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Quantitative MRI of Myelin and Axon in vivo
Masaaki Hori
Department of Radiology, Toho University Omori Medical Center, Tokyo, Japan
ABSTRACT: Limited neuronal bodies and dendrites are observed in the white matter, and approximately 60% of the white matter space is occupied by the neuronal fibers. Approximately 70%-95% of the
nerve fibers are covered by a myelin sheath. However, sequences of routine clinical magnetic resonance
imaging (MRI), such as T2- and T1-weighted imaging and fluid-attenuated inversion-recovery, only provide qualitative, non-specific, tissue contrast images. Therefore, numerous MRI methods have been introduced for in vivo myelin and axon quantification. Myelin water fraction is a relatively older MR technique
for quantitative MRI of the myelin sheath. Another method for in vivo myelin estimation is the use of R1,
R2, and proton density values and has shown to be promising in some neurological disorders. Diffusion
tensor imaging is a good candidate for quantitative MRI of the axon; however, it has some limitations.
Neurite orientation dispersion and density imaging is a model-based diffusion-weighted MRI technique; it
yielded good results in clinical settings. Moreover, the MR g-ratio, which is calculated with the myelin volume fraction and axon volume fraction, using myelin- and diffusion-sensitive methods, respectively,
showed promising results, providing new insights into in vivo microstructural imaging.
Toho J Med 6 (2): 61―66, 2020
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1. MRI of the Central Nervous System
The white matter in the central nervous system is

appearance to the white matter.1） Moreover, approximately 33% and 27% of the white matter is composed of
axons and myelin sheaths, respectively.1）

made up of the following four main components: neurons,

However, the routine clinical MRI sequences that are

glial cells, extracellular space, and blood vessels. Neurons

widely used, such as T2- and T1-weighted imaging, as

can be further subdivided into fibers, cell bodies, and den-

well as fluid-attenuated inversion-recovery (FLAIR) imag-

drites. The white matter has limited neuronal bodies and

ing, provide non-quantitative, non-specific tissue contrast

dendrites, and approximately 60% of the space of the

images. Conventional MRI has relatively low signal inten-

white matter is occupied by neuronal fibers. Up to 70%-

sity. Moreover, the spatial limitations of MRI prevent its

95% of the nerve fibers are covered by a myelin sheath,

application in the microstructural investigation of the

so-called myelinated nerve fiber, which imparts its white

central nervous system in vivo. Therefore, another techni-
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cal approach is required for microstructural quantifica-

patients with multiple sclerosis (MS) was different in the

tion. Numerous MRI methods have been introduced for in

plaques (demyelinated lesion), periplaque white matter,

vivo myelin and axon quantification.

and normal-appearing white matter.9）
As reported previously, myelin quantification by MRI

2. Quantitative MRI of Myelin

has showed promising results in clinical settings; more-

Myelin water fraction (MWF) is a relatively older MR

over, the correlation between MWF and the actual

technique which uses multi-echo T2-weighted imaging

myelin volume in these techniques including MVF and

because multi-component T2 relaxation studies of the

QRAPMASTER has been validated in vitro and by histo-

white matter have revealed the existence of at least two

pathological examination.10-12） However, more validation is

different water environments.2,3） These environmental

required to obtain clinically useful data.

components include a short T2 component from water
trapped in the myelin sheath and a longer T2 component

3. Quantitative MRI of Axon

emerging from the intra- and extracellular water. By

Diffusion MRI is widely used for estimating brain dis-

measuring the amount of water with a short T2 relax-

orders, such as stroke, and is useful in clinical settings.

ation time per voxel, it is possible to measure the MWF

The characteristic tissue contrast of diffusion MRI is that

per voxel. In addition, assuming that myelin water consti-

this technique enhances the visualization of restricted

tutes 40% of the myelin sheath, estimating the myelin

water molecules in neuronal tissues. Diffusion-weighted

volume fraction (MVF) from MWF is possible.

MRI is particularly well suited in the estimation of the

Another method for in vivo myelin estimation is the use

axon and axon volume fraction (AVF). Although diffusion

of R1, R2, and proton density (PD) values. Quantification

MRI is the modality of choice for imaging brain micro-

of tissue parameters, such as relaxation rates (R1 and R2)

structures, it can only measure the displacement distribu-

and PD, provides an absolute scale; however, these

tion of water molecules that are visible in a diffusion MRI

parameters have only been measured in research set-

experiment. This is limited to the water that is visible on

tings due to the required relatively long scanning time.

images at the echo time of 50-100 ms; therefore, it

Recently, a rapid quantification MRI technique, such as

excludes the water that is trapped between the myelin

QRAPMASTER, with scan times of 5-7 min for full head

bilayers, which has a T2 on the order of 10 ms.13） There-

coverage imaging, has been developed for clinical use.

fore, the estimates provided by these models are of the

The myelin quantification technique using QRAPMAS-

intra-axonal volume fraction of the visible diffusion imag-

TER is based on a model assumption of the following

ing information.

4）

5）

four brain compartments: the myelin partial volume

Recently, the usefulness of diffusion tensor imaging

(VMY), cellular partial volume, free water partial volume,

(DTI) to quantify axons has been investigated. DTI

and excess parenchymal water partial volume. Briefly,

yielded good results in aligned white matter fibers; how-

VMY contains the myelin water and myelin sheaths and

ever, it failed to visualize complex area of fiber orienta-

are estimated by combining the R1m, R2, and PD values,

tion, such as the region of crossing nerve fibers.14）

according to the previously simulated database.

Therefore, biophysically plausible models have been

With regard to the clinical application, a recent study

developed, which provides better description of the

from Cincinnati Children’s Hospital revealed that the

underlying tissue microstructure. Among them, the neu-

developmental pattern of myelin visualized by this tech-

rite orientation dispersion and density imaging (NODDI)

nique was comparable with that published previously.

is a model-based diffusion-weighted MRI technique that

Another study demonstrated that this technique pro-

can quantify specific microstructural features directly

vided the information of accelerated myelination in the

related to neuronal morphology.15） A key concept for

damaged brain hemisphere of patients with Sturge-

NODDI is a neuronal tissue model made up of three com-

Weber syndrome, a rare neurocutaneous disorder, which

partments, a restricted intracellular compartment, a hin-

causes facial cutaneous vascular malformation and ipsilat-

dered extracellular compartment, and cerebrospinal fluid

eral leptomeningeal angiomatosis, most often involving

(Gaussian distribution of free water molecules), used to

the parietal and occipital lobes.7,8） Another study reported

analyze data from diffusion MRI. Therefore, the intracel-

that the quantitative myelin volume in the brain of

lular volume fraction calculated from the NODDI analysis

6）
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Fig. 1 Axial FLAIR image, corresponding MVF map, AVF map, and g-ratio map of a patient
with multiple sclerosis. The degree of the damage in the demyelinated lesion was different on
MVF, AVF, and g-ratio maps.
FLAIR, fluid-attenuated inversion-recovery; MVF, myelin volume fraction; AVF, axon volume fraction

in the brain seems to be the most realistic and precise

ders, which is difficult when conventional MRI and

metric for estimating AVF in vivo. In such condition, the

mapping techniques are used.

AVF is estimated using the following equation:
AVF = (1 − MVF) (1 − viso) vic, (1)

4. Future Directions
In recent years, Stikov et al. proposed an approach for
measuring the area-weighted g-ratio for voxels using

where viso and vic are the isotropic and restricted vol-

MRI,14,19） which is termed the MR g-ratio and is calculated

ume fractions from the NODDI analysis, respectively, and

with the MVF and AVF using myelin- and diffusion-sen-

the MVF is obtained from one of many possible myelin

sitive methods, respectively. These parameters can suffi-

mapping techniques.

ciently compute the g-ratio for each voxel as an

The application of NODDI showed promising results in

aggregate g-ratio.

some neurological diseases in vivo. For example, retro-

Originally, the g-ratio of a myelinated axon was

grade degeneration of the nigrostriatal pathway in Par-

directly visualized and measured via electron microscopy.

kinson’s disease was observed by the NODDI and tract-

This method helps obtain the diameters of axons and

profile analyses.

Moreover, in patients with Moyamoya

myelinated axons in an immunohistochemically processed

disease, the NODDI analysis can visualize specific brain

specimen. The g-ratio determines the neuron conduction

microstructural damage even without a known history of

velocity,20,21） which influences normal brain functions.

16）

cerebral infarction.17） Moreover, the correlation between

The MR g-ratio mapping helps derive the fiber density

normal-appearing brain parenchyma and neurocognitive

from the g-ratio to achieve a more complete and specific

dysfunction has been revealed by the NODDI analysis.18）

picture of the in vivo microstructural detail of the nerve

These in vivo microstructural changes in the brain cannot

fibers.13）

be evaluated using conventional MRI techniques.

With regard to the clinical applications, several studies

Moreover, NODDI imaging can be performed in

have investigated the in vivo g-ratio imaging in MS.14） It

5-10 min using clinical MR scanners, and the scanning

has the potential to help in the assessment of disease pro-

time seems tolerable to patients. The NODDI analysis is

gression and monitoring of treatment response, as well as

easy and can be conducted freely using the NODDI Mat-

in the development of new therapies for remyelination.

lab toolbox (https://www.nitrc.org/projects/noddi_

By using the MR g-ratio, demyelination, remyelination,

toolbox).

and axon damage can be separately estimated (Fig. 1),

Therefore, in vivo axon quantification employing

which is difficult when conventional routine MRI is used.

NODDI seems to be a promising MR method for estimat-

Moreover, the MR g-ratio technique has the potential

ing brain abnormality in patients with neurological disor-

to accurately estimate in vivo nerve fibers. Kamagata et al.
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Fig. 2 Connectome maps on the number of streamlines and MR g-ratio. These maps
show the subnetworks with significantly high connectivity in each network. The results
are different, and the subnetwork alteration can be confirmed more accurately using
the MR g-ratio-based connectome analysis (This image has been adopted from the article, Kamagata et al. Sci Rep 9, 13522 (2019) (https://doi.org/10.1038/s41598-019-50025-2),
and this image is licensed under a Creative Commons Attribution 4.0 International License).
MR, magnetic resonance

reported the use of the MR g-ratio technique for structural brain network analysis in patients with MS.22） They
demonstrated subnetwork alteration in patients with MS,
predominantly in the motor, somatosensory, visual, and
limbic areas. Moreover, significant positive correlations
were observed between the EDSS scores and MR g-ratioweighted nodal strength in motor, visual, and limbic
brain regions. This study demonstrated that the structural MR network can be analyzed more accurately using
the MR g-ratio technique (Fig. 2). However, only few
studies have used the MR g-ratio technique for in vivo
assessment. Therefore, further investigation is required
to establish the significance of the MR g-ratio in other
diseases.
Conflicts of interest: None declared.
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