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White matter abnormalities in the CNS have been reported recently in various neurological and psychiatric disorders. Quantitation of non-
Gaussianity for water diffusion by q-space diffusional MRI (QSI) renders biological diffusion barriers such as myelin sheaths; however, the
time-consuming nature of this method hinders its clinical application. In the current study, we aimed to refine QSI protocols to enable their
clinical application and to visualize myelin signals in a clinical setting. For this purpose, animal studies were first performed to optimize the
acquisition protocol of a non-Gaussian QSI metric. The heat map of standardized kurtosis values derived from optimal QSI (myelin map) was
then created. Histological validation of the myelin map was performed in myelin-deficient mice and in a nonhuman primate by monitoring its
variation during demyelination and remyelination after chemical spinal cord injury. The results demonstrated that it was sensitive enough to
depict dysmyelination, demyelination, and remyelination in animal models. Finally, its utility in clinical practice was assessed by a pilot clinical
study in a selected group of patients with multiple sclerosis (MS). The human myelin map could be obtained within 10 min with a 3 T MR
scanner. Use of the myelin map was practical for visualizing white matter and it sensitively detected reappearance of myelin signals after
demyelination, possibly reflecting remyelination in MS patients. Our results together suggest that the myelin map, a kurtosis-related heat
map obtainable with time-saving QSI, may be a novel and clinically useful means of visualizing myelin in the human CNS.

Key words: demyelination; MRI; multiple sclerosis; myelin; remyelination

Introduction
Myelin in the CNS not only enables saltatory conduction, but also
plays an essential role in supporting neural survival (Lee et al.,

2012). Myelin failure preceding neurodegeneration was reported
in amyotrophic lateral sclerosis (Kang et al., 2013). Collectively,
myelin pathology is attracting significant attention, not only in
the context of demyelinating diseases such as multiple sclerosis
(MS), but also in the setting of various neurological diseases.

There have been attempts to detect myelin-specific signals
by nonconventional magnetic resonance methods such as
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Significance Statement

Myelin abnormalities in the CNS have been gaining increasing attention in various neurological and psychiatric diseases.
However, appropriate methods with which to monitor CNS myelin in daily clinical practice have been lacking. In the current
study, we introduced a novel MRI modality that produces the “myelin map.” The myelin map accurately depicted myelin
status in mice and nonhuman primates and in a pilot clinical study of multiple sclerosis patients, suggesting that it is useful
in detecting possibly remyelinated lesions. A myelin map of the human brain could be obtained in �10 min using a 3 T
scanner and it therefore promises to be a powerful tool for researchers and clinicians examining myelin-related diseases.
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magnetization transfer ratio analysis (Gass et al., 1994) and T2 relax-
ation study (Laule et al., 2004) or positron emission tomography
(Stankoff et al., 2011), although the application of these methods in
daily clinical practice has been hindered by their time-consuming
nature (e.g., hours of acquisition time), relatively poor resolution, or
the need to use radioactive tracers. Conversely, visualization of my-
elin by conventional MRI has technical limitations. For example,
although T2 hyperintensity is often interpreted as a hallmark of de-
myelination, a postmortem MRI study showed that remyelinated
MS lesions were also T2 hyperintense (Barkhof et al., 2003) and T2
lesion loads did not necessary correlate with physical disability mea-
sures in MS (Barkhof, 1999).

Myelin is a lipid-enriched structure that hinders the free
diffusion of water molecules. Theoretically, diffusion is more
restricted in myelinated than nonmyelinated areas. The ap-
parent diffusion coefficient calculated by diffusion-weighted

imaging (DWI) is a straightforward parameter of diffusion
restriction. Fractional anisotropy (FA), derived using diffu-
sion tensor imaging (DTI), is a parameter describing the de-
gree of anisotropy of diffusion restriction. These parameters
have been used to estimate the presence of the biological dif-
fusion barrier myelin within the human CNS (Pfefferbaum et
al., 2000; Engelbrecht et al., 2002). However, they are based on
an assumption that the probability density function (PDF) of
water diffusion is Gaussian in its shape. In reality, water dif-
fusion is not only restricted by myelin, but also by cell mem-
branes or by axonal sheaths, thereby producing non-
Gaussianity in the PDF.

q-Space diffusion MRI (QSI) enables the calculation of the
PDF in a non-Gaussian fashion (King et al., 1994). The key
principle of QSI is that the PDF is derived from a Fourier
transformation of a diffusion-related signal decay curve with
respect to multiple b-values. The PDF obtained by QSI pro-
vides an ideal metric with which to more accurately estimate
the presence of myelin. For example, the difference in the
PDFs of gray and white matter is well correlated with myeli-
nation during postnatal CNS development (Assaf et al., 2000).
This difference is lost when demyelination occurs and is then
regained when remyelination takes place after traumatic CNS
injury, with good correlation with histological myelin status
(Nossin-Manor et al., 2002). Despite the impressive ability of
QSI to visualize CNS myelin, its time-consuming nature hin-
ders its clinical application. Diffusional kurtosis imaging
(DKI) was developed to compensate for this limitation (Jensen
et al., 2005). Kurtosis is a metric of non-Gaussianity that rep-
resents the deviation from a Gaussian curve. DKI reduces the
long acquisition times involved in full-scale QSI by using a
rather simplified DWI sequence with a limited number of low
b-values (�2000 s/mm 2, 3 steps). The major limitation of DKI
is that the estimation equation is only valid for low b-values
(�3500 s/mm 2) (Hori et al., 2012b). However, the diffusion-
related signal decay curve in white matter is multiexponential
and the accuracy of the PDF depends upon data with high
b-values (�10,000 s/mm 2) (Cohen et al., 2002). As a result,
diffusion resolution is sacrificed in DKI.

In the current study, we sought to combine the merits of both
DKI and full-scale QSI to provide a new modality for myelin
visualization. To reduce the acquisition time, we applied high
b-values while limiting their number (�10,000 s/mm 2, 9 steps).
The heat map of standardized kurtosis values derived from opti-
mal QSI (i.e., myelin map) correlated with the histological myelin
status in animals. The proposed QSI protocol can be performed
with a conventional 3 T MR scanner within 10 min, and the
myelin map seemed to reflect the myelin status in MS patients
accurately. We propose the use of this new modality in clinical
settings for the effective determination of myelin status in various
CNS diseases.

Materials and Methods
Ethics. All animal interventions and care were performed at the Cen-
tral Institute of Experimental Animals (CIEA), Kawasaki, Japan. All
study protocols were approved by the institutional Animal Care and
Use committee at CIEA and conducted in accordance with the United
States Public Health Service’s Policy on Human Care and the Use of
Laboratory Animals and Guidelines and Policies for Animal Surgery
provided by the Animal Study Committee of CIEA. The clinical study
was performed at Keio University Hospital, Tokyo, Japan, with ade-
quate written informed consent and was approved in advance by the
Institutional Review Board of Keio University School of Medicine
(approval number: 20110364).
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Figure 1. Development of the myelin map. The PDF of water diffusion acquired from the
cervical spinal cord in adult common marmosets reveals that the diffusion distribution of white
matter (anterolateral and posterolateral funiculi) is more leptokurtic than that of gray matter
(A). Note that PDF curves obtained with a time-saving protocol (9 b-values; hereafter used for
the myelin map; solid lines) had sufficient accuracy to differentiate gray and white matter when
compared with the time-consuming full-scale protocol (18 b-values; dotted lines). The histo-
gram of NLD calculated from the PDF is shown in B. The NLD heat map and the myelin map
created from the PDF are shown in C. a.u., Arbitrary units.
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Figure 2. Spinal cord myelin map of myelin-deficient mutant mice. T2WI, FA map, various DTI maps (i.e., AD map, RD map, and MD map), and the myelin map, as well as LFB staining,
immunohistochemical staining against MBP, and electron microscopic (EM) analysis of postmortem spinal cords of wild-type (wt) and shiverer (shi/shi) mutant mice are shown in A. For quantitative
analysis, the sensitivity of various modalities to differentiate white matter from gray matter was discerned using relative contrast values, calculated by first determining the absolute difference in
8-bit grayscale values (GV; 0 –255) between ROIs (dorsal funiculus; orange box) and a reference (anterior horn; red box) and then dividing this value by 255. Relative contrast values exceeding 0.05
were considered to be clinically significant. All of the MRI modalities, with the exception of the MD map, were considered to be significant (C). To elucidate the myelin (Figure legend continues.)
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Animals. The following animals were used in this study: common
marmosets (Callithrix jacchus; CLEA Japan), shiverer and jimpy mutant
mice (The Jackson Laboratory), and their wild-type littermates.

Chemically induced demyelination in common marmosets. A total of six
adult female common marmosets (270 –360 g) were used. All surgeries
and MRI acquisitions were performed under general anesthesia induced
by an intramuscular injection of ketamine (50 mg/kg; Sankyo) and xyla-
zine (5 mg/kg; Bayer) and maintained using isoflurane (Foren; Abbott
Japan). The heart rate, arterial oxygen saturation, and rectal temperature
of each animal were monitored continuously during the surgical proce-
dures. For the induction of focal demyelination, the dura mater and pia at

4

(Figure legend continued.) specificity of observed contrast, relative contrast values were
compared between wt and shi/shi mice. Results indicated that the myelin map had supe-
rior myelin specificity relative to the FA, AD, and RD maps, whereas T2WI and LFB had
similar specificity compared with the myelin map (D). Comparison of the FA map, the
myelin map, LFB staining, and immunostaining against PLP-1 in jimpy mutant mice also
confirmed the high accuracy of the myelin map in detecting myelin-related signals (B).
Scale bars: LFB, MBP, and PLP-1, 500 �m; EM, 5 �m. a.u., Arbitrary units. #p � 0.05,
Mann–Whitney U test. Error bars indicate SEM.

Figure 3. Brain myelin map of myelin-deficient Shiverer mutant mice. T2WI, FA map, various DTI maps (i.e., AD map, RD map, and MD map), the myelin map, and histological LFB
staining of postmortem wild-type (wt) and shiverer (shi/shi) mouse brains are shown (A). For quantitative analysis, relative contrast values were calculated similarly to the spinal cord
analysis (Fig. 2). Myelinated fibers in the corpus callosum and cerebral cortex were selected as ROIs (orange boxes) and the molecular layer of cerebral cortex, in which few myelinated
fibers exist, was used as a reference (red box). Relative contrast values exceeding 0.05 were considered to be clinically significant. All of the MRI modalities, with the exception of the AD
map, were considered to be significant in the corpus callosum, whereas only the myelin map and MD map were significant in the cerebral cortex (B). Relative contrast ratios were
calculated similarly to the spinal cord analysis (Fig. 2). Results indicated that the myelin map was the most myelin-specific modality, with a ratio that was fairly comparable to that of
histological LFB staining (C). Scale bar, 1 mm. #p � 0.05, Mann–Whitney U test. Error bars indicate SEM.
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the C5 level were incised with a sharp needle
and 3 �l of 1% lysophatidylcholine (LPC;
Sigma-Aldrich) was injected at a depth of 1.0
mm into the dorsal funiculus of the spinal cord
using a glass micropipette attached to a Ham-
ilton syringe. The injection was performed
slowly, over a 10 min period and the micropi-
pette was held in place for an additional 10 min
to prevent backflow.

Myelin map. The non-Gaussian PDF of wa-
ter diffusion was obtained by performing a
Fourier transformation of the data gained from
a pulse-field gradient spin-echo (PGSE) se-
quence based on the Stejskal-Tanner diffusion
preparation (Stejskal and Tanner, 1965), per-
formed along 12 motion-probing gradient
(MPG) axes with 9 or 18 b-value steps (0 –
10,000 s/mm 2). An in-house program (devel-
oped in IDL version 8.0; Exelis Visual
Information Solutions) was used to perform
further analyses. Kurtosis values were calcu-
lated with the following formula:

K �
1

N �� xi � x�

SD � 4

� 3

Where N is the number of data points (i.e., the
number of b-value steps used), x is the proba-
bility value (arbitrary units) obtained from the
PDF, and SD is the SD of the x values. To stan-
dardize the kurtosis value, we calculated the
normalized leptokurtic diffusion (NLD) with
the following formula:

NLD �
�Kmax � K�

�Kmax � Kmin�
� 100

Where Kmax and Kmin are the maximum and
minimum, respectively, kurtosis values ob-
tained in multiple control studies (note that
Kmax and Kmin are species dependent) and K is
the mean kurtosis value across all directions
obtained in the individual experiment. The
myelin map was defined as the NLD heat map
created by linearly coloring NLD values (i.e.,
grayscale and color-coded images were made
with an NLD value of 0 corresponding to white
and 100 corresponding to either black or blue,
respectively).

Animal MRI parameters. An MR scanner
equipped with a 7 T magnet with a high gradi-
ent strength (700 mT/m) (Biospec 70/16;
Bruker) was used. A 60 mm inner diameter
(ID) and 22 mm ID saddle coil, tuned to 300.51
MHz for proton resonance, was used for in vivo
and ex vivo measurements, respectively. For the
ex vivo measurement, excised mouse brain and
spinal cord were inserted into a 20 mm ID
acrylic tube containing electronic liquid (Fluo-
rinert FC-72; 3M) and were immediately sub-
jected to imaging. The PGSE sequence used the
following parameters: repetition time (TR) �
3500 ms, echo time (TE) � 37.8 ms, matrix �
256 � 192, field of view (FOV) � 40 � 40
mm 2, and slice thickness � 1.5 mm for in vivo
measurements, and TR � 3500 ms, TE � 56
ms, matrix � 128 � 32, FOV � 19.8 � 5 mm 2,
and slice thickness � 0.48 mm for ex vivo mea-
surements. FA maps were acquired with a
PGSE sequence based on the Stejskal–Tanner

Figure 4. Myelin map of common marmosets with chemically induced focal demyelination. Axial images of spinal cord ob-
tained 1 week after chemically induced demyelination, showing T2WI and myelin map results in a live animal, and postmortem
LFB, semithin sections, and electron microscopic (EM) analysis (A). The same set of axial images was obtained 6 weeks after
demyelination (B). The g-ratio, calculated by dividing axonal diameter by myelinated fiber diameter (e.g., the g-ratio for a
completely demyelinated axon is 1), shows decreased values at 6 weeks after injury (0.74 � 0.070; mean � SE) compared with 1
week postinjury (0.90 � 0.095), suggestive of remyelination (C). Quantitative comparative analysis of demyelinated areas in the
dorsal funiculus using a myelin map in a live animal and postmortem LFB (n � 4 each for 1 and 6 weeks after injury) suggests the
high accuracy of the myelin map in detecting demyelinated areas (D). Note that T2WI failed to detect demyelinating lesions clearly
in this model. a.u., Arbitrary units. Scale bars: LFB, 1 �m; EM, 10 �m. Error bars indicate SEM.
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diffusion preparation (Stejskal and Tanner, 1965) performed along 12
MPG axes with a b-value of 0 or 1000 s/mm 2 with TR � 3500 ms, TE �
26.8 ms, matrix � 128 � 32, FOV � 19.8 � 5 mm 2, and slice thickness �
0.48 mm. FA maps were computed using the Diffusion Toolkit (Massa-
chusetts General Hospital). For DTI, an eigenvector associated with the
largest eigenvalue (�1) was assumed to represent the local fiber direction
(e.g., �1 is parallel to the long axis of the spinal cord, whereas �2 and �3
are perpendicular). DTI results [axial diffusivity (AD) map, radial diffu-
sivity (RD) map, and mean diffusivity (MD) map] were reconstructed on
the basis of the data as follows: AD � �1, RD � (�2 	 �3)/2, and MD �
(�1 	 �2 	 �3)/3.

Human MRI parameters. An MR scanner equipped with a 3 T magnet
and 32-channel head coil (Discovery MR750; GE Healthcare) was used.
The PGSE sequence used TR � 5000 ms, TE � 124 ms, matrix � 128 �
128, FOV � 220 � 220 mm 2, and slice thickness � 5 mm along 12 MPG
axes, with b-values ranging from 0 to 10,000 s/mm 2 in 9 steps. The total
acquisition time to obtain the dataset for the myelin map was �9 min.
The dataset for FA maps and other DTI maps was acquired with the same
PGSE sequence performed along 12 MPG axes with a b-value of 0 or 1066
s/mm 2. FA maps were computed using the Diffusion Toolkit and DTI
results were reconstructed similarly to animal MRI. Additional T2-
weighted images (T2WI; TR � 5000 ms, TE � 93 ms, matrix � 384 �
288, slice thickness � 5 mm) and T1-weighted images (T1WI; TR � 580
ms, TE � 10 ms, matrix � 288 � 192) were acquired for comparison.
Gadolinium-based contrast agents (Omniscan; Daiichi-Sankyo) were
used when necessary and the injection was always made at the end of the
scan to avoid a possible influence of the agent on myelin map signals.

Quantitative comparison of MRI modalities. For quantitative compar-
ison of MRI modalities, the relative contrast value was calculated with the
following formula:

relative contrast �
�GVROI � GVREF�

255

Where GVROI and GVREF are median gray values (0 –255; an 8-bit gray-
scale) measured with Photoshop software (version CS5 extended;
Adobe) in ROIs and reference areas (regions with few myelinated fibers;
i.e., anterior horn for mouse spinal cords, molecular layer of cerebral

cortex for mouse brains, and CSF in cerebral ventricles for human
brains). Relative contrast was calculated for 3 consecutive slices per indi-
vidual for each modality (i.e., T2WI, FA map, AD map, RD map, MD
map, and the myelin map) and 3 sets of wild-type and shiverer mutant
mice or 5 volunteers (young adults; 4 females and 1 male) were analyzed.
Mean relative contrast exceeding 0.05 was considered to be clinically
significant. For mice, relative contrast ratio was calculated to determine
the myelin specificity by dividing the relative contrast value of wild-type
mice by that of myelin-deficient shiverer mutant mice. For statistical
analysis, Mann–Whitney U tests were performed to compare relative
contrast values or ratios and p � 0.05 was considered to be statistically
significant.

Histological analysis. Each animal was intracardially perfused with 4%
paraformaldehyde (4% PFA; Wako Pure Chemical Industries) and the
brain and/or spinal cord was removed. The dissected specimen was post-
fixed for 3 h in 4% PFA, soaked overnight in 10% sucrose (Wako) in PBS
(Wako) followed by 30% sucrose in PBS, and cut into 20-�m-thick
sections using a cryostat (Leica). Tissue sections were stained with Luxol
fast blue (LFB; Muto Pure Chemicals) to evaluate the myelinated area.
Immunohistochemistry was performed with standard procedures. The
antibodies used in this study were anti-myelin basic protein (MBP)
chicken IgY (Aves Labs), anti-proteolipid protein (PLP) mouse IgG (Mil-
lipore), and anti-chicken IgY and anti-mouse IgG secondary antibodies
(Jackson ImmunoResearch Laboratories). For the quantitative analysis
of demyelinated areas, images were captured and analyzed with an opti-
cal microscope equipped with analytic software (BIOREVO BZ9000;
Keyence). For the analysis, the ROI was set on the entire dorsal funiculus.
For comparison, demyelinated areas were presumed to be those below
NLD � 50 on the myelin map. Student’s t test was used for the statistical
analysis. For comparison with various MRI modalities, the relative con-
trast value was calculated for LFB pictures linearly converted to an 8-bit
grayscale using Adobe Photoshop software.

Quantification of myelination by electron microscopy. Spinal cord tis-
sues were processed with the standard procedure for electron micro-
scopic analysis as described previously (Shibata et al., 2015). Briefly,
samples were postfixed in 2.5% glutaraldehyde (Electron Microscopy
Sciences) and 0.5% osmium tetroxide (Wako), dehydrated through a

Figure 5. Remyelination activity detected in chronological myelin maps of common marmosets after chemically induced focal demyelination. Chronological, 3D, color-coded myelin maps
sequentially obtained from the same animal as in Figure 4 reveal signal loss due to chemical demyelination in the dorsal funiculus at 1 week (arrowheads), as well as signal recovery at 6 weeks. a.u.,
Arbitrary units.
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series of ethalnol solutions, and embedded in EPON (Wako). After po-
lymerization, semithin sections (350 nm thickness) were stained with
toluidine blue (Sigma-Aldrich) and images were captured with an optical
microscope (BIOREVO BZ9000). Ultrathin sections were prepared,
stained with uranyl acetate (Wako) and lead citrate (Sigma-Aldrich), and
then observed under a transmission electron microscope (model 1230;
JEOL) equipped with a digital camera (Ultrascan 4000; Gatan). The state
of myelination was compared quantitatively among samples by deter-
mining g-ratios, which were calculated by dividing the axonal diameter
by the myelinated fiber diameter, both of which were measured using 32
electron micrographs (2000� magnification) of randomly selected areas
of all the demyelinated and remyelinated fibers as described previously
(Marcus et al., 2006; Câmara et al., 2009; Liu et al., 2012). A total of 76 and
100 randomly chosen marmoset axons were analyzed at 1 week and 6
weeks after injury, respectively.

Results
QSI-based kurtosis heat map as myelin map
Diffusion-related signal decay curves are multiexponential, espe-
cially in white matter (Cohen et al., 2002), so a high b-value QSI,
along with a series of b-values, is essentially required for maxi-
mum accuracy. Using a larger number of greater magnitude
b-values permits the drawing of more precise signal decay curves
from which the PDF is obtained by Fourier transformation. It is
mandatory, however, to minimize the total number as well as the
range of b-values to reduce acquisition time and thus increase
clinical applicability. Conversely, according to DKI principles the
kurtosis value is less influenced by the number and the range of
b-values than by a variety of other non-Gaussianity parameters

Figure 6. Myelin map of normal human brain. The whole-brain myelin map of a 40-year-old healthy male volunteer is shown (A). Note that the high sensitivity of the myelin map
allows detection of myelin signals in the cerebral peduncles of the midbrain and in the pyramidal tracts in the medulla oblongata (B and C, respectively). The corresponding T2-weighted
images are shown in D–F.
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(Pfefferbaum et al., 2000). The major limitation of DKI is its
rather poor resolution, especially in white matter, due to the
relatively low magnitude and small number of b-values that are
used to reduce acquisition time. We therefore sought to increase
clinical applicability by performing a high b-value QSI to obtain
precise kurtosis values while reducing the number of b-value
steps.

To optimize the QSI protocol for this purpose, we first per-
formed a high b-value QSI of the spinal cord in intact common
marmosets under general anesthesia with various sets of b-values.
Previous work demonstrated that the number of b-value steps
may be reduced to 11 (ranging from 0 to 15,000 s/mm 2) without
losing the characteristic PDF curves (Hamazaki et al., 2012). To
further reduce the acquisition time (to �10 min in clinical appli-
cations), we were able to limit the number of b-value steps to 9,
ranging from 0 to 10,000 s/mm 2, and the PDF curves obtained
from this optimal QSI still differentiated white matter from gray

matter with an accuracy comparable to
time-consuming full-scale QSI (18
b-value steps; Fig. 1A). These PDF curves
were more leptokurtic in white matter
than in gray matter, probably due to the
presence in white matter of biological dif-
fusion barriers such as myelin.

We introduced a parameter called
NLD to standardize the kurtosis values
within each species. The histogram of the
NLD distribution in the spinal cord of a
common marmoset revealed bimodal
peaks, with higher NLD values for white
matter than gray matter (Fig. 1B). Finally,
a heat map was created by linearly color-
ing the NLD values; this NLD heat map
that was derived from the optimal QSI
protocol was termed the myelin map. In-
deed, the myelin map of a common mar-
moset appeared to distinguish white
matter from gray matter accurately (Fig.
1C).

Myelin map of myelin-deficient mice
To verify the accuracy of the myelin map
rigorously, we compared its results with
those of histological analysis of spinal
cords obtained from postmortem myelin-
deficient shiverer mutant mice (defective
in MBP; Kimura et al., 1985; Okano et al.,
1987) and their wild-type littermates. My-
elin staining with LFB, immunostaining
for MBP, and EM analysis revealed a near-
complete absence of myelin in the spinal
cords of shiverer mice (Fig. 2A). To com-
pare the ability of various MRI modalities
to distinguish white matter from gray
matter, the relative contrast of white
matter (dorsal funiculus) was calculated
by using gray matter (anterior horn) as a
reference in wild-type mice (Fig. 2C).
Conventional imaging methods, includ-
ing T2WI, FA map, and various DTI
maps, as well as the myelin map, had clin-
ically significant relative contrast
(
0.05), with the exception of the MD

map (Fig. 2 A, C). To further verify the myelin specificity of
observed contrast values, the relative contrast ratio was calcu-
lated by comparing contrast values of wild-type and myelin-
deficient shiverer mice (Fig. 2D). Results showed that the
myelin map had higher myelin specificity than the FA, AD,
and RD maps, whereas T2WI and LFB staining had similar
myelin specificity as the myelin map. These results suggest that
the myelin map and T2WI are the two most suitable MRI
modalities for detecting myelin signals in dysmyelinated spi-
nal cord. The same holds true for another myelin-deficient
mutant mouse strain, jimpy (defective in proteolipid pro-
tein-1; Nave et al., 1987; Fig. 2B and data not shown).

We also verified the utility of myelin maps of postmortem
brains of wild-type and shiverer mutant mice. Considering the
anisotropic nature of neural tracts within the brain, we applied
MPG along 12 different axes. The myelin map, T2WI, FA map,
and various DTI maps, with the exception of the AD map, had

Figure 7. Comparison of myelin map, FA map, and DTI maps in normal human brain. Axial T2WI, FA map, DTI maps (i.e., AD
map, RD map, and MD map), and the myelin map of a normal human brain (28-year-old healthy female volunteer) are shown (A).
For quantitative analysis, the sensitivity of various modalities to differentiate myelinated areas from nonmyelinated areas was
evaluated by relative contrast values, calculated by first determining the absolute difference in 8-bit grayscale values (GV; 0 –255)
between ROIs [orange boxes; deep white matter (WM) or cortical WM] and a reference (red box; CSF in the lateral ventricle), and
then dividing this value by 255 (B). Note that the myelin map shows superior contrast (i.e., higher relative contrast values) to the
T2WI, FA map, and other DTI maps, not only in deep WM but also in cortical WM (C). #p � 0.01 between the myelin map compared
with all other modalities by Mann–Whitney U test.

Fujiyoshi et al. • Visualization of CNS White Matter with QSI J. Neurosci., March 2, 2016 • 36(9):2796 –2808 • 2803



clinically significant relative contrast val-
ues (
0.05) in the corpus callosum,
whereas only the myelin map and MD
map were sensitive enough to depict my-
elinated fibers in the cerebral cortex (Fig.
3A,B). Calculation of relative contrast ra-
tios revealed that the myelin map was the
most myelin-specific MRI modality in
both corpus callosum and cerebral cortex,
with a specificity similar to LFB (Fig. 3C).
The myelin map was the most useful MRI
modality to detect myelin signals in both
spinal cord and brain, with a myelin spec-
ificity that was fairly comparable to that of
histological LFB staining.

Myelin map for monitoring myelin
status in nonhuman primates
We next investigated whether the myelin
map could be used to monitor demyelina-
tion and remyelination in a live nonhu-
man primate (common marmoset). For
this purpose, LPC was injected into the
posterior funiculus of the each animal’s
spinal cord. LPC induces focal and
transient chemical demyelination and
subsequent remyelination (Hall, 1972;
Watanabe et al., 2002). One week after the
focal injection of LPC, the myelin map in a
live common marmoset depicted a demy-
elinated area in the posterior funiculus.
Histological analysis of the postmortem
animal suggested that the myelin map had
high accuracy in detecting demyelination
because LFB staining confirmed a demyeli-
nated lesion with an equivalent location and
size (Fig. 4A). Six weeks after the injection of
LPC, the myelin map in a live animal re-
vealed signal recovery in the injected area.
Histological analysis of the postmortem animal confirmed the reap-
pearance of LFB reactivity in the lesion, suggestive of remyelination,
and this was further confirmed by semithin sections and EM analysis
(Fig. 4B) or by g-ratio analysis (Fig. 4C). Comparative quantitative
analysis of demyelinated areas in the posterior funiculus confirmed
that the myelin map of a live animal accurately reflected the results of
postmortem histological LFB analysis (Fig. 4D). We also monitored
the myelin map of an individual animal with demyelination contin-
ually; sequential myelin maps were sensitive enough to visualize de-
myelination and remyelination (Fig. 5). T2WI failed to demarcate
lesions in this demyelinating model clearly (Fig. 4A,B) despite the

fact that T2WI was able to visualize lesions in the dysmyelinated
spinal cord model (Fig. 2). These results also highlight the utility of
the myelin map in detecting myelin signals both under dysmyelinat-
ing and demyelinating conditions.

Myelin map of a normal human brain
To verify the clinical utility of this new technique, we next ac-
quired a myelin map of the normal human brain of a healthy
volunteer (male, 40 years old). Using a 3 T MR scanner, the
optimized QSI protocol required for the construction of the my-
elin map could be performed within 10 min. The myelin map
obtained by this protocol had a sufficient resolution to detect

Figure 8. Myelin maps of MS patients. Axial T2WI and myelin map are shown for the brains of 2 patients: a relapsing-
remitting MS patient (patient #1; 43-year-old male; A and B, respectively) and a primary progressive MS patient (patient
#2; 40-year-old male; C and D, respectively). Detailed clinical characteristics are summarized in Table 1. Red arrows indicate
T2-hyperintense lesions with positive myelin signals in the myelin map (suggestive of possibly remyelinated lesions).

Table 1. MS patients included in the study

Patient Age/sex MS type Duration EDSS Symptoms
Disease-modifying
therapy

Positive signals on
myelin map Figure(s)

1 43/M RRMS in remission 11 y 2.0 Full ambulatory function with dysarthria,
spasticity in lower extremities, paresthesia
in right arm, and mild truncal ataxia

Interferon � Yes 8A, 8B, 9A, 9B

2 40/M PPMS 5 y 3.0 Full ambulatory function with dysarthria,
mild hemiparesis, and mild ataxia

Trimonthly IVMP Yes 8C, 8D, 9C

3 35/F RRMS in relapse 1 y 2.0 – 0 Full ambulatory function with weakness and
tactile hypoesthesia in left forearm, all
of which resolved after IVMP therapy

IVMP for acute
relapse only

Yes; correlated with
clinical recovery

10
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myelinated tracts, including the cerebral peduncle in the mid-
brain and the pyramidal tracts in the medulla oblongata, where
T2WI is often unable to differentiate myelinated fibers (Fig. 6).
We also compared the relative contrast of the myelin map with
that of the FA map and DTI maps. The myelin map showed a
significantly higher contrast in detecting myelin signals, not only
in deep white matter such as the corpus callosum, but also in
cortical white matter (Fig. 7), suggesting that the myelin map is
superior to the FA map or other DTI maps at detecting myelin
signals in the human brain.

Myelin map in MS patients
Finally, we assessed the usefulness of the myelin map in a clinical
setting by performing a pilot study in a selected group of MS
patients.

The first patient was a 43-year-old male with a clinical
diagnosis of relapsing-remitting MS (RRMS; see Table 1 for
detailed clinical information). He had multiple, T2-hyp-
erintense brain lesions that were compatible with an MS diag-
nosis. The myelin map revealed the presence of myelin signals
in some of these lesions (Fig. 8 A, B). The second patient was a
40-year-old male with a clinical diagnosis of primary progres-
sive MS (PPMS; Table 1). Remyelination failure has been
proposed as an explanation for the progressive clinical course
of PPMS (Pender, 2004); however, a postmortem pathologi-
cal study recently revealed the presence of remyelinated le-
sions in this condition (Bramow et al., 2010). The myelin map
of this PPMS patient revealed myelin signals in some T2-
hyperintense lesions (Fig. 8C,D), consistent with the view that
remyelination may occur in at least some PPMS patients. In
both MS patients, myelin signals were virtually absent in T1-
hypointense lesions (also known as “T1 black holes”; Fig. 9).
These findings are consistent with a previous histopathologi-
cal study showing that T2-hyperintense lesions included both
demyelinated and remyelinated lesions, whereas the majority
of T1-hypointense lesions were demyelinated (Barkhof et al.,
2003).

Finally, to assess the sensitivity of the myelin map in monitor-
ing ongoing remyelination, we analyzed a 35-year-old female pa-

tient with a clinical diagnosis of RRMS (Table 1) who had just
suffered from an acute relapse that resulted in weakness and tac-
tile hypoesthesia in her left arm. Her spinal MRI revealed a
gadolinium-enhanced T2-hyperintense lesion in the left half of
the cervical spinal cord at the C4/5 level (Fig. 10A). A diagnosis of
MS relapse in the spinal cord was made and she was treated with
intravenous methylprednisolone therapy (IVMP). Before IVMP,
her disability score (expanded disability status scale; EDSS)
(Kurtzke, 1983) was 2/10 and the myelin map showed an exten-
sive loss of myelin signal at the same location as the hyperintense
lesions on T2WI (Fig. 10B). Two weeks after IVMP, her weakness
decreased and her EDSS score improved to 1.5/10 (Fig. 10C). At
this time point, the myelin map detected the recovery of a weak
myelin signal in the lesion, suggestive of remyelination. Ten
weeks after IVMP, her symptoms completely resolved and her
EDSS score was normal (0/10). The myelin map detected a sig-
nificant reappearance of myelin signal in the lesion, which paral-
leled her clinical recovery (Fig. 10D). In contrast, the lesion
remained hyperintense on T2WI throughout this time course,
even when her clinical symptoms had resolved completely.

Collectively, these data suggest that the myelin map can be
feasibly and reliably used in real-world settings to visualize my-
elin status in the CNS, including dysmyelination, demyelination,
and possibly remyelination.

Discussion
In the present study, we introduced a novel modality that pro-
duces an image type termed the myelin map for the visualization
of myelin status in the CNS. We first showed that the myelin map
could be used successfully to visualize myelinated tracts in post-
mortem brains and spinal cords of mice (Figs. 2, 3). The myelin
map of a live, nonhuman primate confirmed its high sensitivity in
detecting demyelination and remyelination (Figs. 4, 5). A myelin
map of the human brain could be obtained in �10 min using a 3
T MR scanner and was superior to conventional T2WI, FA map,
and various DTI maps in depicting myelinated tracts (Figs. 6, 7).
Finally, a pilot clinical study in MS patients suggested that the
myelin map is useful for differentiating possibly remyelinated
lesions from chronic demyelinated lesions (Figs. 8, 9). In addi-
tion, its sensitivity may enable clinicians to monitor the reappear-
ance of myelin signals (i.e., possible remyelination activity) after
an acute attack, which is beneficial because remyelination seems
to parallel clinical recovery (Fig. 10).

Because myelin is constituted of hydrophobic lipid mem-
branes, it restricts the free diffusion of water molecules rigor-
ously. Therefore, the key principle for visualizing myelin by
MRI is to calculate the parameters of water diffusion restric-
tion. Previous studies have suggested that a PDF obtained with
a high b-value, full-scale QSI allows calculation of the dis-
placement distribution profile of water on the order of 1 �m
(King et al., 1994; Cohen et al., 2002). This high accuracy
enables the differentiation of myelinated axons from nonmy-
elinated axons because the diameter of the former is usually
�1–10 �m. The clinical application of QSI for the visualiza-
tion of myelin status is, however, hindered by the amount of
time required for the imaging. The quality of QSI depends on
the range and steps of b-values applied, with higher accuracy
resulting in more time-consuming scans. DKI was developed
to reduce the time required for the imaging (Jensen et al.,
2005) by estimating kurtosis values with only three low
b-values, rather than precisely calculating the actual displace-
ment distribution by full-scale QSI. DKI enables detection of
microstructural changes during brain maturation and aging

Figure 9. Myelin signals are virtually absent in T1 black holes. Axial T1WI, T2WI, and
myelin maps are shown for the brains (deep cerebral white matter) of 2 patients: a
relapsing-remitting MS patient (patient #1; 43-year-old male; A and B) and a primary
progressive MS patient (patient #2; 40-year-old male; C). Red asterisks indicate T1-
hypointense lesions (T1 black holes) where myelin signals are always absent in the myelin
map. These data are consistent with those of a previous radiopathological correlation
study (Barkhof et al., 2003).
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(Falangola et al., 2008; Cheung et al., 2009), in gliomas (Raab
et al., 2010), after brain injury (Grossman et al., 2012; Zhuo et
al., 2012), in attention-deficit hyperactivity disorder (Helpern
et al., 2011), and in cerebral infarction (Hori et al., 2012a).
DKI may also serve as an indicator of tissue damage in normal-
appearing white matter in MS patients (Yoshida et al., 2013).
Indeed, DKI is far less time consuming than full-scale QSI,
although the diffusion resolution is decreased due to the omis-
sion of high b-values. This limitation is unavoidable in DKI
because the diffusion-related signal decay curve in white mat-
ter is multiexponential (Cohen et al., 2002). Creation of the
myelin map involved performing QSI with a limited number
of high b-values to acquire kurtosis values with sufficient ac-
curacy to differentiate the myelin status within white matter.
Therefore, the principal difference between the myelin map
and full-scale QSI is the number of b-value steps, whereas the
difference between the myelin map and DKI is the range of
b-values. In addition, the myelin map uses a heat map based on
standardized kurtosis values (NLD), making it easier to com-
pare data between individuals within the same species.

The major limitation of the current study is the lack of
histological validation of the human myelin map, although the
animal myelin map depicted the histologically verified myelin
status accurately in mice and nonhuman primates. It has been
reported that the diameter of axons in the corpus callosum is
generally conserved across species (Olivares et al., 2001), sup-
porting the view that the myelin map is valid in the human
CNS as well. It is also important to note that the accuracy of
the myelin map may be reduced in regions where biological
diffusion barriers other than myelin exist, especially if they
have relatively similar displacement distribution compared
with that of the myelin surrounding axons. We were not able
to confirm the presence of such barrier structures in our ex-

periments, but this possibility should be taken into account,
especially when applying the myelin map to various patholog-
ical conditions. In addition, kurtosis values may be influenced
in part by other parameters such as membrane permeability
and extracellular space fraction (Nilsson et al., 2013) or they
may change with developmental stage (Cheung et al., 2009).
The former possibility should be taken into account when
applying the method to inflammatory neurological disorders
such as MS and encephalitis. The myelin map should therefore
be validated histologically in various human diseases in the
future.

Recently, myelin has been gaining increasing attention in
various neurological and psychiatric diseases. For example,
myelin breakdown is hypothesized to be involved in the
pathogenesis of Alzheimer’s disease (Bartzokis, 2011), amyo-
trophic lateral sclerosis (Kang et al., 2013), and even schizo-
phrenia (Tkachev et al., 2003; Mighdoll et al., 2015). The lack
of methods to monitor CNS myelin has hindered the testing of
this hypothesis; therefore, the myelin map may provide key
clues for understanding these disorders. As for CNS demyeli-
nating diseases, the myelin map may be useful for monitoring
the effect of remyelination medicines currently under devel-
opment (Mi et al., 2007) and for classifying patients according
to remyelination capacity. The latter may be of particular im-
portance in MS because the heterogeneous nature of remyeli-
nation capacity has been reported (Goldschmidt et al., 2009).

In summary, we successfully developed a modality that
produces a novel image type, the myelin map, for the accurate
imaging of CNS myelin that may enable clinicians to easily
evaluate the state of myelination. The myelin map is obtained
using 3 T MR scanners that are already available in the clinical
setting and can therefore be immediately adapted for use. The

Figure 10. Sequential myelin maps during recovery after an attack in an MS patient. The figure shows a sagittal T2WI of the cervical spinal cord at onset of acute relapse in a relapsing-remitting
MS patient (patient #1; 43-year-old male) (A) and sequential axial T1-weighted images enhanced with gadolinium-based contrast agents (Gd-T1WI), T2WI, and myelin maps of the spinal cord at
C4/5 at onset (pretreatment), 2 weeks after IVMP, and 10 weeks after IVMP (B, C, D, respectively). EDSS scores were 2.0, 1.5, and 0 at onset, 2 weeks after IVMP, and 10 weeks after IVMP, respectively.
Abnormal gadolinium enhancement suggesting a breakdown of the blood– brain barrier is evident during the first 2 weeks after IVMP (white arrowheads). Although T2WI shows no significant
differences throughout the study period (asterisks), the gadolinium enhancement disappears and the myelin map depicts the reappearance of myelin signals (black arrowheads, possibly reflecting
remyelination), which correlated well with the clinical recovery.
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myelin map promises to be a powerful tool for researchers and
clinicians examining myelin-related diseases.
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