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Abstract

Background: Although increasing evidence showed the correlations between white matter hyperintensities
(WMHs) and cognitive impairment, the relationship between them is still modest. Many researchers began to focus
on the variation caused by the heterogeneity of WMH. We tried to explore the pathological heterogeneity in WMH
by using diffusion tensor imaging (DTI), so as to provide a new insight into the future research.

Methods: Diffusion weighted images (DWIs) of the brain were acquired from 73 patients with WMH and 18 healthy
controls, which were then modeled by DTI. We measured fractional anisotropy (FA), mean diffusivity (MD), axial
diffusivity (AD), and radial diffusivity (RD) of white matter of the periventricular frontal lobe (pFL), periventricular
occipital lobe (pOL), periventricular parietal lobe (pPL) and deep centrum ovales (dCO), and grouped these
measures according to the Fazekas scale. Then we compared the DTl metrics of different regions with the same
Fazekas scale grade.

Results: Significantly lower FA values (all p <0.001), and higher MD (all p < 0.001) and RD values (all p < 0.001) were
associated with WMH observed in the periventricular frontal lobe (pFL) compared to all other regions with the
same Fazekas grades. The AD of WMH in the pFL was higher than that of pPL and dCO, but the differences
between groups was not as high as of MD and RD, as indicated by the effect size. In the normal control group, DTI
metrics between pFL and other regions were not significantly different or less significant different. The difference of
DTl metrics of WMH between pPL, pOL and dCO was lower than that of normal white matter, as indicated by the
effect size.

Conclusion: Distinct pathological processes can be revealed by DTl between frontal periventricular WMH and other
regions. These processes may represent the effects of severe demyelination within the frontal periventricular WMH.
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Background

White matter hyperintensities (WMHs), which appear
hyperintense on T2-weighted imaging (T2WI) or
fluid-attenuated inversion recovery (FLAIR) images,
are common findings on magnetic resonance imaging
(MRI) in elderly people. The prevalence of WMH
increases with age and reaches 90% in the general
population over 80 years old [1]. They are usually at-
tributed to chronic small vessel ischemia. Although
with similar signals on FLAIR or T2WI, their patho-
logic changes are heterogeneous, which include myelin
pallor, enlargement of perivascular spaces, discontinu-
ity of ependyma, infarctions, gliosis, and axonal loss
[2-5]. Existing evidence shows WMH severity is
associated with the risk of dementia in the general
population [6]. The two most commonly-used
methods for evaluating WMH severity are qualitative
grading scales and quantitative WMH volumetric
measurements [7, 8]. Fazekas et al. [7] categorized
periventricular WMHs into three grades. Moderate
and severe (grades 2 and 3) periventricular WMHs are
believed to be related to ischemia, whereas mild (grade
1) periventricular WMHs are considered non-
ischemic, mainly due to a partial loss of the ependymal
lining [8]. However, correlations between the volume
of WMHs and cognitive performance are modest, and
many clinical variations cannot be explained by volu-
metric measures [9].

Most of the recent research showed that lesions
location might be another important factor affecting
cognition [10, 11]. In the frontal lobe, parieto-occipital
lobe, and other parts of the brain, periventricular WMHs
are involved in cognitive impairment [9, 10, 12, 13].
Carnevale et al. [10] found that alterations in specific
white matter fiber-tracts are related to impaired cogni-
tion. Abnormal anterior thalamic radiation appears re-
lated to impaired memory, and the forceps minor seems
to be involved in processing speed. Cremers et al. [11]
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suggested that the identification of tract-specific
microstructural changes is helpful for understanding the
mechanisms of cognitive impairment. Some studies have
found that the periventricular WMHs are significantly
associated with various cognitive functions, and other
studies showed that subcortical WMHs are also involved;
while few other studies found no associations [14, 15].

The heterogeneity of WMHs might explain why some
clinical variations cannot be determined by volumetric
measures of WMH [4, 16, 17]. Habes et al. [12] supported
the hypothesis that different underlying pathophysiologic
mechanisms influenced regional patterns of WMH distri-
bution; they found that frontal WMHs are more strongly
associated with blood pressure and cortical atrophy, while
only dorsal WMHs are associated with genetic risk factors
for Alzheimer s disease. However, little is known about
the pathological bases of these WMHs.

Diffusion tensor imaging (DTI) is a unique tool for
identifying microstructural white matter changes in vivo
and may be able to characterize pathological substrates
of WMH since it can detect the abnormality of white
matter sensitively [18].. Studies using DTI and
magnetization transfer imaging found a difference be-
tween frontal and parieto-occipital periventricular
WMHs [19, 20].

We therefore hypothesized that WMHs that arose
from different pathological processes would undergo
different microstructural changes that could be detected
by DTI This study aimed to verify the pathological het-
erogeneity of WMHs by comparing DTI metrics, ob-
tained from different brain regions, using the same
grading scale. We additionally investigated microstruc-
tural changes in these brain regions.

Methods

Participants

The participants were local community-dwelling indi-
viduals. Our institutional review board approved this

-
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Fig. 1 Corrupted images will be eliminated with automatic outlier slice rejection if its error-area is bigger than 3%. Left image with red “X" were
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Fig. 2 The regions of interest (ROIs) are determined on the BO image (1a, 1¢, 1e), and the corresponding colored FA maps (1b, 1d, 1f) are used
to observe whether the ROIs are located in the same white matter bundle. ROIs of the periventricular frontal lobe (pFL) were located in the
anterior thalamic radiation and superior fronto-occipital fasciculus. ROls of the periventricular occipital lobe (pOL) were located in the tapetum
and the posterior region of corona radiata. ROIs of the periventricular parietal lobe (pPL) were located in the junction of corpus callosum and
parietal superior region of internal capsule. ROIs of deep white matter of centrum ovale (dCO) were located in the centrum ovale of frontal lobe
and parietal lobe respectively
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Fig. 3 Box plot of FA with normal control and Fazekas scale 1-3 in different regions
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prospective study and written informed consent was
acquired from each patient. Patients with WMHs
confirmed by FLAIR or T2WI results were recruited.
The exclusion criteria were: 1) infarction, tumor,
encephalitis and other diseases affected white matter;
2) blurred images due to severe motion artifacts.
Twenty-four patients with other lesions and 4 patients
with severe motion artifacts were excluded. Finally, a
total of 73 patients with WMHSs were included in this
study. There were 42 male and 31 female patients,
with an average age of 72.6 years. We additionally re-
cruited 18 (10 male, 8 female) healthy volunteers,
with normal white matter with a Fazekas scale of 0.
The average age of control group was 65.4 years. The

Fazekas scale was adopted to classify periventricular
and deep WMHs as grades 1, 2, or 3. In periventricu-
lar white matter, “caps” or pencil-thin lining WMH
were classified as grade 1, smooth “halo” WMH were
classified as grade 2 and irregular WMH extending
into the deep white matter were classified as grade 3;
in deep white matter punctate foci WMH were classi-
fied as grade 1, beginning confluence of foci WMH
were classified as grade 2 and large confluent areas
were classified as grade 3 [7]. All grades were calcu-
lated separately from areas within the frontal and
parietal-occipital  lobes. Two  neuro-radiologists
assessed each patient, and conflicting results were dis-
cussed until an agreement was made.

1.5%10-3

1x10-3+

i
1o

5x10- % 5 BL

MD (x10*mm3s™)

0 1 I

é?gé gé%é

pFL
pOL
pPL
dco

0001

NC 1

Fazekas Scale
Fig. 4 Box plot of MD with normal control and Fazekas scale 1-3 in different regions

T
2 3




Min et al. BMIC Neurology (2021) 21:128

Page 5 of 12

2x10-3+
— pFL
~ == pOL
i 1-5%10-3 %l é P
NE é %I %I %% % r';l_l — pPL
o
-
&,
O 5%10-4+
<
0 1 1 1 1
NC 1 2 3
Fazekas Scale
Fig. 5 Box plot of DA with normal control and Fazekas scale 1-3 in different regions

DTI and post-processing

Diffusion weighted images (DWIs) were acquired
from all patients and controls using a 3.0-T MR scan-
ner (Philips Achieva, Best, the Netherlands) equipped
with a 16-channel head-neck phased array coil. The
imaging parameters were as follows: slice thickness of
2mm with no gaps, repetition time of 8000 ms, echo
time of 87 ms, field-of-view 228 mm x 228 mm, 32
DWIs (b-values = 1000s/mm?) with diffusion gradients
along different directions and 1 non-DWIs (b-value =
0) were acquired, an acquisition matrix of 112 x 112
was interpolated to an image matrix of 224 x224. A
total of 60 consecutive slices were acquired over 6
min. The raw data are exported to DTIStudio (Johns
Hopkins University; https://www.mristudio.org/) [21].

Using the Automated Image Registration (AIR) tool,
we used an affine warp model to correct image dis-
tortions due to eddy currents and misregistration er-
rors due to head motion. After AIR-based image co-
registration, rotational operation is extracted and the
orientation of the b-vectors was corrected. Then ten-
sor was estimated with linear least square (fitting,
automatic outlier slice rejection was performed with
relative error >3% to eliminate the corrupted images
of error area more than 3%. Exclusion of corrupted
images (with red “X” in the inspection window) can
be verified with “Original View” (Fig. 1). Maps of
fractional anisotropy (FA), mean diffusivity (MD),
axial diffusivity (AD) and radial diffusivity (RD) maps
were calculated.
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Fig. 6 Box plot of RD with normal control and Fazekas scale 1-3 in different regions
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Table 1 Correlation coefficients between DTl metrics and
Fazekas scale in different regions

pFL pOL pPL dco
FA ~0525 ~0.648 —0417 -0.728
MD 0.864 0823 0861 0836
AD 0891 0.749 0831 0,666
RD 0822 0.768 0.756 0811

p-value all <0.001. pFL periventricular frontal lobe, pOL periventricular occipital
lobe, pPL periventricular parietal lobe, dCO deep centrum ovale

Measurements

The FA, MD, AD, and RD values of WMH were measured
with regions of interest (ROIs) in three periventricular re-
gions including frontal, occipital and parietal lobes, as well
as the deep centrum ovales. These areas were the most
common locations of WHMs. According to the range of le-
sions, 2—4 ROIs were determined, and the average value
was calculated. The same DTI metrics in the healthy con-
trol group were also measured in the identical white matter
tract, which was controlled by using colored FA maps
(Fig. 2). Mean diffusion-weighted imaging maps were used
to keep the cerebral spinal fluid outside the ROL

Statistical analysis

All statistical analyses were performed using SPSS
software (version 22, IBM, Armonk, NY, USA), and
two-sided p values <0.05 indicated a significant dif-
ference. Spearman correlation analysis was used to
explore the relationship between DTI parameters and
Fazekas scale scores. We used univariate analysis of
variance (ANOVA) process of the general linear
model to identify differences of FA, MD, AD, and RD
values in WMH with the same Fazekas grade among
regions of periventricular frontal lobe (pFL), periven-
tricular occipital lobe (pOL), periventricular parietal
lobe (pPL) and deep centrum ovales (dCO). Sex and
age were used as covariates. Multiple comparisons
were performed and corrected with Bonferroni. We
calculated 1> as effect sizes (ES) of ANOVA and
Hedges’g as effect sizes of multiple comparison. Box
plots were generated by using GraphPad Prism 8.0
(GraphPad Software Inc., San Diego, CA, USA).
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Results

There were 86 WMHs of Fazekas grades 1 in 46 patient,
64 WMHs of Fazekas grades 1 in 35 patients and 86
WMHs of Fazekas grades 3 in 28 patients. With increas-
ing Fazekas grades, the DTI metrics of WMHs in
different regions showed similar changes. FA values
decreased, while MD, AD and RD values increased as
the Fazekas grade increased (Figs.3, 4, 5, and 6).
Spearman correlation analysis showed that FA, MD, AD,
and RD values in all regions were significantly correlated
(p < 0.001) with Fazekas grades (Table 1). However, there
are some differences in the correlation coefficients
among pFL, pOL, pPL and dCO.

Although DTI metrics in different regions showed
similar changes, they don’t change at the same rate.
FA, MD, AD and RD values of pFL showed more
rapid changes from Fazekas scale 0 to 1 than other
regions (Figs. 3, 4, 5 and 6). In normal control group,
FA values of pFL were significantly lower than that of
pOL (p< 0.001, ES =2.47) and dCO (p< 0.001, ES =
2.22), but had no significant difference with pPL.
However, FA values of the WMH with Fazekas scale
1 of pFL were significantly lower than pOL
(p < 0.001, ES =4.20), pPL (p< 0.001, ES =6.55) and
dCO (p< 0.001, ES=3.65) all (Table 2). Similarly,
MD and RD of the WMH with Fazekas scale 1 of
pFL were significantly higher than that of all other
three regions (Fig. 7). Though MD of normal white
matter of pFL was only higher than dCO, and RD of
normal white matter of pFL was only higher than
pOL and dCO (Tables 3 and 5). In pFL, the increase
of AD was lower than that of RD and MD, and it
didn’t exceed pOL in Fazekas 1 (Table 3). Results of
DTI metrics of WMH with grade 2 and 3 between
pFL and other regions were same as those of grade 1
(Tables 2, 3, 4, and 5) (Figs. 8 and 9).

The difference of DTI metrics of WMH between pPL,
pOL and dCO was lower than that of normal white mat-
ter. In normal white matter, FA values of pPL were sig-
nificantly lower than that of pOL (p <0.001, ES =2.36)
and dCO (p < 0.001, ES =2.08). There was no significant
difference in FA of WMH between pPL, pOL and dCO
except for the WMH with Fazekas scale 3 between pPL
and dCO (p<0.001, ES=1.20). MD of normal white

Table 2 Comparison of FA values of normal white matter or WMH with same Fazekas scale in different regions

pFL pOL pPL dco p-value Effect Size (n?)
Mean + SD Mean + SD Mean + SD Mean + SD

Normal white matter 0.56 + 0.10 0.75 + 004" 0.59 + 0.08 072 + 004" <0001 0.566

WMH of Fazekas scale 1 022 + 004 046 + 009" 049 + 006 045 + 009 <0001 0.762

WMH of Fazekas scale 2 0.23 + 0.02 048 + 007" 046 + 010" 041 + 008" <0001 0.720

WMH of Fazekas scale 3 0.21 + 003 043 + 007" 047 + 010" 039+ 011" <0.001 0.681

PFL periventricular frontal lobe, pOL periventricular occipital lobe, pPL periventricular parietal lobe, dCO deep centrum ovale. There was significant difference

compared with pFL, *p < 0.05, **p < 0.001
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Fig. 7 The b0 of the DWI (a) of a 75 years old male showed WMH (Fazekas scale 1) in the pFL, pOL, pPL and dCO. FA (b) of WMH in the pFL are
lower than that of pOL, pPL and dCO. MD (c) and RD (d) of WMH in the pFL are higher than that of pOL, pPL and dCO. AD (e) of WMH in the
pFL are close to that of pOL, pPL and dCO

Table 3 Comparison of MD values (x10~*mm?s~") of normal white matter or WMH with same Fazekas scale in different regions

pFL pOL pPL dco p-value Effect Size (n2)
Mean + SD Mean + SD Mean + SD Mean + SD

Normal white matter 548 + 058 562 + 048 511 + 040 469 + 0317 <0001 0436

WMH of Fazekas scale 1 9.87 + 0.57 803 + 084" 659 + 055" 708+ 0717 <0001 0762

WMH of Fazekas scale 2 1081 + 056 825+ 096 713+105" 755+ 047" <0001 0.797

WMH of Fazekas scale 3 1148 + 0.7 981+ 100" 828 + 068" 820 + 066 <0001 0691

PFL periventricular frontal lobe, pOL periventricular occipital lobe, pPL periventricular parietal lobe, dCO deep centrum ovale. There was significant difference
compared with pFL, *p < 0.05, **p < 0.001
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Table 4 Comparison of AD values (x10*mm?s™ ') of normal white matter or WMH with same Fazekas scale in different regions

pFL pOL pPL dco p-value Effect Size (n2)
Mean = SD Mean = SD Mean £ SD Mean = SD

Normal white matter 911 + 082 1170 £1.15" 863 + 084 941 + 064 <0001 0518

WMH of Fazekas scale 1 1216 + 062 1237 +1.12 1044 + 119" 1062 +1.23" <0001 0438

WMH of Fazekas scale 2 1348 + 0.71 1296 + 1.03 1092 + 1417 1118 + 1147 <0001 0.506

WMH of Fazekas scale 3 1410 + 078 1476 + 091 1296 + 132" 1157 075" <0001 0556

PFL periventricular frontal lobe, pOL periventricular occipital lobe, pPL periventricular parietal lobe, dCO deep centrum ovale. There was significant difference

compared with pFL, *p < 0.05, **p < 0.001

matter in pPL were significantly lower than that in pOL
(p<0.05, ES = 1.14) and higher than dCO (p < 0.05, ES =
1.16). MD of WMH in pPL were still significantly lower
than that in pOL (p<0.001, ES=1.90, 1.12 and 1.78),
but were not significantly different with dCO. AD of
normal white matter and WMH in pPL were all signifi-
cantly lower than that in pOL (p < 0.001, ES = 3.05, 1.69,
1.67 and 1.58), but were not significantly different with
dCO except for the WMH with Fazekas scale 3 (p <
0.001, ES=1.30). In normal controls, RD of pPL were
significantly higher than that of pOL (p<0.001, ES =
1.61) and dCO (p <0.001, ES =2.38). RD of WMH with
Fazekas scale 1 and 3 in pPL were significantly lower
than that in pOL(p<0.05, ES=1.31; p<0.001, ES=
1.33). No significant difference was found in FA of
WMH between pPL and dCO.

Discussion

Correlation analysis revealed the relationship between
DTI metrics and Fazekas scales. As expected, WMHs
with higher Fazekas scale has lower FA, higher MD, AD
and RD. These changes of DTI metrics may be caused
by gliosis, demyelination, fluid accumulation and axonal
loss among others [22]. However, some differences
existed in the correlation coefficients of different regions,
which means that WMH in different regions has certain
heterogeneity.

Some studies have suggested that pathological dif-
ferences exist between periventricular WMHs and
deep WMHs [23-26]. Our results demonstrated that
microstructural changes around the frontal periven-
tricular WMHs were significantly different from those
in other regions. There were significantly lower FA
values, but higher AD, RD, and MD values in frontal

periventricular WMHs compared to other regions. As
there were no such differences as indicated by the ef-
fect sizes in DTI metrics among different brain re-
gions that featured normal white matter, therefore,
these heterogeneities were likely not due to anatom-
ical heterogeneities. These results underscore the
pathological heterogeneity of WMHs in different re-
gions. Previous studies with magnetization transfer
imaging also showed a lower magnetization transfer
ratio in frontal periventricular WMHs compared to
parieto-occipital periventricular WMHs [19, 20]. Spilt
et al. [19] suggested that age-related periventricular
WMH around the frontal and occipital horns have
different etiologies.

Some pathological studies suggested that periven-
tricular WMHs occurred because of fluid accumula-
tion within the extracellular space that was related to
the loss of ventricular ependyma [27-29]. Although
increases of interstitial water content might have led
to significant increase in MD, these changes could
not explain the more immediate changes in RD
values, compared to AD values. Our results showed
that the decrease of FA and the increase of RD and
MD in the periventricular WMHs were more signifi-
cant than those in the other parts of WMHs. In the
demyelinating animal model, the RD of the lesion was
significantly higher than that of the normal white
matter, while the AD was unchanged [30]. These un-
coordinated changes in AD and RD were also ob-
served in patient with multiple sclerosis [31].
Immunohistochemical findings also revealed that
periventricular WMHs demonstrated more severe de-
myelination than deep WMHs [27]. A past neuro-
pathological study found a stronger relationship

Table 5 Comparison of RD values (x107*mm?s™") of normal white matter or WMH with same Fazekas scale in different regions

pFL pOL pPL dco p-value Effect Size (n2)
Mean + SD Mean + SD Mean + SD Mean + SD

Normal white matter 363 + 079 259+ 0417 335+ 053 23340307 <0001 0531

WMH of Fazekas scale 1 872+ 064 586+ 105" 466+ 050" 531+ 080" <0001 0.795

WMH of Fazekas scale 2 947 + 054 589 + 107" 523+1.16 579 + 057" <0001 0.820

WMH of Fazekas scale 3 10.18 + 0.72 733+1.18" 588+ 100" 652+ 079" <0001 0723

PFL periventricular frontal lobe, pOL periventricular occipital lobe, pPL periventricular parietal lobe, dCO deep centrum ovale. There was significant difference

compared with pFL, *p < 0.05, **p < 0.001
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pFL are close to that of pOL, pPL and dCO

Fig. 8 The b0 of the DWI (a) of a 77 years old male showed WMH (Fazekas scale 2) in the pFL, pOH, pPL and dCO. FA (b) of WMH in the pFL are
lower than that of pOL, pPL and dCO. MD (c) and RD (d) of WMH in the pFL are higher than that of pOL, pPL and dPCO. AD (e) of WMH in the

between the extent of WMHs on MRI and the extent
of myelin rarefaction in the frontal lobe, compared to
the parietal lobe [32]. Another evidence is the lower
T1-weighted signal of WMH around frontal horns
[19], which is consistent with the “black hole” of de-
myelinating pathological changes [33]. Therefore, we
believe that demyelination contributed to the patho-
logical changes of frontal periventricular WMH. DTI,
as a non-invasive technology, has the potential to
classify WMH based on pathological changes, which
will provide great value for future research.

Some studies [9-11] have elucidated links between
cognitive decline and periventricular WMHs in the

frontal lobe, parieto-occipital lobe, and other parts of the
brain. However, the underlying pathological mechanisms
of WMHs in different regions that might explain cogni-
tive decline (other than anatomical locations) remain
scarcely studied [9]. A recent DTI study [10] showed
that, in patients with hypertension, anterior thalamic ra-
diations, the superior longitudinal fasciculus, and the
forceps minor had significantly lower FA and signifi-
cantly higher MD, AD, and RD values; these changes
corresponded with measures of cognitive impairment. In
Duering’s study [13] of cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencepha-
lopathy (CADASIL), anterior thalamic radiations and
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to that of pPL and dCO

Fig. 9 The b0 of the DWI (a) of a 83 years old female showed WMH (Fazekas scale 3) in the pFL, pOL and dCO. FA (b) of WMH in the pFL are
lower than that of pPL and dCO. MD (c) and RD (d) of WMH in the pFL are higher than that of pPL and dCO. AD (e) of WMH in the pFL are close

frontal forceps were also considered key sites of cogni-
tive impairment. These results suggested that frontal
WMHSs may contribute more to functional impairments.
Frontal white matter microstructural changes began be-
fore the appearance of hyperintensities that could be
found using conventional MRI. They appeared at an
earlier age and demonstrated less age-related progres-
sion than WMHs in other regions [12]. This may lead to
inconsistencies between the extent of WMHs and their
respective pathological severities. The underlying patho-
logical changes may be severe, even with little volumet-
ric expansion. These findings suggested that even
Fazekas grade 1 WMHs around the frontal lateral

ventricle may correspond to clinically significant patho-
logical changes. We suggest that future studies should
consider not only the volume of WMH, but also their
pathological severities.

Our study still has some limitations. First, normal
white matter FA values decreased with age, while MD
values increased with age. Average, our control group
was significantly younger than patient group. How-
ever, the differences between WMHs and standard
DTI metrics were greater than the normal variation
observed with age [34]. We try to eliminate this effect
by using age and gender as covariates. Second, to
minimize the influence of DTI parameters caused by
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anatomical variations, we selected ROIs within identi-
cal white matter tracts, according to the color maps;
however, variations may still exist for heterogeneity.
Third, since the structural changes reflected by DTI
parameters were non-specific and may have been af-
fected by many factors, relevant pathological changes
remain poorly elucidated. Fourth, the Fazekas classifi-
cation method of WMH is not a quantitative evalu-
ation method and may be affected by the different
observer. However, the quantitative evaluation method
is also limited by the division of ventricular and deep
WMH and not a widely accepted approach [8].

Conclusions

Our results showed that pathological processes differed
between frontal periventricular WMHs and WMHs of
other regions. These differences may be due to more se-
vere demyelination in the periventricular frontal white
matter tracts. DTI has the potential to classify WMH
based on pathological changes non-invasively. Future
studies should consider pathological heterogeneity as a
factor to better explore the relationships between
WMHs and cognitive impairment.
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