided by the area under the entire spectrum. The cut- 
off between short and long relaxation times is subject to user inter-
action. At 3 T, it is recommended to set the cut-off to 25 ms.32 Note, 
however, that this cut-off may depend on the person’s age or dis-
ease status or on the fixation status of post-mortem tissue.33 As a 
general rule, publications should show representative distributions 
to justify the chosen cut-off. A freely available software package 
can perform the non-negative least-squares fitting, including the 
correction for stimulated echoes34,35 in <30 s.36 The signal-to-noise 
ratio of MWI is inherently low because the MWF is ∼10%, and mye-
lin water’s relaxation time is relatively short at 10 ms. Therefore, 
the myelin signal decays quickly, and with an echo spacing of 8 to 

10 ms, the myelin signal drops below the noise level by the fifth 
echo. Therefore, small changes in myelin are challenging to detect, 
especially in demyelinated tissue or not yet myelinated neonate tis-
sue.8,25 To date, only one study has reported MWF in multiple scler-
osis lesions.37 It is instructive to read the work on luminal water 
imaging, which is based on the same idea of multi-compartment 
relaxation. In luminal water imaging, the relaxation times are 
much longer, which makes data acquisition and analysis more 
robust.38,39

T1 relaxation, T1- and T2-weighted imaging

Early studies on myelin imaging have used single exponential T1 

and T2 relaxation times to assess myelin density (Table 1), but these 
parameters have shown only moderate correlation with histologic-
al staining for myelin (T1: R2 = 0.48; T2: R2 = 0.45).46 T1-weighted 
(T1w) and T2-weighted (T2w) scans are regularly used in the clinic 
to detect structural abnormalities. Because myelin shortens T1 

Figure 3 Hydrogen precession frequency spectrum. The precession of free water protons is centred closely around the resonance frequency (f0). On the 
other hand, the precession of macromolecular protons is spread over a broad spectrum and can therefore be saturated with RF pulses at negative and 
positive off-resonance frequencies.

Figure 4 T2 spectrum used to estimate the MWF. On the y-axis is the T2 amplitude, on the x-axis the T2 relaxation time. The MWF is calculated as the 
ratio of myelin water and total free water.

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article/146/4/1243/6835220 by guest on 06 June 2023



Quantitative myelin imaging                                                                                                   BRAIN 2023: 146; 1243–1266 | 1247

and T2 relaxation times, the T1w signal increases with increasing 
myelin content and the T2w signal decreases with increasing mye-
lin content. This observation has led to the suggestion that the ratio 
of a T1w and a T2w scan should be particularly sensitive to myelin 
content.47 No histological evidence has yet been presented to valid-
ate the T1w/T2w results, and the correlation between T1w/T2w and 
MWI is poor.48,49

Multi-component driven equilibrium single pulse observation 
of T1 and T2 (mcDESPOT) incorporates both T1 and T2 measure-
ments.22,50 For measuring T1 and T2, the mcDESPOT approach 
uses a spoiled gradient echo and a balanced steady-state free pre-
cession sequence.51 By focusing on the short T1 and T2 relaxation 
times, a proxy for the MWF can be generated. However, due to the 
dependence on a balanced steady-state free precession sequence 
for measuring T2, mcDESPOT is susceptible to MT effects and has 
therefore been shown to be imprecise for MWF measurement.22,50

In addition, no histological validation has yet been published for 
the myelin content estimates from mcDESPOT.

Another method that exploits the different T1 relaxation times 
of water compartments is direct visualization of the short trans-
verse relaxation time component (ViSTa).52 This technique uses 
two inversion pulses with optimized spacing to suppress long T1 

signals from the intra- and extracellular spaces. The remaining sig-
nal has a short T2* in the range of myelin water (10 ms). An apparent 
MWF is computed by dividing the ViSTa signal by the separately ac-
quired proton density (PD)-weighted gradient echo signal and 
multiplying this by a scaling factor accounting for T1 and T2* 
weighting. ViSTa with segmented echo-planar readout allows for 
whole-brain coverage within 7 min.53

Synthetic MRI

Synthetic MRI is an umbrella term for quantitative MRI maps calcu-
lated from a series of images using Bloch–Torrey simulations.54 The 
QRAPMASTER method uses a multi-echo-time (TE), multi-delay 
time (TD) saturation recovery spin-echo sequence.40 Multiple 
echoes enable T2 estimation, and multiple delay times enable T1 es-
timation, subsequently permitting the estimation of transversal 
magnetization (Mxy), PD and the RF field (B1). With these para-
meters, synthetic images with different T1, T2 and PD weighting 
can be computed retrospectively. The minimal TE of 
QRAPMASTER is too long to measure the short T2 of myelin water 
directly. However, multi-component voxel models can be used, 
composed of myelin, cellular water, free water or excess parenchy-
mal water,21 each with unique PD and T1 and T2 relaxation proper-
ties and without further assumptions on interacting pools within 
each compartment. Determining the contributions of the three 
non-myelin water compartments to a voxel’s signal enables the es-
timation of the myelin volume fraction (MVF), as all four compart-
ments together should add up to 100%. The original QRAPMASTER 
sequence takes 5 to 9 min to run. With the ‘Quantification using an 
interleaved look-locker acquisition sequence with a T2 preparation 
pulse’ sequence, 3D isotropic whole-brain images can be acquired 
within 11 min.41

Ultra-short echo-time imaging

In addition to free water protons, the myelin sheath contains pro-
tons in the macromolecules with very short T2 relaxation times 
linked to dipole–dipole interactions of motion-restricted hydrogen 
atoms in the bound pool.42 With T2 relaxation times in the range of 
10 µs,43 the macromolecular MR signal decays too fast for imaging 

with conventional MRI techniques.43 UTE MRI sequences were 
therefore developed to directly measure the bound proton pool in 
the brain (Fig. 2).44,45,55

The data acquisition strategy for rapidly decaying signals is to 
suppress the long-living signals and image the signal of interest 
with extremely short echo times. Signal suppression is typically ac-
complished by an adiabatic inversion pulse,56 which inverts the 
long T2 spin populations but saturates those with short T2. After 
an inversion time (TI), the saturated spins have largely recovered 
and the long T2 spins are nulled. Subsequent dual-echo imaging 
module with an ultra-short TE and a longer TE acquires a reduced 
signal from long T2 protons in both echoes. Finally, the second 
echo, containing only the long T2 signal, is subtracted from the first 
echo to create a map of short T2 protons.

Myelin imaging with UTE requires efficient suppression of long 
T2 WM signal, which depends on the selection of TI. The appropri-
ate TI depends on T1, which varies within the brain and across in-
dividuals (Table 1).57,58 Various variants of inversion recovery UTE 
have been developed, for which dual-echo sliding inversion recov-
ery (DESIRE)-UTE and short repetition time (TR) adiabatic inversion 
recovery (STAIR)-UTE seem to be the most promising.59,60 The 
DESIRE-UTE deals with the TI problem by generating a series of 
TIs, and thereby efficiently nulls WM signal throughout the brain ir-
respective of its T1.60,61 STAIR-UTE uses a shorter TR to increase the 
efficiency of suppressing long T2 components with a broad range of 
T1.59 Typical UTE sequence durations for human full brain coverage 
are between 5 and 10 min.59,62,63

Magnetization transfer

The very fast relaxation of macromolecular protons corresponds 
to a broad spectrum in the frequency domain. Therefore, off- 
resonance pulses can saturate the macromolecular content with-
out affecting water protons, which have a very narrow spectrum 
(Fig. 2 and 3). MT from the bound pool to the free water pool will 
partly saturate the free water pool, resulting in a lower measured 
signal.13,64,65 The quantity of interest in this phenomenon is called 
the MT ratio (MTR) and assumes that the most abundant macro-
molecular content within the CNS is from myelin. The MTR is the 
difference between saturated magnetization using off-resonance 
frequency pulses (Ms) and magnetization using no prepulse (M0) di-
vided by M0

MTR = (M0 − Ms)/M0 (1) 

A high density of macromolecules increases the MTR due to in-
creased MT to the free water pool.64 However, MTR is also depend-
ent on acquisition parameters, such as the shape, amplitude, 
duration and offset frequency of the MT pulse. The image acquisi-
tion schemes that follow the MT prepulse are usually spoiled gradi-
ent echo sequences. Off-resonance RF pulses with an offset 
frequency of 7–10 kHz result in optimal saturation. Clinical se-
quences generally have an offset frequency below 2 kHz due to 
hardware restrictions, resulting in sub-optimal saturation.66

The quantitative MT (qMT) approach uses the binary spin bath 
model to estimate the fraction of protons bound to macromole-
cules, called the bound proton fraction (fB), and the ratio of the 
number of bound molecular protons to the free protons, called 
the pool size ratio. Several MT images obtained using different 
frequency offsets and powers were initially needed to fit the mod-
el,67 but a more recent methods using a single offset generates 3D 
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maps in a relative short acquisition time.68 However, this model 
ignores some important components of semisolid structures, 
such as myelin, resulting in imperfect modelling of the MT 
effects.69

In fact, for semisolid structures such as myelin, the high concen-
tration of lipids and the specific configuration of myelin generate a 
dipolar order (Fig. 2). This dipolar order is part of the bound pool and 
is coupled with the Zeeman order when off-resonance RF satur-
ation is applied (Fig. 2, dashed grey arrow).20,70 As the dipolar coup-
ling decreases rapidly with distance, it is strongest between the two 
hydrogen nuclei within a single water molecule.71 In a perfect liquid 
system, the rapid molecular diffusion creates spatial and temporal 
averaging of the dipolar coupling, making the dipolar order irrele-
vant. In the case of myelin, the high concentration of methylene 
groups composing the long lipid chains, and their strong motion re-
striction due to the multilamellar myelin configuration, enable 
inter- and intramolecular dipolar coupling associated with incom-
plete motion averaging, leading to the creation of a dipolar or-
der.9,14,23,71,72 The dipolar relaxation time T1D of human myelin 
was estimated in vivo as a single component in the range of 5– 
10 ms.14 Recent work on ex vivo spinal cord tissue proposed a bi- 
component T1D model, with a short and long myelin T1D on the or-
der of 0.5 and 10 ms, respectively.19

When RF saturation is applied at one offset frequency, dipolar 
and Zeeman orders of the bound pool are coupled and exchange 
their magnetization (Fig. 2, dashed grey arrow).73 In practice, the di-
polar order is opposed to the Zeeman saturation, making the MT 
from the bound pool towards the free water pool less efficient. 
Nevertheless, when the saturation is applied at similar offsets sim-
ultaneously (or ‘dual offset saturation’) with similar energy, a de-
coupling between the dipolar and Zeeman orders occurs, which 
removes the dipolar order opposition and makes the RF saturation 
more efficient (Fig. 2, removal of the dashed grey arrow).20,70 Due to 
the application of a double-sided off-resonance RF pulse, the con-
tributions of the dipolar order are averaged out, causing the net 
magnetization exchange of the dipolar order with the Zeeman or-
der to be zero. Hence, decoupling of the dipolar order occurs, allow-
ing isolation of the dipolar order to subsequently obtain images 
weighted by T1D.14,74

The ihMT approach9,23,72 has been developed to exploit these 
mechanisms to specifically isolate the myelin signal.74,75 Using 

several MT images, with single and double-sided off-resonance sat-
uration (Fig. 3), ihMT ratio (ihMTR) maps can be generated as

ihMTR =
S++S−−2Sdual

S0
(2) 

with S+ and S− the MT signal obtained after a single offset satur-
ation at a positive and negative frequency, respectively, Sdual the 
MT signal obtained after a dual offset saturation at the same en-
ergy, and S0 the reference signal obtained without saturation. 
This double subtraction has been proposed to minimize the MT 
asymmetry effects, especially at high magnetic fields.76 Note that 
a closely related formalism has also been proposed based on the 
original definition of MTR, but introducing a factor 2 in the 
denominator.71,77

By definition, ihMT is sensitive to the T1D of the dipolar order 
and its myelin specificity could be enhanced by applying RF pulses 
focused on long T1D values that are related to myelin.74,78 The sen-
sitization of the ihMT signal to a given T1D value is driven by power, 
offset frequency and timing parameters of the RF irradiation.19,74

For example, higher RF power tends to increase all T1D values. 
This not only leads to an overall increase in the ihMT signal, but 
also to a contrast reduction between short and long T1D compo-
nents.19,74 On the other hand, time intervals separating the satur-
ation pulses of dual offset saturation acquisitions can act as a 
T1D-filter, removing the short T1D contribution and improving mye-
lin specificity at the cost of lower sensitivity.11,19,78

Quantitative susceptibility mapping
Magnetic susceptibility is an intrinsic tissue property that describes 
the change in magnetization of a material in response to an applied 
magnetic field.79,80 This change leads to local variations in the mag-
netic field and, therefore, spin resonance frequency. According to 
their local resonance frequency, spins accumulate a phase differ-
ence during the time between excitation and sampling, which is re-
flected in the phase of gradient MRI scans.81 Biological tissues can 
be either diamagnetic or paramagnetic depending on their molecu-
lar contents and microstructure. In the brain, iron is the dominant 

Table 1 Single exponential T1 and T2 relaxation times at 1.5 and 3 T17,40–45

1.5 T 3 T

T1 (ms) T2 (ms) T1 (ms) T2 (ms)

CSF 
References

3700–5127 
Warntjes et al.,40 Boucneau et al.,43

Du et al.45

1910 
Warntjes et al.40

3817–6873 
Boucneau et al.,43 Waldman 

et al.44

GM 
References

998–1260 
Warntjes et al.,40 Horch et al.,42

Boucneau et al.,43 Du et al.45

78–95 
Warntjes et al.,40

Horch et al.,42

968–1820 
Horch et al.,42 Boucneau et al.,43

Waldman et al.44 Du et al.45

71–109 
Horch et al.,42

Waldman et al.44

WM 
References

560–884 
Warntjes et al.,40 Horch et al.,42

Boucneau et al.,43 Waldman 
et al.44

72–79 
Warntjes et al.,40

Horch et al.42

750–1110 
Horch et al.,42 Boucneau et al.,43

Waldman et al.44 Du et al.45

56–75 
Horch et al.,42

Waldman et al.44

Water associated with 
macromolecules 
References

∼4000  

Bloembergen et al.,17 Fujita et al.41

∼0.001  

Bloembergen et al.,17

Fujita et al.41
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source of paramagnetic susceptibility, and myelin and calcifica-
tions are the most important diamagnetic substances.82 The lipids 
and proteins in the myelin sheath are major contributors to the 
myelin’s diamagnetic susceptibility.79 Therefore, magnetic suscep-
tibility is considerably affected by changes in myelin density. Areas 
of demyelination, such as multiple sclerosis lesions, demonstrate 
an increase in magnetic susceptibility due to the removal of dia-
magnetic myelin.83–85

Data for QSM are acquired with a 3D gradient echo scan, usually 
with multiple echoes that range from 5 to 30 ms at a magnetic field 
strength of 3 T.86 Flow compensation can be used for more accurate 
measurements of magnetic susceptibility in veins, although on 
clinical systems full flow compensation is only achieved for single- 
echo scans. Under specific scanning and image processing condi-
tions, an adequate level of flow compensation for multi-echo 
sequences at 3 T can be obtained using dipolar read gradients.87

The scanning protocol for QSM is fast (<3 min for 1 mm isotropic 
resolution) and widely used clinically in the form of (qualitative) 
susceptibility-weighted imaging (SWI). Thus, it is readily available 
on almost all MRI scanners. However, SWI uses high pass filtered 
phase images, and usually the original phase images required for 
QSM are discarded. Although the full phase could be recovered 
using machine learning,88 it is recommended that the scanner is 
explicitly instructed to save the unfiltered phase images for further 
processing into QSM.82

The modification of the magnetic field created by a spatial dis-
tribution of magnetic susceptibilities can be computed as the con-
volution of the susceptibility distribution with a magnetic unit 
dipole. However, the phase image only contains information on 
the underlying tissue magnetic susceptibility, but also effects 
from background field inhomogeneities, i.e. magnetic field varia-
tions induced in the brain by external sources and unwanted 
phase accrual from scanner drift and eddy currents. Moreover, 
phase wraps, i.e. 2π aliasing, are almost always present in these 
images and need to be removed, followed by the removal of the 
background field. Deconvolution with the unit dipole solves an ill- 
posed inverse problem of computing the magnetic susceptibility 
from the local field. The QSM processing pipeline is not yet fully 
standardized, and there are various methods for each processing 
step. QSM is still mainly computed offline, and various toolboxes 
are available.89–91

Diffusion MRI

The aim of diffusion MRI is to sensitize the MRI signal to the diffu-
sion of water molecules.92,93 This is accomplished by applying dif-
fusion sensitizing field gradients in multiple spatial directions. 
Diffusion sensitization consists of a field gradient along a specific 
direction, followed by a 180° pulse, followed by the same gradient. 
Stationary spins are refocused by the 180° pulse, whereas spins 
that travel along the gradient direction experience different 
field strengths before and after the pulse and, therefore, a loss of 
coherence, i.e. a reduction in signal, relative to a reference 
diffusion-encoding-free scan. The gradient strength and duration 
jointly determine the degree of sensitivity to diffusion and are de-
scribed by a parameter called the b-value, typically ranging from 
700 to 1500 s mm−2. By applying diffusion sensitizing gradients 
along several directions, typically 32 to 64, one can measure the dif-
fusion tensor, which describes the diffusion along different spatial 
directions. Diffusion data are most commonly acquired using 
spin-echo echo-planar imaging, which allows for rapid acquisition 

of diffusion-sensitized images along many spatial directions, as 
well as reference images.

Geometrically, the tensor can be represented as an ellipsoid.94

For free water, diffusion is isotropic and unrestricted, and the ten-
sor is a sphere. For isotropic tissues, the probability of water mole-
cules encountering tissue boundaries is the same in all directions, 
and the resulting tensor is also a sphere but with a reduced radius. 
For anisotropic tissues, such as nerve fibres, water diffuses more 
strongly along the direction of the fibre than perpendicular to the 
fibre direction, wherein the water molecules encounter tissue 
barriers that result in anisotropic diffusion. The ellipsoid is there-
fore elongated along the direction of strongest diffusion. 
Mathematically, the diffusion tensor is described by its eigenvalues 
and eigenvectors, determined by fitting a diffusion model to the ac-
quired data. The largest eigenvalue is associated with the eigen-
vector that points to the strongest diffusivity direction. In the 
brain’s WM, this direction is along the axons’ main axis. From these 
eigenvalues, one can compute various metrics to describe a tissue’s 
diffusion properties. The mean diffusivity (MD) is the average of the 
eigenvalues. The fractional anisotropy (FA) is the normalized 
standard deviation of the eigenvalues, which ranges between 0 
and 1. FA is low for isotropic tissues and increases with anisotropy.

Several structural components in WM influence water mobility 
and give rise to the anisotropy in the diffusion-sensitized signal. 
The myelin sheaths, axonal membrane and neurofibrils (neurofila-
ments, microtubules) within each axon, are three longitudinally 
oriented structures that impact diffusion.95–98 Beaulieau and 
Allen95,96 investigated the respective roles of myelin and microtu-
bules in anisotropic diffusion by measurements in excised myelin-
ated and non-myelinated nerves from garfish and by 
depolymerizing the microtubules that are required for fast axonal 
transport. By systematically separating the effects of myelin, mi-
crotubules and neurofilaments on anisotropy, they confirmed 
that the axonal membrane is the main structure that causes aniso-
tropic diffusion in WM. Diffusion anisotropy was only weakly influ-
enced by the presence or absence of myelin, as the degree of 
anisotropy was similar for the three nerve types. The presence of 
diffusion anisotropy drivers other than myelin is also consistent 
with the range of findings from diffusion imaging in multiple scler-
osis lesions, indicating that the value of diffusion-weighted MR for 
detecting demyelination is still inconclusive.99

Like all MRI techniques, diffusion tensor imaging (DTI) is af-
fected by partial volume effects. If a voxel contains fibres running 
in different directions, the overall FA will be low, even though the 
individual tracts may cause a high FA. The spatial resolution of a 
diffusion scan is typically in the range of 8 to 16 mm3. Depending 
on the scan’s spatial resolution, 50 to 70% of voxels may contain 
crossing fibres.100 Because of its wide availability, DTI has been 
studied in various diseases.101,102

Advanced diffusion techniques, such as neurite orientation dis-
persion and density imaging,103 WM tract integrity104 and diffusion 
basis spectrum MRI,105,106 can estimate the intra- and extra-axonal 
diffusivity (for a thorough description, see Novikov et al.107) and dif-
ferences between these two quantities are thought to be sensitive 
to myelin integrity. With intact myelination, there should be no dif-
ference between intra- and extra-axonal diffusivity, but with mye-
lin damage, the extra-axonal diffusivity is slightly increased 
compared to intra-axonal diffusivity and can thus be used as a 
proximal marker for myelin integrity.

When both a diffusion and a myelin-sensitive scan are avail-
able, a measure of relative myelin thickness, the g-ratio, can be 
computed.10,108–110 The g-ratio is the axonal radius (r) divided by 
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the radius of the axon, including the myelin sheath (R), which can 
be derived from the MVF and the axonal volume fraction (AVF) as: 
g = r/R = (1 + MVF/AVF)−1/2. The MVF can be estimated from MWF, 
fB or pool size ratio. Since each of these measures captures only 
the myelin water or the semisolid component of the myelin sheath, 
a calibration factor is needed to compute MVF from these va-
lues.109,111 Therefore, the summation of myelin macromolecule 
volume estimated with ihMT and the myelin water volume esti-
mated with MWI would accurately estimate the total MVF. The 
axonal water fraction (AWF) can be determined by dividing the 
intra-axonal diffusivity by the summation of intra- and extra- 
axonal diffusivity. Subsequently, the AVF can be calculated accord-
ing to the following formula: AVF = (1 − MVF)AWF.108 However, in 
this formula, the contribution of other biological phenomena (e.g. 
macromolecules, extracellular fluid) to the MRI signal, aside from 
myelin and axons, is neglected.

The open-source tool NiftyFit can estimate the g-ratio based on 
T2 relaxometry data for the MVF and neurite orientation dispersion 
and density imaging or DTI for the AVF.108,112 Nonetheless, the 
many different ways in which MVF and axonal water fraction are 
measured make comparison of studies difficult.

PET
PET uses radiopharmaceuticals, which are molecules specific for 
certain biological or physiological phenomena that are labelled 
with a radioactive atom (e.g. 11C, 18F).113,114 As the radioactive atoms 
of the PET tracer decay, they emit positrons that annihilate with 
nearby electrons. This annihilation causes the release of two gam-
ma rays in opposite directions, which are detected by the PET scan-
ner. For 11C tracers, an onsite cyclotron and radiochemistry 
laboratory is required due to the short half-life (∼20 min), whereas 
for 18F tracers this is not required as the longer half-life (∼110 min) 
enables transport to nearby centres. All PET tracers for brain im-
aging have to be lipophilic to cross the blood–brain barrier. 
However, a suitable brain PET tracer should have a much higher af-
finity to their target than to lipids. Moreover, the amount of tracer is 
low relative to the number of target binding sites. This means that 
for suitable brain PET tracers almost all tracer binds to the target 
and only a small proportion ends up within cellular lipid mem-
branes. To determine this for a PET tracer, blocking studies should 
be performed in which the target is saturated, and hence both the 
binding affinity of the tracer and the amount of non-specific bind-
ing (e.g. proportion trapped within lipid membranes or low affinity 
binding to other molecules) can be determined.

As myelin layers are composed of lipids and proteins, a radiotra-
cer that binds specifically to one of these components could be used 
for myelin imaging. Myelin basic protein (MBP) is such a mol-
ecule.115 When myelin gets damaged, MBP loses its beta sheet 
structures, which are the binding targets for several PET radiotra-
cers. The loss of binding sites for the tracer can therefore be used 
to capture the demyelination processes.116 Various PET radiotra-
cers have been evaluated for myelin imaging.117–119 These PET 
radiotracers were originally designed to bind to beta sheet struc-
tures within amyloid depositions in the brain’s grey matter (GM), 
which are typically found in Alzheimer’s disease. However, studies 
showed that amyloid radiotracers also bind to the beta sheet struc-
tures of MBP, and therefore these radiotracers were repurposed for 
myelin imaging.120 Furthermore, diagnosis of demyelinating disor-
ders occurs normally at a younger age, than the onset of amyloid 
plaque deposition, a phenomenon found in individuals with 

Alzheimer’s disease.121 When amyloid plaque deposition occurs, 
tracer accumulation will increase in the cortical area, whereas in 
case of myelin damage, the beta sheet structure will be compro-
mised, reducing tracer binding.122 In addition amyloid deposition 
occurs in GM, whereas myelin damage is mostly measured in 
WM. While there is considerable contribution of GM pathology in 
multiple sclerosis,123 MRI has difficulties measuring the low cortical 
myelin content. PET has already been shown to be able to measure 
myelin content in the GM reliably,124 but whether this is also the 
case for GM lesions still remains to be investigated. Furthermore, 
the comorbidity of Alzheimer’s disease and multiple sclerosis is 
rare, as current literature reports primarily case studies.125

Therefore, the risk of confounding results is low. A different 
class of radiotracers, called diaminostilbenes, was specifically de-
veloped for myelin imaging. Among these tracers, 11C-MeDAS 
(C-11-labelled N-methyl-4,4′-diaminostilbene) has shown promis-
ing results in animals for visualization and quantification of de- 
and remyelination processes.124,126,127 Myelin tracers with a similar 
structure to 11C-MeDAS have shown to bind to the beta sheet struc-
ture of intact MBP.128,129 As such, it is likely that 11C-MeDAS also 
binds to MBP. During demyelination, the beta sheet structure of 
MBP disintegrates, resulting in a reduction in the number of binding 
sites for 11C-MeDAS. However, until in vivo blocking studies have 
been performed to saturate MBP, the amount of non-specific bind-
ing and whether 11C-MeDAS truly binds to MBP remains debatable. 
Nonetheless, a competition binding assay of MeDAS in isolated 
myelin fractions using 3H-BMB (a PET tracer with MBP binding 
affinity) as the radioligand, resulted in an inhibitory constant (Ki) 
value of 126 nM, while MeDAS did not show any specific binding 
to isolates that were devoid of myelin.128,130 Furthermore, MeDAS 
itself has fluorescent properties and when ex vivo fluorescence 
microscopy of mouse brain was compared with immunohisto-
chemical staining of MBP, the staining patterns were virtually iden-
tical.128,131 A first-in-human study with 11C-MeDAS also showed 
with 11C-MeDAS PET differences in myelin density per lesion type 
in agreement to a radiologically validated myelin density score, 
which is as yet the first of its kind.124 However, it is unclear whether 
this tracer can also bind to beta sheets in amyloid plaques. There 
are no other PET tracers that target a different protein or compo-
nent of myelin, aside from MBP.

Another class of PET tracers under development aims to evalu-
ate the result of demyelination rather than myelin itself. Brugarolas 
et al. evaluated PET tracers targeting axonal potassium channels, 
which are upregulated in the case of demyelination.132,133 The ad-
vantage of this kind of tracer would be the increased tracer uptake 
in case of demyelination, which could facilitate the detection of de-
myelinated lesions. However, further studies and validation are 
still needed.

For absolute quantification, the amount of radiotracer in arterial 
blood is continuously measured during a dynamic PET scan, and 
blood samples are drawn for calibrating the blood curve to estimate 
the blood/plasma ratio, and to determine the amount of intact (un-
metabolized) radiotracer.134 For accurate PET imaging, blood sam-
pling is required to determine what part of the tracer is still in 
blood and what part is within tissue, to enable estimation of specif-
ically bound tracer. However, for some tracers, a reference tissue 
devoid of specifically bound tracer may be used. This method 
does not require blood sampling and only minimally affects PET 
quantification of specifically bound tracer. If tracer kinetics allow, 
a brain PET scan could take only 10–20 min without the use of blood 
sampling, which would be much more applicable for routine clinic-
al use. In such cases, the standardized uptake value, which is the 
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total uptake of tracer in both blood and tissue in a particular region 
of interest, corrected for bodyweight and net injected dose, can be 
used for quantification. However, standardized uptake value is 
highly susceptible to hemodynamic effects that affect tracer deliv-
ery, which makes this parameter less reliable for longitudinal 
follow-up or treatment monitoring. An anatomical 3D T1w MRI 
scan is usually acquired to provide anatomical context of the radio-
tracer map. The complicated nature of quantitative PET requires 
extensive expertise in proper data handling and data analysis. 
Recent developments for direct generation of parametric maps of 
the radiotracer distribution during PET image reconstruction may 
contribute to their routine clinical use.135,136 For quantitative PET 
analysis, several open-source (e.g. 3D Slicer137) and commercial 
software packages (e.g. PMOD) are available, which combine the in-
formation from the PET images and blood samples.

Validation of myelin imaging methods
Approaches to the validation of an MRI technique span a wide range, 
and can include MRI-histology correlation, studies in animal models 
and studies in humans, undertaken ideally across several independ-
ent research groups. While histopathology, in particular with elec-
tron microscopy (EM), is seen as the gold standard for validation of 
imaging techniques, several factors influence histological quantifi-
cation, including the effects of fixative agents, post-mortem interval 
and tissue handling.138–141 Discrepancies between studies may also 
arise from the method used in histological quantification: EM, 
immuno-histology and chemical-histology. The concentration of tis-
sue iron, a potent modifier of the MRI signal, is reduced by fixation.142

Furthermore, MRI parameters, such as T1, T2 or MTR, may change 
due to fixation.143–146 It should be kept in mind that high correlations 
between MRI and histopathological measures of myelin are neces-
sary but not sufficient evidence of specificity. For mcDESPOT, T1w/ 
T2w, multi-component T1, MR fingerprinting, VISTA and MR elasto-
graphy, no histological validations have been published yet. These 
techniques are not discussed further.

Most validation studies use densitometry of luxol-fast blue 
(LFB)-stained sections for myelin quantification. LFB is a lipophilic 
dye that stains both intact myelin and unphagocytosed myelin deb-
ris.147,148 Sections can be as large as entire brain hemispheres.149

However, the staining can vary spatially and between samples, lim-
iting the calibration of optical density assessments and the pooling 
of results from several tissue samples.150 The gold standard for 
histology of myelin is EM with segmentation of the myelin and non- 
myelin tissue. Drawbacks of EM are the segmentation step and the 
small field of view, which may not be representative for the tissue 
of interest, and uncertainties in the definition of the inner and outer 
boundaries of the myelin sheath. Tissue shrinkage during embed-
ding is <10%151,152 and, assuming that the shrinkage is proportional 
to the compartmental water content, the error due to differential 
shrinkage should be small.153 The ideal myelin imaging technique 
would be specific and sensitive to myelin, have high reproducibility 
and be easy to implement. While none of the techniques addressed 
herein fulfil all these criteria, each of them may be useful for par-
ticular applications.

Validation studies investigate the biophysics underlying the MR 
signal rather than on the scanning method. Studies in animals and 
tissue samples often use high field strengths, numerous averages 
resulting in long scan times, and scan parameters that are often 
not feasible in human studies. In a clinical setting, the scan time 
and the technical feasibility of scan parameters play an important 
role. In the following, we give an overview the MRI techniques’ 

validation status, highlighting a few important studies for each 
technique, and we discuss pitfalls and confounders. We also pre-
sent selected applications in humans that further validate the 
MRI techniques. For overviews of validation studies, we refer the 
reader to other publications.46,154–158

In a total of 20 mice at different stages of de- and remyelination 
due to a cuprizone diet, the correlation between MTR measured in 
vivo and LFB staining for myelin was R2 = 0.77.159 In a total of 15 
mice (six controls, and three each from a dysmyelination, a hypo-
myelination and a hypermyelination model) at 15.2 T, West 
et al.153 determined a correlation between MVF from EM and MT 
of R2 = 0.70, which is in good agreement with studies in ex vivo hu-
man multiple sclerosis brain tissue (total n = 77)143,160–162 and brain 
tissue of 15 patients with X-linked adrenoleukodystrophy.163 In vivo 
studies in multiple sclerosis found that MTR is decreased in mul-
tiple sclerosis lesions but also in diffusely abnormal white matter 
(DAWM) and normal-appearing white matter (NAWM)164 and that 
MTR was associated with disease duration and disability scores in 
multiple sclerosis.165 MTR remained stable in 20 multiple sclerosis 
patients treated with alemtuzamab but decreased in the untreated 
control group of 18 patients.166 In 16 fixed multiple sclerosis brains 
and four controls, myelin immunostaining intensity was the best 
correlate of MTR in a multivariate model.167 The distinction of tis-
sue that is demyelinated and tissue that has undergone both de-
myelination and axonal loss is important for assessing the 
capacity for remyelination.162 However, both MTR and the bound 
pool fraction are non-zero in non-myelinated tissue, which is due 
to the technique’s inability to distinguish between myelin- and 
non-myelin-macromolecules.143,153,161,168 MTR is also sensitive to 
inflammation and oedema.169–171 In animal studies of inflamma-
tion, MTR was more affected by inflammation than by variations 
in myelin.170,172 Vavasour et al.171 found a correlation between 
water content and MTR of R2 = 0.42, further suggesting that inflam-
mation and oedema alter MTR. In an animal model of multiple 
sclerosis, MTR decreased before any signs of decreased myelin con-
tent, suggesting that these changes are more probably due to in-
flammatory events than demyelination.173 Finally, MTR is also 
influenced by tissue iron concentration and increases by 34% after 
chemical iron extraction.174,175 Poor correlations between iron 
staining and MTR (e.g. R2 = 0.02 in Wistar rats176) may be due to 
the low iron content in rodent brain compared to humans.177–180

Furthermore, animal models of dysmyelination may have different 
brain iron concentrations than the wild-type.179

Advanced MT approaches are qMT and ihMT. In the corpus cal-
losum of 22 cuprizone-fed mice and 13 controls, the correlation was 
R2 = 0.35 between qMT and myelin histology with anti-MBP and R2 = 
0.55 between qMT and Black Gold II as a measure for myelin.181 In 
contrast, in nine rats in a glioma model, an R2 of 0.79 to 0.94 was ob-
served using LFB for myelin histology,182 and in another study as-
sessing 15 cuprizone-fed mice and eight controls, R2 ranged from 
0.76 to 0.83 between qMT and anti-MBP staining.183 Similar obser-
vations were made in post-mortem tissue of multiple sclerosis pa-
tients, albeit with slightly lower correspondence between qMT and 
myelin histology with LFB (R2 = 0.52–0.64).143,161 In patients, qMT 
was decreased in multiple sclerosis lesions,184 and myelin density 
measured with qMT was associated with disease duration and dis-
ability in multiple sclerosis.185 While qMT seems more specific to 
myelin than MT, it requires longer scan times and complex data 
processing for model fitting.186 So far, there is no consensus on 
the optimal model for parameter quantification in qMT. 
Furthermore, qMTI is sensitive to oedema and T1w effects, 
B1-inhomogeneitiy and measurement noise.187–189 The first 
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validation study for ihMT reported a correlation between ihMTR 
and PLP green fluorescent protein (GFP) in three mice of R2 = 0.87 
to 0.96.74 As PLP is one of the main proteins within the myelin 
sheath, this PLP-GFP should show fluorescence distributions simi-
lar as quantification with anti-PLP stains or LFB.69 Almost half of 
the total ihMT signal is not specific for myelin, which illustrates 
that the source of ihMT signal is derived from all macromolecules.74

When filtering the ihMT signal to dipolar order relaxation times T1D 

related to myelin,19 correlation with PLP-GFP and LFB is improved, 
with R2 values > 0.79, and intercepts are reduced.69 Further reduc-
tion of the intercept is achieved with correction for B1+ inhomo-
geneities and R1 relaxation with the ihMTstat approach,190,191

resulting in R2 > 0.79 and intercepts close to zero.69 IhMT is sensitive 
to tissue orientation78,192 and its sensitivity to iron is not yet known. 
In 25 subjects with relapsing-remitting multiple sclerosis, ihMTR 
(but not MTR) was found to significantly correlate with disability 
in the thalamus and in four out of five WM regions.193 In lesions 
of subjects with relapsing-remitting multiple sclerosis, MTR, qMT 
and ihMTR all correlated significantly with disability (MTR R2 = 
0.19; qMT R2 = 0.33; ihMTR R2 = 0.55; all P < 0.05).165

Correlations between MWF and myelin staining span a wide 
range across studies. In the corpus callosum of cuprizone-fed 
mice and controls an R2 = 0.46 was found,183 whereas in a study 
where demyelination was induced by hexachlorophene in rat 
spinal cord, R2 was only 0.16.194 In 25 multiple sclerosis tissue sam-
ples from 13 patients at 1.5 T Laule et al.195 determined a mean cor-
relation between LFB optical density and MWF of R2 = 0.67 (ranging 
from 0.45 to 0.92) when tissues included GM, lesions and WM, and a 
mean R2 of 0.29 for WM regions only. In samples from three mul-
tiple sclerosis patients at 7 T, the same group found correlation of 
R2 = 0.78 (range from 0.56 to 0.95) for regions that encompass 
NAWM, DAWM, GM and lesions, and R2 = 0.43 in WM (range from 
0.00–0.79).196 In a rat spinal cord injury model (12 injured and six 
controls), using ex vivo MRI at 7 T and EM, Chen et al.197 determined 
a strong correlation of R2 = 0.67 between MWI and EM-determined 
myelin content, but their study also suggests that MWF does not 
distinguish between intact myelin and myelin debris.198 In the 
same rodent study at 15.2 T described before for MTR, West 
et al.153 reported an R2 of 0.66.

In 10 regions of the corpus callosum of 395 healthy individuals 
(161 males) with ages from 7 to 85 years, MWF showed a quadratic 
relationship with age and followed a regional pattern, which both 
agree with histological studies of the corpus callosum.199–201 A pro-
spective study with pre- and post-injury MRI in ice hockey players 
showed that MWF is reduced 2 weeks after concussion and recovers 
by 2 months,202 in line with animal work in mild traumatic brain in-
jury.203 For multiple sclerosis, one of the main applications of mye-
lin mapping, the number of MWI studies is small and many of them 
are from one site. A longitudinal study in 58 patients with multiple 
sclerosis and 24 controls suggests that ocrelizumab protects 
against demyelination in all five NAWM regions investigated, and 
chronic lesions, compared to interferon beta-1a,204 which is in 
agreement with ocrelizumab’s greater efficacy at preventing dis-
ability progression, clinical relapses and new lesions on brain 
MRI.205,206 However, across the entire NAWM, no group differences 
were found, which may be due to MWI’s dependence on tissue 
orientation32 and regional differences in MWF.207 In 46 patients 
with multiple sclerosis, Baumeister et al.208 demonstrated an asso-
ciation between MWF and cognitive performance in multiple scler-
osis. Vavasour et al.209 found in 42 multiple sclerosis patients at four 
sites treated with alemtuzumab that during 24 months after treat-
ment start MWF was stable in lesions (including 50 new lesions) and 

in NAWM. On the other hand, Abel et al.210 investigated 73 patients 
with multiple sclerosis and 22 controls and found no association 
between MWF in any of the regions investigated (cingulum, corpus 
callosum and superior longitudinal fasciculus) and any of the cog-
nitive tests used.

Unlike MT, MWF usually does go to zero in the absence of mye-
lin.153 However, studies in rat spinal cord,211,212 mouse brain153 and 
rat optic nerve212 suggest that exchange effects due to thin myelin 
sheaths may lead to a reduction in measured MWF, resulting in a 
small negative intercept. MWF is much less sensitive to changes 
in water content than MTR.37 Like many MRI techniques, MWF is 
sensitive to tissue iron concentration with an MWF reduction of 
∼25% after chemical iron extraction.33 Finally, it was demonstrated 
that MWF depends on the orientation of WM fibres relative to the 
main magnetic field.32

The correlation between QSM (and in earlier literature gradient 
echo frequency shifts) and myelin histopathology is low in the hu-
man brain tissue samples but high in animal studies. In 11 Wistar 
rats at 9.4 T, the correlation between in vivo frequency shifts and 
myelin staining was R2 = 0.67 in the anterior commissure and R2 = 
0.76 in the corpus callosum.213 A 9.4 T study in 18 ex vivo but in situ 
mouse brains at different postnatal ages found a strong correlation 
between magnetic susceptibility and LFB of R2 = 0.93 and no correl-
ation with iron staining.214 In eight human tissue samples, 
Wiggermann et al.215 found no correlation between magnetic suscep-
tibility and myelin, a moderate correlation of R2 = 0.33 between fre-
quency shifts and myelin and no correlation between any MR 
measures and iron. Reasons for the discrepancy between human tis-
sue samples and animal studies may be the poor field homogeneity 
in human brain tissue samples and the low iron concentrations in 
rodent brain compared to humans.177–179 Iron’s paramagnetism 
has a strong influence on QSM.216,217 About 8% of multiple sclerosis 
lesions exhibit an increase in iron, while most lesions show a loss 
of iron.149 On a lesion per lesion basis, iron cannot be excluded as a 
source of increased susceptibility within an multiple sclerosis lesion. 
At a group level, this uncertainty may be outweighed by QSM’s high 
sensitivity to changes in diamagnetic myelin, which stems from all 
water being used to probe the resonance frequency. A loss in myelin 
changes the frequency, but it does not reduce the magnitude of the 
signal. Moreover, the MR phase, from which QSM is computed, has a 
considerably higher signal-to-noise ratio (SNR) than the correspond-
ing magnitude.218,219 However, myelin’s magnetic susceptibility it-
self depends on tissue orientation.220,221 Nevertheless, QSM is used 
widely in neuroimaging, mostly owing to its simple and fast data ac-
quisition and the additional information that can be computed from 
the scan, such as venograms,222 R2* relaxation,223–225 the visualiza-
tion of the central vein sign226 and iron rings around some multiple 
sclerosis lesions,227,228 with scan times <5 min at 5 to 20 times higher 
spatial resolution than any other scan discussed here. Results from 
QSM have been consistent with brain biology and pathology. For ex-
ample, analysing 35 885 QSM scans from the UK Biobank study, 
Wang and colleagues found associations of magnetic susceptibility 
with genetic variants that encode the myelin protein plasmolipin 
and the oligodendrocyte basic protein in subregions of the thalamus 
and widespread WM regions.229 Scans of neonates, who have almost 
no myelin or iron show no contrast on QSM, except venous ves-
sels,230 and regional WM susceptibility in children 0, 1 and >2 years 
of age correlated strongly with regional myelin content from an earl-
ier autopsy study.231,232

The correspondence between the relative semisolid proton frac-
tion from UTE and MBP was R2 = 0.27–0.74 in seven cuprizone-fed 
and eight control mice at 7 T.183 In six cuprizone-fed mice (pre-diet, 
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4 weeks, 6 weeks and 6 weeks + 6 weeks recovery; as well as six mice 
at each time point for histology with MBP) the R2 between UTE-MTR 
at TE = 76 µs and MBP was 0.71.233 In 10 healthy volunteers and 10 
patients with multiple sclerosis, STAIR-UTE differentiated between 
multiple sclerosis lesions, NAWM and normal WM.59 UTE requires 
high RF peak power and strong gradients, as well as a good B1+ pro-
file.183 Moreover, gliosis and swelling of astrocyte processes con-
tribute to an increase of non-myelin associated water and 
therefore affect UTE-MTR and STE-MTR values.233,234 UTE is also 
limited by blurring caused by R2* relaxation during readout, which 
is further accelerated at ultra-high field.

Correlation between SyMRI and myelin histology are in the 
range of R2 = 0.37 to 0.55.150,235 One study in human post-mortem 
brain samples of three multiple sclerosis patients found an R2 = 
0.37–0.44 when LFB was used for myelin histology, and an R2 = 
0.40–0.53 when anti-PLP staining was used for myelin histology.235

Another study assessed the correspondence of SyMRI with myelin 
histology using post-mortem brain samples of 12 subjects and 
found an correspondence of R2 = 0.55 using LFB for myelin hist-
ology.150 In addition, a global decrease in myelin density within 
the brains of multiple sclerosis patients was observed using 
SyMRI,236 and SyMRI could detect delayed myelination in preterm 
neonates and was more sensitive than conventional T1w and 
T2w.237 Furthermore, myelin imaging with SyMRI demonstrated 
spatial correspondence myelination in 22 children from 0 to 14 
years.238 However, validation studies are scarce and so far no stud-
ies have reported the effects of tissue orientation, iron, B1 inhomo-
geneity or changes in water content on SyMRI.

Since PET requires active blood circulation for tracer distribu-
tion, it is not possible to conduct histology validation studies in (hu-
man) brain tissue ex vivo, thus requiring animal studies. In the 
lysolecithin-induced rat model of demyelination, 11C-MeDAS PET 
showed a good correlation with post-mortem myelin staining 
(R2 = 0.76), with tracer uptake expressed as lesion-to-contralateral 
standardized uptake value ratio.239 Another study by the same 
group in the same animal model found a moderate correlation of 
R2 = 0.66 for 11C-MeDAS, and better correlations of R2 = 0.79 for 
11C-PiB and R2 = 0.84 for [11C]CIC, with tracer uptake expressed as 
the lesion-to-contralateral total volume of distribution ratios.126

The first human study of 11C-MeDAS PET found the expected range 
of myelin density from low (black holes) to high (remyelinated le-
sions) in multiple sclerosis patients.124 Myelin imaging with PET 
has been used in multiple sclerosis, where it demonstrated a de-
crease in myelin density in lesions.117,118,124,240–243

For all techniques, correlations across validation studies ranged 
from weak to strong. The literature discussed before presents mostly 
the higher end of the range. These studies used well characterized 
animal models and/or established histology techniques, and there-
fore best reflect the upper limits of a particular imaging technique. 
In animal studies, both QSM213,214 and ihMTR74 have a high correl-
ation with myelin histopathology (R2 = 0.85 and R2 = 0.94, respective-
ly), followed by g-ratio244 (R2 = 0.69), qMT153,181–183,194,245–248 (R2 = 
0.60), MWF147,153,183,194,197 (R2 = 0.55), T1

176,246 (R2 = 0.55), UTE183 (R2 = 
0.51), MTR74,153,176,246,249–254 (R2 = 0.42) and single exponential 
T2

153,176,246 (R2 = 0.37). Human post-mortem studies show weak to 
moderate correlation with myelin histopathology for MWF195,196

(R2 = 0.68), MTR143,160–163,255 (R2 = 0.65), qMT143,161 (R2 = 0.60), SyMRI150

(R2 = 0.55), T1
143,160–162,255,256 (R2 = 0.48), T2

143,162,255,256 (R2 = 0.45), FA155

(R2 = 0.38), radial diffusivity155 (R2 = 0.34), MD155 (R2 = 0.26), AD155 (R2 = 
0.39), R2*

142,257 (R2 = 0.18) and QSM142,215 (R2 = 0.07). The reproducibility 
of all methods is good to excellent (ICC = 0.75–0.93),41,46,184,185,258–267

except for MTR (ICC = 0.05–0.51).46,268

All the presented MRI techniques are also influenced by effects 
other than myelin. For example, of the macromolecular content of 
the CNS, on which UTE and MT are based, only 50% is myelin. ihMT 
with isolation of the T1D components of myelin macromolecules is 
emerging as a technique with high specificity. Recent studies iden-
tified some putative confounding factors for ihMT that can affect 
the signal amplitude and thus the signal interpretation. These in-
clude sample temperature,11,77 which is less of a concern in vivo, 
and non-myelin related short-life dipolar order.78 MWI gains its 
good specificity from characteristic relaxation times of myelin 
water, but it suffers from low SNR and direct dependence on recon-
structed image intensity. Furthermore, most, if not all, MRI techni-
ques for myelin are sensitive to iron, a strong modifier of magnetic 
susceptibility and tissue relaxation properties.33,174,223 At least 
MWF, MTR, qMT, ihMTR, qihMT, QSM and diffusion-weighted im-
aging also depend on the angle between anisotropic tissue and 
the main magnetic field.32,78,192,269,270 Fitting a tissue model to the 
orientation-dependent R2*, on the other hand, can determine 
both myelin and iron content, albeit at the cost of loss of spatial in-
formation.223 The local tissue orientation can be measured using 
DTI.271 With fast imaging and increased SNR, the trade-off between 
clinical utility (easy to implement and short scan times) and high 
specificity becomes less of an issue. Some less-specific techniques 
remain attractive due to their simplicity, robustness, high sensitiv-
ity or short acquisition times.

Clinical applications
Some of the many publications on clinical applications are high-
lighted before, as their results add to the validation of the respect-
ive imaging technique. Among the most important applications of 
myelin imaging is multiple sclerosis. For multiple sclerosis and de-
myelinating diseases in general, there is an urgent need for quanti-
tative imaging of myelin for treatment trials.158 Demyelination in 
focal lesions is one of the hallmarks of multiple sclerosis.158,272

New multiple sclerosis lesions with intact axons that have the cap-
acity to remyelinate are considered an important tissue to investi-
gate in clinical trials. Myelin imaging with UTE, MT, g-ratio and PET 
demonstrated a decrease in myelin density in multiple sclerosis le-
sions.55,117–119,164,184,241–243,272–274 Magnetic susceptibility-sensitive 
MRI and MT could detect tissue changes before lesion forma-
tion.275,276 It is not clear whether this indicates early myelin sheath 
disintegration preceding277 the inflammatory responses or changes 
in resonance frequency due to increased chemical exchange effects 
in the presence of increased blood plasma proteins.278 As multiple 
sclerosis pathology extends beyond multiple sclerosis lesions and 
affects DAWM and NAWM, several studies aimed to assess global 
myelin integrity in multiple sclerosis, using either SyMRI, MT, QSM 
or g-ratio. These studies found a global decrease in cerebral myelin 
density.164,215,236,273–275,279–284 Myelin imaging with MWF, MT, ihMT 
and g-ratio showed that changes in myelin density were associated 
with disease duration and disability scores in multiple scler-
osis.165,185,193,210 In addition, myelin imaging with ihMT was found 
to be more sensitive to detect spinal cord damage than MT and dif-
fusion MRI and also correlated better with clinical disability.165,285

In mild traumatic brain injury, QSM did not find any change in 
myelin density in the areas that showed a reduction in myelin sig-
nal on MWI post-concussion in the same cohort.202,286 This finding 
suggests that the observed change in MWF may not be due to mye-
lin loss, but to decompaction of the myelin sheath as a result of in-
jury, which is in agreement with animal studies of concussion.203
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Another important application of myelin imaging is brain mat-
uration and brain development. The first brain regions that myeli-
nate postnatally are the primary motor cortex, somatosensory 
cortex, visual cortex and the auditory cortex,287 which are subse-
quently followed by adjacent brain regions.288,289 Until an age of 
∼20 years, myelin matures, which is subsequently followed by a de-
crease of myelin with age.290,291 With myelin-sensitive imaging 
methods, these physiological alterations in myelin density across 
the lifespan have also been observed. For instance, SyMRI could de-
tect delayed myelination in preterm neonates and was more sensi-
tive than conventional MRI methods, such as T1w and T2w.237

Myelin imaging with SyMRI corresponded well with myelination 
pattern in 22 children from 0 to 14 years.238 Moreover, a higher mye-
lin density in the corpus callosum, as measured using MWF in chil-
dren, was strongly correlated with their scores in verbal IQ tests,292

which indicates that children with a more highly connected corpus 
callosum might be more verbally developed. Furthermore, in 51 
children from 1 to 36 months with a developmental delay, MTR 
showed a reduced myelin density as compared to healthy con-
trols.293 In 48 healthy controls with ages ranging from 20 to 70 years, 
ihMT showed a decrease of myelin with increasing age.294 In a 
study on subjects with ages ranging from 21 to 86 years, QSM 
showed that myelin density was higher in younger adults than in 
the elderly.295 Within young children (3 months to 7.5 years), g-ratio 
myelin estimates increased significantly, corresponding with brain 
maturation.296 Using the g-ratio, a decrease in myelin density with 
higher age was observed in 102 healthy subjects ranging from 7 to 
85 years.297 However, in another study in 92 healthy subjects 
from 7 to 81 years, this effect of age was not observed with 
g-ratio.298 This difference might be due to the myelin imaging tech-
nique used, as the former study used MT and the latter PD weighted 
imaging for calculating g-ratio. In general, the MRI methods showed 
an increase of myelin in early childhood, and a decrease of myelin 
after early adulthood, in correspondence with physiological pro-
cesses of myelination in brain development.299

Myelin imaging has also been used in other diseases, such as 
schizophrenia, stroke, isolated hippocampal sclerosis, cognitive 
dysfunction, neurofibromatosis, Huntington’s disease, obsessive- 
compulsive disorder and major depressive disorder.300–310

MRI for myelin is non-invasive and offers a range of comple-
mentary image contrasts that can be combined. While, MWF, 
QSM and ihMT seem to be the most promising MRI methods for 
myelin imaging from a theoretical perspective, MWF has not yet 
shown to be able to depict both de- and remyelination processes. 
One could combine the sensitivity of QSM with the specificity of 
ihMT, possibly in combination with diffusion MRI, which also en-
ables g-ratio imaging. Due to its non-invasiveness, MRI is the only 
modality that can be used for research in newborns and children. 
Quantitative MRI has become very fast (2–7 min) and thus the 
question should not be which myelin scan to use in a study, but 
which two or three sequences should be combined (Table 2). For 
example, the combination of a multi-echo gradient echo scan 
(i.e. SWI/QSM), ihMT and diffusion MRI in multiple sclerosis would 
provide information on myelin integrity of WM (ihMT); high sensi-
tivity to changes in myelin of lesions, deep GM iron, the central 
vein sign (QSM); g-ratio (combination of MWI and diffusion) and 
orientation-dependent R2*223 for diffuse WM myelin changes 
(combination of gradient echo and diffusion).224 This information 
can all be obtained within a total scan time of 12 to 20 min. 
Alternatively, one may aim at targeting MWF, myelin macromole-
cules and magnetic susceptibility using MWI, ihMT and QSM, 
respectively.

So far, studies with PET for myelin imaging were mostly tech-
nical validations.119,124,126–128,130,131,239,311 The invasiveness of PET 
due to the administration of a radiotracer and the need for blood 
sampling, long scan duration, high costs, the complicated quantifi-
cation procedures and lower availability of PET scans across clinical 
centres limit the utility of PET for clinical routine. When longitudin-
al scanning is desired, the clinician should balance the risks of extra 
radiation exposure with the need for additional PET scans. With 
further technical developments in PET imaging, the sensitivity 
and resolution of the PET scans will increase, allowing for lower tra-
cer dose. This would more easily justify the application of PET 
scans. Nonetheless, the infrastructure needed for PET tracer pro-
duction makes PET inherently more expensive than MRI. With 
the introduction of the EARL criteria,312 PET acquisitions are har-
monized. Alternatives for blood sampling exist,313–315 but require 
a thorough validation per each individual tracer. From a practical 
point of view, an accurate myelin MRI method would be preferred 
above myelin PET. However, myelin imaging with MRI must reach 
the same accuracy, precision and reproducibility in capturing de- 
and remyelination as achieved with PET.

Future directions
An important avenue of future research is the validation of techni-
ques such as, VISTA, MR fingerprinting and mcDESPOT. The com-
plex structure of myelin complicates the development of a myelin 
phantom that can be used for such validation studies. Some re-
search groups make use of phantoms with solubilized myelin pro-
teins, which, however, do not have the structure of alternating lipid 
bilayers and water.316 Validation studies in biological tissues 
should also assess iron content.

Future work should also address the standardization of scan 
parameters. For example, Birkl et al.32 showed that a scan’s TR 
has a considerable influence on the MWF. The TR effect is thought 
to be due to the short T1 relaxation time of myelin water (in the 
range of 200 ms) compared to that of intra- and extracellular water 
(1 s).317 To keep the MWI scan short, usually a repetition time of 1 s 
is used, which attenuates the long T1 signal from the intra- and 
extracellular water. While harmonized scan protocols are used in 
clinical trials, they are usually not used in other applications. 
Harmonization efforts should be accompanied by the creation of 
normative atlases.207,318,319 Synthetic MRI may further help to-
wards standardization but further work is needed to make it a reli-
able and validated approach for myelin quantification. There is also 
a trade-off between harmonization and the speed of technical 
development.

Field strengths of 7 T and beyond can provide sensitive mea-
surements at high spatial resolution. While clinical 7 T systems 
are on the market, they still face technical challenges and their 
cost is high. Over the next decade, these scanners will probably re-
main limited to specialized centres, such as large academic hospi-
tals. With the exception of gradient echo MRI (SWI/QSM), the 
translation of myelin imaging techniques to ultra-high field 
strengths requires considerable technical development. Low-field 
and ultra-low-field MRI, have made progress due to the develop-
ment of magnetic resonance fingerprinting, possibly making mye-
lin quantification in dedicated (ultra-) low-field scanners viable in 
the future.320,321

Magnetic resonance fingerprinting provides simultaneous 
quantification of relaxation properties of the brain in one scan, gen-
erating a nearly pseudo-random path through k-space.322–325 The 
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k-space data are then matched to a library of simulations of the 
Bloch–Torrey equations and biophysical models, enabling simul-
taneous quantification of multiple parameters. This can be thought 
of as matching fingerprints to unique entries in the library. Most of 
the MRI contrasts discussed in this article can be translated into a 
magnetic resonance fingerprinting setting and some have already 
been used for myelin quantification: T1 and T2-quantification,326

multi-compartment,327 UTE,328 diffusion329 and MT.330

Another emerging technique is magnetic resonance elastogra-
phy, which probes the mechanical properties of tissues331,332 and 
has been shown to have a strong test–retest repeatability of 
1–7%.333 The tissue is mechanically excited with a known ampli-
tude and frequency by a transceiver coupled to the tissue or a solid 
structure around it (e.g. neurocranium), resulting in shear forces in 
the parenchyma. A phase sensitive pulse sequence with motion en-
coding gradients is used, yielding the phase that is proportional to 
the product of the gradient and the mechanical displacement of the 
tissue331,333 and can be translated to mechanical tissue para-
meters.333,334 Various tissue properties affect the mechanical prop-
erties of brain parenchyma in human and murine studies.335–341

One study found a histopathology verified correlation of tissue stiff-
ness with demyelination in mice.338 Although the stiffness of mul-
tiple sclerosis lesions is similar to healthy tissue,342 there is a 
significant reduction in global brain stiffness in multiple sclerosis 
patients and an increased stiffness in chronic-progressive multiple 
sclerosis as compared to relapsing-remitting multiple sclerosis.341

The spatial resolution of PET has been increasing, due to the re-
duction of the crystal size in the detectors.343 In addition, total-body 
PET systems with improved SNR enable the detection of subtle al-
terations in tracer uptake simultaneously in the brain and the 
spinal cord.344 Direct kinetic modelling during the reconstruction 
with venous samples for metabolite analysis or population-based 
metabolites aids in reducing the invasiveness of PET and enhances 
clinical use.345,346 With total-body PET, both the heart and aorta are 
within the field of view, and an image-derived input function to 
substitute the arterial blood sampling may be used for accurate 
quantification without arterial blood sampling. Current strategies 
for image-derived input function in brain PET studies use the ca-
rotid arteries for the determination of the blood tracer concentra-
tion. The high tracer signal of the PET scan directly after tracer 
injection is used for carotid delineation. Due to the size of these ar-
teries, a partial volume correction is often required. With PET-MR 
scanners, MR angiography could be used for an accurate delinea-
tion of the carotid arteries, but the partial volume problem persists. 
Whether arterial blood samples for calibration can be substituted 
for venous samples or population-based alternatives, also depends 
on the tracer’s properties.

Limitations
There is a vast range of applications of myelin-sensitive MRI in the 
context of brain development, brain injury and neurological dis-
eases. We limited the discussion of applications herein to myelin 
imaging methods that were validated with histopathology. For 
the literature on DTI, we refer to specialized reviews.101,102,107 We 
did not address applications in spinal cord to which, in principle, 
the same considerations apply. However, the spinal cord poses 
technical challenges due to motion, its small cross section, magnet-
ic susceptibility and CSF flow.347 We also did not address myelin 
quantification in the GM. In multiple sclerosis, for example, lesions 
in the GM play an important role.123 Even their mere detection with 

qualitative MRI poses challenges.348 Spectroscopy is also not ad-
dressed in this review. While spectroscopy does not quantify mye-
lin itself, it has the potential to explain biochemical processes 
associated with de- and remyelination. Moreover, with the advent 
of ultrafast spectroscopic imaging, the distinction between imaging 
and spectroscopy could become increasingly academic.349

Conclusion
There are a few instances where myelin imaging has provided new 
insight. For example, it has been used to track changes in myelin 
across parts of the human lifespan.350–352 In concussion MWI has 
shown that there is reduced MWF beyond the time of resolution 
of clinical symptoms.202 In multiple sclerosis, fitting a tissue mag-
netic susceptibility model to R2* decay suggested that myelin con-
tent is the same in people at risk of multiple sclerosis and healthy 
controls but that the at-risk group has increased brain iron con-
tent.223 The large UK Biobank study (current n > 35 000 participants) 
has revealed changes in WM magnetic susceptibility that are asso-
ciated with genetic variants related to myelin structure and oligo-
dendrocytes.229 The main aim of myelin imaging remains the 
tracking of de- and remyelination in patient populations, with the 
goal to inform treatment decisions and to test new drugs.

MRI and PET offer a range of methods for myelin imaging, with 
complementary strengths and weaknesses in terms of specificity, 
sensitivity, spatial resolution, cost and robustness. No scan is per-
fectly specific to myelin, apart from possibly 11C-MeDAS PET. 
Among MRI, MWI, ihMT and QSM, including the more recent tech-
nique of susceptibility source separation,353–356 seem to be the 
most promising methods. These scans target complementary as-
pects of myelin that can be exploited for quantification. ihMT and 
MWI have high specificity. However, MWI is not available on all 
MRI systems. The sensitive QSM is based on the almost universally 
available high resolution SWI scan, which can also provide informa-
tion on veins, paramagnetic rims in multiple sclerosis lesions and 
deep GM iron content, but it requires specialized postprocessing. 
UTE, MTR and qMT are robust techniques that are sensitive to 
changes in myelin but they cannot distinguish between myelin 
and non-myelin macromolecules.
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