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Abstract

Objectives White matter hyperintensities (WMHSs) are implicated in the etiology of dementia. The underlying pathology of

WMHs involves myelin and axonal loss due to chronic ischemia. We investigated myelin loss in WMHs and normal-

appearing white matter (NAWM) in patients with various degrees of cognitive impairment using quantitative synthetic magnetic

resonance imaging (MRI).

Methods We studied 99 consecutive patients with cognitive complaints who underwent 3 T brain MRI between July 2016 and

August 2017. Myelin partial volume maps were generated with synthetic MRI. Region-of-interest—based analysis was performed

on these maps to compare the myelin partial volumes of NAWM and periventricular and deep WMHs. The effects of myelin

partial volume of NAWMSs on clinical cognitive function were evaluated using multivariate linear regression analysis.

Results WMHs were present in 30.3% of patients. Myelin partial volume in NAWM was lower in patients with WMHs than in

those without (37.5+2.7% vs. 39.9£2.4%, p <0.001). In patients with WMHs, myelin partial volume was highest in NAWMs

(median [interquartile range], 37.2% [35.5-39.0%]), followed by deep WMHs (7.2% [3.2—10.5%]) and periventricular WMHs

(2.1% [1.1-3.9%], p < 0.001). After adjusting for sex and education years, myelin partial volume in NAWMs was associated with

the Clinical Dementia Rating Scale Sum of Box (3=-0.189 [95% CI, -0.380 to -0.012], p=0.031).

Conclusion Myelin loss occurs in both NAWM and WMHs of cognitively impaired patients. Synthetic MRI-based myelin

quantification may be a useful imaging marker of cognitive dysfunction in patients with cognitive complaints.

Key Points

* Quantitative synthetic MRI allows simultaneous acquisition of conventional MRI and myelin quantification without additional
scanning time.

» Normal-appearing and hyperintense white matter demonstrate myelin loss in cognitively impaired patients.

o This myelin loss partially explains cognitive dysfunction in patients with cognitive complaints.
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Abbreviations

CDR-SB Clinical Dementia Rating Scale Sum of Boxes
GMF Gray matter fraction

ICV Intracranial volume

MMSE  Mini-Mental Status Examination
NAWM  Normal-appearing white matter
WMF White matter fraction

WMHs  White matter hyperintensities
Introduction

White matter hyperintensities (WMHs), commonly observed
in brain magnetic resonance imaging (MRI) of elderly sub-
jects, are associated with cognitive impairment and increased
risk of dementia [1, 2]. Myelin and axonal loss due to chronic
ischemia induced by cerebral small vessel disease (SVD) is a
common pathology underlying WMHs in the healthy elderly
and dementia patients [3].

SVD-associated pathological changes in WMHs can also
occur outside of WMHs, in normal-appearing white matter
(NAWM). SVD constitutes a widespread and continuous spec-
trum of white matter injury. WMHs may represent extreme
injury, while changes in NAWM remain mostly undetected
on conventional MRI [4, 5]. Pathologically, SVD-derived
changes in NAWM correspond to mild tissue changes with
slightly lower myelin density, looser but largely intact axonal
networks, and normal glial density [6]. The role of myelin in
cognitively impaired patients and elderly individuals is becom-
ing increasingly evident [7, 8]. Advanced techniques may al-
low assessment of subtle myelin changes in NAWM. Diffusion
tensor imaging (DTI) or magnetization transfer imaging can
detect subtle changes in NAWM before they are visible on
conventional magnetic resonance imaging (MRI) [9, 10], but
these techniques do not provide specific information about
myelin per se. Rather, they indicate changes in fractional an-
isotropy, mean diffusivity, or the integrity of lipid macromole-
cules, which indirectly reflect white matter pathology [11].

Recently, quantitative synthetic MRI has enabled quantifi-
cation of longitudinal T1 and transverse T2 relaxation times in
a single acquisition [12]. It provides conventional T1- and T2-
weighted, and FLAIR images, but also myelin partial volume
maps, which allow voxel-based myelin quantification in the
brain and simultaneous automatic brain segmentation within
acceptable scanning times. Synthetic MRI supersedes tradi-
tional myelin-mapping methods for assessing myelin content
of NAWM in the elderly, as it does not require a long acqui-
sition time or additional acquisition of other contrast images.

We hypothesized that myelin breakdown would occur in
NAWM and WMHs in cognitively impaired patients, and that
this may be revealed with quantitative synthetic MRI for my-
elin quantification. Hence, we used quantitative synthetic
MRI to investigate the association between myelin partial

volume of WMHs and NAWM and the severity of cognitive
impairment.

Materials and methods
Study population

The need for written informed consent from patients was
waived by the Institutional Review Board of Konkuk
University Medical Center, Korea, due to the retrospective
nature of the study. Data from 116 consecutive patients with
a chief complaint of cognitive impairment who underwent
quantitative MRI from July 2016 through August 2017 were
reviewed. Of the 116 patients, we excluded six with large
territorial infarction, three with unavailable Mini-Mental
Status Examination (MMSE) scores, two with metabolic brain
disorder, two with major depressive disorder, two with intra-
cranial hemorrhage, one with a giant aneurysm, and one with
inadequate image acquisition. Therefore, 99 patients
(male:female = 26:73; mean age + standard deviation, 74.1
+10.0 years) were included in the analysis. Of these, 32 pa-
tients had Alzheimer’s disease, 40 had mild cognitive impair-
ment, three had vascular dementia, 10 had mixed vascular and
Alzheimer’s dementia, three had other types of dementia, and
11 had subjective cognitive impairment. The median MMSE
score was 22 (interquartile range 17-26). The median score of
the Clinical Dementia Rating Scale Sum of Boxes (CDR-SB)
was 2.5 (interquartile range 1-4.8).

Clinical evaluation

We assessed all available patient information, including basic
demographic characteristics, other medical conditions (includ-
ing history of vascular risk factors), laboratory test results (in-
cluding hemoglobin Alc and serum 250HD measurements),
global cognitive assessment scores (CDR-SB and MMSE
scores), apolipoprotein E genotyping, and brain imaging.

MRI acquisition

MRI sequences were performed on a 3 T scanner (Discovery
MR750+; GE Healthcare) with a 32-channel head coil. All
patients underwent axial quantitative synthetic MRI and sag-
ittal T1-weighted imaging, axial FLAIR, and axial 3D
susceptibility-weighted angiography (SWAN).

Quantitative synthetic MRI was performed using the 2D
axial quantification of relaxation times and proton density by
multiecho acquisition of saturation-recovery using turbo spin-
echo readout (QRAPMASTER) pulse sequence [12]. This
pulse sequence is a multisection, multiecho, multisaturation
delay method of saturation-recovery acquisition by turbo
spin-echo readout, with which images are obtained via
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different combinations of TE and saturation delay time. Two
sets of TE values and four sets of delay time were used to
quantify longitudinal T1 and transverse T2 relaxation times,
and proton density (PD). The TE values used were 15.1 and
90.3 ms. The delay times were 114.3, 457.1, 1485.7, and
3085.7 ms. The parameters for quantitative MRI were as fol-
lows: field of view (FOV), 220 mm; matrix, 320 x 256; echo-
train length, 16; band-width, 162.8 kHz; section thickness/
gap, 4.0/1.0 mm; and number of sections, 28. The total acqui-
sition time of quantitative synthetic MRI was 4 min, 32 s.
Myelin quantification map acquisition and raw data process-
ing were conducted using MAGnetic resonance image
Compilation (MAGIC) software on a 64-bit workstation.
Sagittal T1-weighted images were obtained using either a
2D T1-weighted inversion recovery sequence (TR/TE, 2487/
24 ms; flip angle, 111°; FOV, 230 mm; matrix, 320 x 226) or a
3D fast spoiled gradient-echo sequence (TR/TE, 8.2/3.2 ms,
flip angle, 12°; FOV, 250 mm; matrix, 256 x 256). Standard
axial FLAIR images (TR/TE 9000/90 ms; flip angle, 142°;
FOV, 220 mm; matrix, 320 x 224) and axial 3D SWAN im-
ages (TR/TE 37.3/23.4, 31.2, 39.0, 46.8, and 54.6 ms; flip
angle, 15°; FOV, 220 mm, matrix, 512 % 256) were obtained.

Analysis of SVD burden

A neuroradiologist (M.P.) with 4 years of experience assessed
the vascular risk factors on MRI. For visual assessment, syn-
thetic T1- and T2-weighted images, synthetic FLAIR, and
standard FLAIR images were used. WMHs were defined as
hyperintense white matter lesions on FLAIR images as per the
Standards for Reporting Vascular Changes in Neuroimaging
criteria, and graded in accordance with the Fazekas scale as
deep WMHs (0 = absent; 1 =punctate; 2 =early confluent;
3 =confluent) and periventricular WMHs (0 = absent; 1 =
caps or pencil-thin lining; 2 = smooth halo; 3 =irregular
WMH extending into the deep white matter) [13, 14]. A total
Fazekas score was calculated by adding the periventricular
and deep WMH scores. A score >3 was designated as
WMH-positive [14]. We then classified patients into the
WMHs (-) group (n=69) and WMHs (+) group (n=30).
Lacunes were defined as small lesions that were hypointense
on T1-weighted images, hyperintense on T2-weighted im-
ages, and had perilesional halos on FLAIR images [13].
Microbleeds were defined as small signal voids with associ-
ated blooming on T2*-weighted SWAN images. The presence
and number of lacunes and microbleeds were recorded as
previously described [13].

Quantitative synthetic MRI analysis
The QRAPMASTER pulse sequence allows simultaneous

quantification of the relaxation rate of R1 (1/T1), R2 (1/T2),
and PD within an acceptable scanning time. Quantifications of
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R1, R2, and PD can be used to calculate the signal intensity of
a pixel by any combination of TR and TE and to create syn-
thetic T1-weighted and T2-weighted images [15].

Myelin quantification can be estimated by synthetic MRI
using a model that assumes four compartments in the brain,
i.e., the myelin partial volume, excess parenchymal water vol-
ume, cellular partial volume, and free water volume. This
model postulates that each compartment has its own R1, R2,
and PD, and can calculate the myelin partial volume in a
voxel, allowing generation of a myelin partial volume map
[16]. The myelin partial volume contains myelin water and
myelin sheaths, and in the diseased brain, a decreased myelin
partial volume indicates decreased myelin [15]. Synthetic T1-
weighted images, T2-weighted images, and myelin partial
volume maps were created from raw quantification data by
MAGiIC software. NAWMs were defined as normal-
intensity areas on both T1- and T2-weighted images.
Referring to T1- and T2-weighted images, a neuroradiologist
(M.P.) manually placed six different rectangular ROIs on a
myelin partial volume map in the NAWM (81.7 +
27.4 mm’ ); these ROIs were placed in similar locations in
each patient. Using the same methods, myelin was quantified
in periventricular WMHs (54.3 = 21.3 mm®) and deep WMHs
(75.4+21.8 mm?) if patients had WMHs >2 on the Fazekas
scale (Supplemental Fig. 1). Fully automated brain segmenta-
tion and volumetric results were obtained from the quantita-
tive values measured with the QRAPMASTER method using
MAGIC software. The measured values were coordinated in a
3D feature space and the R1-R2—PD space. Reference values
were established from previous studies that included healthy
controls and simulations [12, 17]. This method calculates tis-
sue fractions in each voxel and the volume fraction of each
tissue multiplied by the volume in each voxel, which are
summed to yield the total volumes of white matter (WM), gray
matter (GM), cerebrospinal fluid (CSF), and non-WM/GM/
CSF. WM volume, GM volume, and intracranial volume
(ICV) were calculated and recorded. Brain tissue measure-
ments were normalized to ICV, yielding the WM fraction
(WMF = WM volume/ICV) and GM fraction (GMF = gray
matter volume/ICV).

Statistical analysis

Assumptions of normal distribution were assessed with the
Kolmogorov—Smirnov test. Normally distributed variables
are reported as the mean + SD and non-normally distributed
variables as the median and interquartile range. Differences in
the means of continuous variables were assessed using the
Student’s ¢ test or the Kruskal-Wallis test. Differences in pro-
portions were assessed using > statistics or Fisher’s exact
test. We determined whether the influence of the myelin par-
tial volume of NAWM on cognition could be explained by
age, brain volume, presence of WMHs, lacunar infarcts, or
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microbleeds. We performed Pearson’s correlation analysis to
determine the correlation between the myelin partial volume
of NAWM and age, lacunes, microbleeds, ICV, WMF, and
GMF. Associations between cognitive scales, CDR-SB, clin-
ical features, and imaging parameters were evaluated using
univariate and multivariate linear regression analysis. For
multivariate analysis, potential confounding variables were
selected based on association (p <0.05) in univariate linear
regression analysis and clinical significance (sex and years
of education). A variance inflation factor > 10 was considered
an indicator of multicollinearity. A p value < 0.05 was consid-
ered statistically significant. All statistical analyses were per-
formed with SPSS package (24.0 for Windows).

Results
Demographic characteristics

Among the 99 cognitively impaired patients, 30 (30.3%) pa-
tients had WMHs and 69 (69.7%) patients did not. Table 1
compares the baseline demographic characteristics of the
WMHs (-) and (+) groups. Patients in the WMHs (+) group
were older (p < 0.001) and had higher systolic blood pressure

(p = 0.008), higher frequency of hypertension (p =0.021), and
lower frequency of dyslipidemia (p = 0.02) than those in the
WMHs (-) group. The WMHs (+) group had fewer years of
education (p = 0.024) and poorer cognitive function (MMSE;
p=0.001 and CDR-SB: p =0.009) than those of the WMHs

(-) group.
Imaging-derived parameters

SVD disease burden was higher in the WMHs (+) than WMHs
(-) group, in terms of the number of lacunes (median [IQR] 1
[0.8-3.3] vs. 0 [0—1], p<0.001) and microbleeds (median
[IQR] 2.5 (0.8-16) vs. 0 [0—1], p < 0.001). Brain segmentation
results showed that WMF was significantly lower in the WMHs
(+) group than in the WMHs (-) group (29.0% vs 33.7%, p <
0.001). There were no significant differences in ICV and GMF
between the WMHSs (+) and (-) groups (Table 2).

Myelin partial volume

The myelin partial volume in NAWMs was significantly low-
er in the WMHs (+) group than in the WMHs (-) group (37.5
+2.7%vs.39.9+2.4%, p <0.001) (Fig. 1). In 40 patients with
mild cognitive impairment, a similar trend was observed: the

Table 1 Comparison of

demographics, risk factors, and Characteristic Total WMHs (-) WMHs (+) p value
neuropsychological test results of
the study population according to No. of participants 99 69 30
presence of WMHs Age, mean (SD), y 74.1 (10.0) 71.7 (10.4) 79.4 (6.5) <0.001
Sex 0.851
Male 26 (26.3%) 19 (27.5%) 7 (23.3%)
Female 73 (73.7%) 50 (72.5%) 23 (76.7%)
Final diagnosis <0.001
Alzheimer’s disease 32 (32.3%) 22 (31.9%) 10 (33.3%)
Mixed dementia 10 (10.1%) 2 (2.9%) 8 (26.7%)
Mild cognitive impairment 40 (40.4%) 32 (46.4%) 8 (26.7%)
Vascular dementia 3 (3.0%) 2 (2.9%) 1 (3.3%)
Subjective cognitive impairment 11 (11.1%) 11 (15.9%) 0 (0%)
Other 3 (3.0%) 0 (0%) 3 (10.0%)
ApoE4 carriers/noncarriers 14/24 13/19 1/5 0.383
Hypertension 47 (47.5%) 27 (39.1%) 20 (66.7%) 0.021
Diabetes mellitus 24 (24.2%) 15 (21.7%) 9 (30.0%) 0.531
Dyslipidemia 16 (16.2%) 16 (23.2%) 0 (0%) 0.02
Smoking 2 (2.0%) 2 (2.9%) 0 (0%) 1.000
Cerebrovascular disease 4 (4.0%) 1 (1.4%) 3 (10.0%) 0.082
Depression 7 (7.1%) 6 (8.7%) 1 (3.3%) 0.672
Systolic blood pressure, mmHg (n = 87) 128.8 (17.7) 125.0 (14.5) 138.5 (21.6) 0.008
Education, y (n =72), median (IQ) 6 (4.3-12) 8 (6-12) 3.5(0-11.3) 0.024
MMSE score (n=99), median (IQ) 22 (17-26) 23 (19-27) 19 (13-22.3) 0.001
CDR-SB (n=93), median (IQ) 2.5 (1-4.8) 2 (1-4) 3.3 (24-6) 0.009

MMSE Mini-Mental Status Examination, CDR-SB Clinical Dementia Rating Scale Sum of Boxes, WMHs white

matter hyperintensities
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Table 2 Comparison of imaging variables from small vessel disease
evaluation and brain segmentation in cognitively impaired patients with
or without WMHs

WMHs (-) WMHs (+) p value
Lacune 0 (0-1) 1(0.8-3.3) <0.001
Microbleed 0 (0-1) 2.5(0.8-16) <0.001
ICV, mean (SD) 1359.1 (130.0)  1315.1 (109.9) 0.109
WMF (%), mean (SD) 33.7(3.6) 29.0 (2.1) <0.001
GMF (%), mean (SD) 36.8 (4.0) 37.4(2.7) 0.425

ICV intracranial volume, GMF gray matter fraction, WMF white matter
fraction, WMHs white matter hyperintensities

WDMHs (+) group (n = 8) had lower myelin partial volume in
the NAWMs than that of the WMHs (-) group (n =32) (38.2 +
3.2% vs. 40.5+2.1%, p=0.017). Among 32 patients with
Alzheimer’s disease, the myelin partial volume in the
NAWMs was lower in the WMHs (+) group (n=10, 37.6 +
2.8%) than in the WMHs (-) group (n=22, 39.0+2.9%),
although this was not statistically significant (p = 0.182).

In 30 patients with WMHs, myelin partial volume was the
highest in the NAWMs (median [IQR] 37.2% [35.5-39.0%)]),
followed by the deep WMHs (median [IQR] 7.2% [3.2—

Fig. 1 Synthetic T2-weighted images and myelin partial volume map ofa
patient without white matter hyperintensities (WMHs) (a, b) and with
WMHs (¢, d). There is high myelin partial volume in normal-appearing
white matter (arrows) of a patient without WMH while decreased myelin
partial volume is observed in normal-appearing white matter of a patient
with WMH (arrows)

@ Springer

10.5%]) and the periventricular WMHs (median [IQ], 2.1%
[1.1-3.9%], p < 0.001) (Fig. 2).

Factors associated with NAWM myelin partial volume

To identify clinical and imaging variables associated with the
myelin partial volume of NAWM, partial correlation analysis
was performed. Significant correlations were found between
myelin partial volume of the NAWM and age (Pearson’s
r=-292, p=0.003), microbleeds (Pearson’s »=-0.237, p=
0.018), and WMF (Pearson’s r=0.415, p<0.001)
(Supplemental Fig. 2). Conversely, no significant correlations
were observed between myelin partial volume of the NAWM
and lacunes (Pearson’s »=-0.196, p = 0.052), ICV (Pearson’s
r=0.057, p=0.572), GMF (Pearson’s »=0.050, p =0.624),
or systolic blood pressure (Pearson’s »=-0.073, p = 0.499).

Linear regression analysis for cognitive function

Univariable analysis revealed that age (p=0.001), dyslipid-
emia (p=0.037), WMHs (p =0.011), Alzheimer’s disease
(p<0.001), ICV (p=0.025), WMF (p <0.001), and myelin
partial volume of NAWM (p < 0.001) were significantly asso-
ciated with CDR-SB scores (Table 3). After adjusting for sex
and years of education, multivariable analysis revealed that
the myelin partial volume of NAWM (6=-0.189 [95% CI -
0.380 to -0.012], p =0.037) was significantly associated with
CDR-SB score. The presence of Alzheimer’s disease was also
associated with the CDR-SB score (3= 0.654 [95% CI 2.345—
5.463], p <0.001).

Discussion

In this study, we observed that the myelin partial volume in
NAWM was lower in cognitively impaired patients with
WMH than in those without WMH, and was associated with
age and microbleeds. Additionally, it was independently asso-
ciated with global cognitive function after adjusting for sex
and education years. The underlying histopathologic changes
in WMHs are diverse, encompassing myelin degradation with
relative sparing of subcortical U fibers, astrogliosis,
spongiosis, axonal loss, and enlarged perivascular spaces [0,
18, 19]. In line with these reports, we observed myelin loss in
WDMHs, as these regions had significantly smaller myelin par-
tial volume than that of NAWM. Furthermore, we observed a
significant difference in myelin quantification of NAWM ac-
cording to the presence of WMHs. Based on a postmortem
study, NAWM on conventional MRI may present with path-
ological changes corresponding to mild tissue changes, with
slight myelin pallor in a fairly intact axonal network and well-
preserved glial cell density [6, 20]. Thus, white matter degen-
eration may be more widespread than expected based on
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conventional imaging [6, 20]. Earlier studies reported struc-
tural white matter changes in NAWM using magnetization
transfer ratio (MTR) imaging, diffusion-weighted imaging
(DWI), and DTT [9, 21]. Fazekas et al reported that MTR
changes in the NAWM were associated with clinical distur-
bances in asymptomatic elderly subjects [9]. However, they
did not find any differences in the MTR of NAWM between

subjects with and without WMH, unlike our observation. This
may be because MTR imaging only aids in visualizing
macromolecule-related MTR changes, which are not specific
to myelin content change [22]. Our findings, however, are
consistent with those of previous studies using DWI and
DTI. Thus, myelin loss in NAWM seems to be influenced
by the presence of WMH [21, 23].

Table 3  Univariate and multivariate linear regression analysis for predicting cognitive function assessed by CDS-SB
Variable B 95% CI p value Adjusted 95% CI p value
CDR-SB (n=93)
Age,y 0.097 0.043,0.151 0.001 0.113 -0.018, 0.080 0.207
Sex -0.175 -1.513,1.163 0.796 -0.051 - 1.405, 0.754 0.55
Diagnosis (vs. SCI)
Mild cognitive impairment 0.162 -0.588,2.453 0.226 0.107 -0.872,2.100 0413
Others* 0.266 0.291, 3.775 0.023 0.036 -1.629,2.185 0.772
Alzheimer’s disease 0.814 3.303, 6.407 <0.001 0.654 2.345,5.463 <0.001
Hypertension 0.563 -0.605, 1.730 0.341
Diabetes mellitus 0.156 -1.201, 1.513 0.82
Dyslipidemia -1.755 -3.404, -0.106 0.037 0.037 - 1.051, 1.649 0.661
Education, y -0.106 -0.220, 0.008 0.068 -0.029 -0.115, 0.083 0.744
Presence of WMHs 1.574 0.364,2.783 0.011 0.127 -0.368, 1.899 0.183
Lacune 0.074 - 1.150, 0.298 0.513
Microbleed 0.04 -0.024,0.104 0.216
Icv -0.005 -0.010,-0.001 0.025 -0.119 -0.007, 0.001 0.182
WMF -0.288 -0.424,-0.153 <0.001
GMF -0.150 -0.306, 0.005 0.058
Myelin partial volume of NAWM -0.370 -0.571,-0.169 <0.001 -0.189 -0.380,-0.012 0.037

CDR-SB Clinical Dementia Rating Scale, GMF gray matter fraction, /CV intracranial volume, NAWM normal-appearing white matter, WMF white matter

fraction, WMHs white matter hyperintensities
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We observed a significant correlation between age and my-
elin partial volume in NAWM which is unsurprising given
that increased age is a risk factor for WMHs [24, 25].
According to a previous study using DTI and T1 relaxation
time, this trend persists even for NAWM [26]. We found that
the myelin partial volume in NAWM correlated with the num-
ber of microbleeds. The presence of microbleeds is an indica-
tion of SVD and cerebral amyloid angiopathy [27].
Collectively, we speculate that myelin loss in NAWM is af-
fected by age-related neurodegenerative changes and disease-
related changes, such as those occurring with SVD and/or
amyloid pathology. Our observations agree with those of re-
cent studies suggesting that although ischemia is primarily
responsible, other factors contribute to the pathogenesis of
white matter degeneration, including neuroinflammation,
blood-brain barrier alteration, aging, and amyloid pathology
[8, 28]. Even after adjusting for age and education effects,
myelin quantification of NAWM was an independent predic-
tor of global cognitive function, as reflected in the CDR-SB.
This observation supports earlier findings that NAWM can be
affected before WMHs appear, and that NAWM changes are
associated with cognitive decline [29]. This finding may also
explain why many studies have observed only weak associa-
tion between WMH and cognitive performance, even though
WMH substantially affects cognition [27, 28]. The simple
dichotomization of heterogeneous white matter as either
WMH or NAWM excludes degenerative changes in the
NAWM which may be microscopically abnormal, and could
have mitigated the effects of WM changes on cognitive per-
formance. The association between myelin loss and cognitive
function may be explained by several mechanisms. As myelin
increases action potential conduction along axons, myelin loss
may lead to neuronal impairment [30]. Myelin contributes to
axonal survival, as the myelin sheath reduces the energy con-
sumption of axons [31]. Therefore, myelin loss may lead to
neuronal dysfunction and axonal degeneration, which may
cause cognitive decline [31]. Cerebral remyelination also im-
proved cognitive function in animal models with cognitive
impairments due to causes ranging from irradiation to
Alzheimer’s disease [32, 33].

Given those findings, to devise potentially novel treatment
strategies targeting myelin loss in cognitively impaired pa-
tients, tools for monitoring these changes with reasonable
scanning times would be required. Myelin partial volume
mapping based on quantitative synthetic MRI may thus be
beneficial. Although other imaging techniques can measure
myelin partial volume or myelin water fraction, they typically
require prolonged scan times (8—9 min for whole brain cover-
age) [8, 34]. Using quantitative synthetic MRI, simultaneous
acquisition of T1-, T2-weighted, and FLAIR images and a
myelin quantification map was possible within a reasonable
scanning time (< 5 min), rendering it advantageous to concur-
rently evaluate routine clinical images and quantitative myelin
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information clinically, especially in elderly patients who may
not tolerate long scanning times. Fully automated segmenta-
tion of brain tissue is another benefit as it is simple and fast,
requiring less than 1 min of postprocessing time [15] and can
easily be applied in routine clinical practice.

Our study had several limitations. This was a retrospective
observational study without follow-up. To explore the true
nature of NAWM in vivo, a large-scale longitudinal study that
includes younger patients is necessary. Although we observed
that age and microbleeds were associated with myelin quanti-
fication in NAWM, it is unclear whether myelin loss in
NAWM is due to aging-related neurodegeneration and SVD
or to direct injury through Alzheimer’s disease pathology,
such as 3-amyloid or neurofibrillary tangles, as recently sug-
gested [8, 25]. Further studies using amyloid and tau as bio-
markers could elucidate the main contributor to myelin loss in
NAWM in the cognitively impaired population. Additionally,
we only assessed global cognitive function. Although MMSE
and CDR-SB are widely used for staging dementia severity in
clinical and research fields, and are considered quantitative
general indexes for global cognitive function [35], the lack
of a full cognitive battery limits the assessment of individual
cognitive domains. A full cognitive battery may have offered
more detailed information on the association between cogni-
tive function and myelin quantification.

In conclusion, we observed myelin loss in the NAWM of
cognitively impaired patients with and without WMHs using
quantitative synthetic MRI. The myelin content in NAWM
was independently associated with clinical cognitive scales.
Myelin quantification using quantitative synthetic MRI may
be a potential imaging marker of cognitive dysfunction.

Acknowledgments This research was presented as a scientific exhibit at
the ECR 2018 (C-1637) and awarded a Certificate of Merit.

Funding This research was supported by the National Research
Foundation of Korea (NRF) grant funded by the Korea government
(MSIP) (n0.2017R1A2B4010634) and a grant of the Korea Health
Technology R&D Project through the Korea Health Industry
Development Institute (KHIDI), funded by the Ministry of Health &
Welfare, Republic of Korea (grant number HI18C1038).

Compliance with ethical standards

Guarantor
Moon.

The scientific guarantor of this publication is Won-Jin

Conflict of interest The authors of this manuscript declare no relation-
ships with any companies, whose products or services may be related to
the subject matter of the article.

Statistics and biometry
for this paper.

No complex statistical methods were necessary

Informed consent Written informed consent was waived by the
Institutional Review Board.



Eur Radiol (2019) 29:4914-4921

4921

Ethical approval

Institutional Review Board approval was obtained.

Methodology

* Retrospective

* Cross-sectional study

* Performed at one institution

References

10.

12.

13.

14.

15.

de Leeuw FE, de Groot JC, Achten E et al (2001) Prevalence of
cerebral white matter lesions in elderly people: a population based
magnetic resonance imaging study. The Rotterdam Scan Study. J
Neurol Neurosurg Psychiatry 70:9-14

Debette S, Markus HS (2010) The clinical importance of white
matter hyperintensities on brain magnetic resonance imaging: sys-
tematic review and meta-analysis. BMJ 341:¢3666

Prins ND, Scheltens P (2015) White matter hyperintensities,
cognitive impairment and dementia: an update. Nat Rev
Neurol 11:157-165

Gouw AA, Seewann A, van der Flier WM et al (2011)
Heterogeneity of small vessel disease: a systematic review of
MRI and histopathology correlations. J Neurol Neurosurg
Psychiatry 82:126-135

Fernando MS, O'Brien JT, Perry RH et al (2004) Comparison of the
pathology of cerebral white matter with post-mortem magnetic res-
onance imaging (MRI) in the elderly brain. Neuropathol Appl
Neurobiol 30:385-395

Bronge L, Bogdanovic N, Wahlund LO (2002) Postmortem MRI
and histopathology of white matter changes in Alzheimer brains. A
quantitative, comparative study. Dement Geriatr Cogn Disord 13:
205-212

Bartzokis G (2004) Age-related myelin breakdown: a developmen-
tal model of cognitive decline and Alzheimer's disease. Neurobiol
Aging 25:5-18 author reply 49-62

Dean DC 3rd, Hurley SA, Kecskemeti SR et al (2017) Association
of amyloid pathology with myelin alteration in preclinical
Alzheimer disease. JAMA Neurol 74:41-49

Fazekas F, Ropele S, Enzinger C et al (2005) MTI of white matter
hyperintensities. Brain 128:2926-2932

O'Sullivan M, Summers PE, Jones DK, Jarosz JM, Williams
SC, Markus HS (2001) Normal-appearing white matter in is-
chemic leukoaraiosis: a diffusion tensor MRI study. Neurology
57:2307-2310

Kavroulakis E, Simos PG, Kalaitzakis G et al (2018) Myelin con-
tent changes in probable Alzheimer's disease and mild cognitive
impairment: associations with age and severity of neuropsychiatric
impairment. ] Magn Reson Imaging 47:1359-1372

Warntjes JB, Leinhard OD, West J, Lundberg P (2008) Rapid mag-
netic resonance quantification on the brain: optimization for clinical
usage. Magn Reson Med 60:320-329

Wardlaw JM, Smith EE, Biessels GJ et al (2013) Neuroimaging
standards for research into small vessel disease and its contribution
to ageing and neurodegeneration. Lancet Neurol 12:822-838
Fazekas F, Chawluk JB, Alavi A, Hurtig HI, Zimmerman RA
(1987) MR signal abnormalities at 1.5 T in Alzheimer's dementia
and normal aging. AJR Am J Roentgenol 149:351-356

Hagiwara A, Warntjes M, Hori M et al (2017) SyMRI of the brain:
rapid quantification of relaxation rates and proton density, with
synthetic MRI, automatic brain segmentation, and myelin measure-
ment. Invest Radiol 52:647-657

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

3s.

Warntjes M, Engstrom M, Tisell A, Lundberg P (2016) Modeling
the presence of myelin and edema in the brain based on multi-
parametric quantitative MRI. Front Neurol 7:16

West J, Warntjes JB, Lundberg P (2012) Novel whole brain seg-
mentation and volume estimation using quantitative MRI. Eur
Radiol 22:998-1007

Pantoni L, Simoni M (2003) Pathophysiology of cerebral small
vessels in vascular cognitive impairment. Int Psychogeriatr
15(Suppl 1):59-65

Fazekas F, Kleinert R, Offenbacher H et al (1993) Pathologic cor-
relates of incidental MRI white matter signal hyperintensities.
Neurology 43:1683—1689

Simpson JE, Ince PG, Higham CE et al (2007) Microglial activation
in white matter lesions and nonlesional white matter of ageing
brains. Neuropathol Appl Neurobiol 33:670—683

Maillard P, Fletcher E, Harvey D et al (2011) White matter
hyperintensity penumbra. Stroke 42:1917-1922

Vavasour IM, Laule C, Li DK, Traboulsee AL, MacKay AL (2011)
Is the magnetization transfer ratio a marker for myelin in multiple
sclerosis? J Magn Reson Imaging 33:713-718

Firbank MJ, Minett T, O'Brien JT (2003) Changes in DWI and
MRS associated with white matter hyperintensities in elderly sub-
jects. Neurology 61:950-954

Grueter BE, Schulz UG (2012) Age-related cerebral white matter
disease (leukoaraiosis): a review. Postgrad Med J 88:79-87
Erten-Lyons D, Woltjer R, Kaye J et al (2013) Neuropathologic
basis of white matter hyperintensity accumulation with advanced
age. Neurology 81:977-983

Mufioz Maniega S, Chappell FM, Valdés Hernandez MC et al
(2017) Integrity of normal-appearing white matter: influence of
age, visible lesion burden and hypertension in patients with small-
vessel disease. J Cereb Blood Flow Metab 37:644-656

Gouw AA, Seewann A, Vrenken H et al (2008) Heterogeneity of
white matter hyperintensities in Alzheimer's disease: post-mortem
quantitative MRI and neuropathology. Brain 131:3286-3298
Wharton SB, Simpson JE, Brayne C, Ince PG (2015) Age-
associated white matter lesions: the MRC cognitive function and
ageing study. Brain Pathol 25:35-43

O'Sullivan M, Morris RG, Huckstep B, Jones DK, Williams SC,
Markus HS (2004) Diffusion tensor MRI correlates with executive
dysfunction in patients with ischaemic leukoaraiosis. J Neurol
Neurosurg Psychiatry 75:441-447

Snaidero N, Simons M (2014) Myelination at a glance. J Cell Sci
127:2999-3004

Sun J, Zhou H, Bai F, Zhang Z, Ren Q (2017) Remyelination: a
potential therapeutic strategy for Alzheimer's disease? J Alzheimers
Dis 58:597-612

Cha MY, Kwon YW, Ahn HS et al (2017) Protein-induced plurip-
otent stem cells ameliorate cognitive dysfunction and reduce Abeta
deposition in a mouse model of Alzheimer's disease. Stem Cells
Transl Med 6:293-305

Piao J, Major T, Auyeung G et al (2015) Human embryonic stem
cell-derived oligodendrocyte progenitors remyelinate the brain and
rescue behavioral deficits following radiation. Cell Stem Cell 16:
198-210

Alonso-Ortiz E, Levesque IR, Pike GB (2015) MRI-based myelin
water imaging: a technical review. Magn Reson Med 73:70-81
O'Bryant SE, Waring SC, Cullum CM et al (2008) Staging demen-
tia using clinical dementia rating scale sum of boxes scores: a Texas
Alzheimer's research consortium study. Arch Neurol 65:1091-1095

@ Springer



	Myelin...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Study population
	Clinical evaluation
	MRI acquisition
	Analysis of SVD burden
	Quantitative synthetic MRI analysis
	Statistical analysis

	Results
	Demographic characteristics
	Imaging-derived parameters
	Myelin partial volume
	Factors associated with NAWM myelin partial volume
	Linear regression analysis for cognitive function

	Discussion
	References


