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Influence of Mild White Matter Lesions on Voxel-based Morphometry

Masami Goto!", Akifumi Hagiwara?, Shohei Fujita?®, Masaaki Hori*,
Koji Kamagata?, Shigeki Aoki?, Osamu Abe?, Hajime Sakamoto!,
Yasuaki Sakano!, Shinsuke Kyogoku!, and Hiroyuki Daida!

Purpose: The aim of this study was to investigate whether the detectability of brain volume change in
voxel-based morphometry (VBM) with gray matter images is affected by mild white matter lesions (MWLs).

Methods: Three-dimensional T,-weighted images (3D-T,WIs) of 11 healthy subjects were obtained using a
3T MR scanner. We initially created 3D-T,;WIs with focal cortical atrophy simulated cortical atrophy in left
amygdala (type A) and the left medial frontal lobe (type B) from control 3D-T ,WIs. Next, the following
three types of MWL images were created: type A + 1L and type B + 1L images, only one white matter lesion;
type A + 4L and type B + 4L images, four white matter lesions at distant positions; and type A + 4L" and type
B + 4L" images, four white matter lesions at clustered positions. Comparisons between the control group and
the other groups were performed with VBM using segmented gray matter images.

Results: The gray matter volume was significantly lower in the type A group than in the control group, and
similar results were observed in the type A + 1L, type A + 4L, and type A + 4L groups. Additionally, the gray
matter volume was significantly lower in the type B group than in the control group, and similar results were
observed in the type B + 1L, type B + 4L, and type B + 4L" groups, but the cluster size in type B + 4L" was
smaller than that in type B.

Conclusion: Our study showed that the detectability of brain volume change in VBM with gray matter

images was not decreased by MWLs as lacunar infarctions. Therefore, we think that group comparisons with
VBM should be analyzed by groups including and excluding subjects with MWLs, respectively.

Keywords: diffeomorphic anatomical registration through exponentiated lie algebra, Fazekas classification, lacunar
infarction, voxel-based morphometry, white matter lesion

Introduction

Voxel-based morphometry (VBM)! in three-dimensional
T,-weighted images (3D-T,WIs) obtained via magnetic reso-
nance imaging (MRI) has been used to evaluate the local brain
volume change associated with various diseases, such as
Alzheimer’s disease (AD),? idiopathic normal pressure hydro-
cephalus,’ epilepsy,* diabetes,? Parkinson’s disease,® and panic
disorder.” VBM is extremely useful for the evaluation of brain
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atrophy. In general, subjects with white matter fluid-attenuated
inversion recovery (FLAIR) hyperintensities are excluded
from VBM studies because white matter FLAIR hyperintensi-
ties have been found to be misclassified as gray matter or
cerebrospinal fluid (CSF) owing to their intensity characteris-
tics.®? In recent years, VBM, including segmentation repair of
tissue misclassification of white matter lesions, has been used
in some studies.'®'> However, this approach requires manual
processing, involving manual identification of areas of white
matter hyperintensities in native space FLAIR images and
segmentation using a space-filling algorithm in ITK-SNAP,'3
which increases the time required when compared with the
conventional VBM approach. Moreover, population-specific
tissue probability maps (TPMs) were created from images of
participants in a study and were used for tissue segmentation
with Statistical Parametric Mapping (SPM) 12 software (Well-
come Department of Imaging Neuroscience Group, London,
UK; http://www.fil.ion.ucl.ac.uk/spm). TPMs are key factors
of the results in the tissue segmentation process. If default
TPMs implemented in SPM 12 software are used in studies
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involving VBM, the results can be directly compared. How-
ever, if population-specific TPMs are used in studies involving
VBM, the results cannot be directly compared. Recently, an
automated tool of SPM was provided for detection of FLAIR-
hyperintense white-matter lesions.'* However, the effect of
masking of lesions is not clarified in results of VBM.
Diffeomorphic anatomical registration through exponenti-
ated lie algebra (DARTEL) has attracted attention as a group-
wise registration algorithm to create templates for spatial
normalization in VBM.!® DARTEL has a stronger ability to
deal with local anatomical differences among individuals and
can thereby achieve higher registration accuracy than non-
DARTEL method.'® Therefore, even if there is misclassifica-
tion of white matter lesions, misregistration in spatial
normalization to Montreal Neurological Institute (MNI) space
is less likely to arise in a normalized gray matter image. We
hypothesized that the results of VBM using DARTEL show
decreased effect of misclassification in mild white matter
lesions (MWLs). Therefore, the present study aimed to investi-
gate whether the detectability of brain volume change in VBM
with gray matter images using DARTEL is affected by MWLs.

Materials and Methods

Subjects

The study included 11 healthy subjects (eight males, three
females; mean age, 72.8 + 3.9 years; age range, 6781 years).
Subjects were eligible for inclusion if evaluation of their
3D-T,WIs and T,-weighted images by a board-certified radi-
ologist did not show brain tumors, infarction, hemorrhage,
brain atrophy, or white matter lesions graded >1 according to
the Fazekas classification.!” The study protocol was approved
by the Institutional Ethics Committee. After explaining the
purpose of the study to each subject, written informed con-
sent was obtained from all subjects. To ensure subject confi-
dentiality, data were anonymized.

MRI scanning protocol

Three-dimensional T -weighted images of the subjects were
obtained using a 3T MR scanner (Achieva; Philips Health-
care, Best, The Netherlands) equipped with an eight-channel
head coil. Magnetization-prepared rapid gradient-echo
imaging was performed to obtain 3D-T,WIs, with the fol-
lowing parameters: slice thickness = 0.86 mm, TR/TE =
15/3.4 ms, flip angle = 10°, field of view = 26 x 26 cm,
number of excitations = 1, and pixel matrix = 320 x 320.
Parallel imaging (sensitivity encoding; SENSE) was per-
formed with a SENSE reduction factor of 2.0. In the present
study, these 3D-T, WIs are referred to as “control 3D-T, WIs.”

Creating 3D-T,WIs with cortical atrophy

We attempted to examine only the influence of MWLs; how-
ever, group comparisons (between controls and subjects with
cortical atrophy) of clinical images involve other different fac-
tors, such as brain shape, brain volume, and image artifacts,
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which can affect both groups. Therefore, we created cortical
atrophy images that did not include other factors. For all sub-
jects, cortical atrophy images simulated cortical atrophy in left
amygdala (type A 3D-T,WIs) (Fig. 1) were created by placing
spherical regions of interest (ROI) having a 6-mm diameter
(6 mm-ROI) on the left amygdala in control 3D-T,WIs using
Multi-image Analysis GUI (Mango) software (University of
Texas Health Science Center, San Antonio, TX, USA; https://
www.nitrc.org/projects/mango). Additionally, the 6 mm-ROI is
used in “Creating 3D-T,WIs with MWLs”. ROI must be set
inside the area of white matter and must not invade gray matter
and CSF. If ROI bigger than the 6 mm-ROI was used, it was
difficult to set ROI inside the area of white matter. The signal
intensity inside each ROI was changed to that of CSF. Signal
intensities of CSF were measured in the area nearest to the indi-
vidual ROI. Moreover, other cortical atrophy images were cre-
ated to examine the effect of the geometrical distance between
the region of atrophy and the white matter lesion. These cortical
atrophy images (type B 3D-T,WIs) (Fig. 2) were created by
placing ROI on the left medial frontal lobe in control 3D-T, WIs
using Mango software. The signal intensity inside each ROI
was changed to that of CSF. Signal intensities of CSF were
measured in the area nearest to the individual ROI. Briefly, we
prepared Type A (cortical atrophy in left amygdala), Type B
(cortical atrophy in medial frontal lobe), and control 3D-T, WIs.

Creating 3D-T,W1Is with MWLs

For all subjects, 6 mm-ROI was carefully placed on white
matter in type A and type B 3D-T,WIs using Mango soft-
ware, and the signal intensity inside each ROI was changed
to that of gray matter. Signal intensities of gray matter were
measured in the area nearest to the individual ROI. Type A
3D-T,WIs with a white matter lesion (type A + 1L) and type
B 3D-T,WIs with a white matter lesion (type B + 1L) are
shown in Figs. 1 and 2, respectively. In these images,
6 mm-ROI was carefully placed on the left side of frontal
white matter. Type A 3D-T, WIs with four white matter lesions
(type A + 4L) and type B 3D-T,WIs with four white matter
lesions (type B +4L) are shown in Figs. 1 and 2, respectively.
In these images, 6 mm-ROIls were carefully placed on both
sides of frontal and occipital white matter. Additionally, type
A 3D-T,WIs with four white matter lesions (type A + 4L")
and type B 3D-T,WIs with four white matter lesions (type B
+ 4L") are shown in Figs. 1 and 2, respectively. In these
images, 6 mm-ROIs were carefully set on white matter near
the atrophic regions in type B images. Distance between
atrophic region and MWLs is long in type A + 4L" compared
with that in type B + 4L". Results with these T,WI show the
effect of distance between atrophic region and MWLs.

Image preprocessing for group comparisons

with VBM

All3D-T,WIs (11 control, 11 type A, 11 type B, 11 type A+ 1L,
11 type B+ 1L, 11 type A+ 4L, 11 type B + 4L, 11 type A +
4L°, and 11 type B + 4L" 3D-T,WIs) were analyzed using
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SPM 12 software. During segmentation, the affine regulari-
zation space template from the International Consortium for
Brain Mapping was changed from European to East Asian
because all subjects were Japanese, whereas default settings
were used for all other parameters. Additionally, DARTEL-
imported data of control 3D-T,WIs were saved for creation
of DARTEL templates.

Segmented gray matter images in native space were nor-
malized into the MNI template space using DARTEL
methods,'> individually. In the normalization, DARTEL
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Type C vs. Type A+4L

Type C vs. Type A+4L*

Type C vs. Type A

L L * R
Cluster size:
& 660
Max 7T value:
11.28

Type C vs. Type A+1L

b L ® R
Cluster size:
& 668
Max T value:
11.30

Fig. 1 The left column includes
type A T,WIs (slice levels are the
amygdala and mild white matter
lesions) in the first row, type A + 1L
T,WIs in the second row, type A +
4LT,WIs in the third row, and type
A + 4L T,WIs in the fourth row.
Type A is indicated by cortical
atrophy images of left amygdala.
Red arrows show atrophy lesions,
whereas blue arrows show mild
white matter lesions. The figures
in the right column indicate all
regions in which the gray matter
volume is significantly lower in the
type A, type A + 1L, type A + 4L,
and type A + 4L" groups than in the
control group, using a gray scale.
A P-value <0.001 (uncorrected in
voxel-wise difference, cluster size
of >FDRc in table of SPM results)
is considered statistically signif-
icant. The cluster size indicates
voxel numbers with a significant
difference in gray matter volume
between groups.

i L% R

Cluster size:

L 646

Max T value:
11,31

€ L *® R

Cluster size:
£ 622

Max T value:
10.98

templates with control were used for all 3D-T, WIs. Intensity
was modulated and smoothed with 8 mm full-width at half-
maximum Gaussian kernel.

Statistical analyses for group comparisons with VBM
The paired #-test was used for comparisons between the control
group and the other groups (i.e., control vs. type A, control vs.
type A + 1L, control vs. type A + 4L, control vs. type A + 4L",
control vs. type B, control vs. type B + 1L, control vs. type
B + 4L, and control vs. type B +4L") with VBM using SPM 12
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Type B T1WIs Type C vs. Type B

E R

Cluster size:
< 471

Max T value:
12.95
Type B+1L T1 WIs Type C vs. Type B+1L

‘\ y ,\

L R

Cluster size:
- 458

Max T value:
12.59

Type C vs. Type B+4L

- -
E R
Cluster size:
- 450
Max T value:
12.59

Fig. 2 The left column includes
type B T,WIs (slice levels are the
amygdala and mild white matter
lesions) in the first row, type B +
1L T,WIs in the second row, type
B + 4L T,WIs in the third row, and
type B + 4L" T,WIs in the fourth
row. Type B is indicated by cortical
atrophy images of left medial fron-
tal lobe. Red arrows show atrophy
lesions, whereas blue arrows show
mild white matter lesions. The fig-

software. In the group comparisons, a P-value <0.001 (uncor-
rected in voxel-wise difference, cluster size of > FDRc in table
of SPM results) was considered statistically significant.

Results

The right columns in Figs. 1 and 2 show the regions with
decreased gray matter volume in each type group when com-
pared with the finding in the control group in VBM, and a
summary is shown in Table 1. Increased gray matter volumes
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Type C vs. Type B+4L*

ures in the right column indicate
all regions in which the gray matter
volume is significantly lower in the
type B, type B + 1L, type B + 4L,
and type B + 4L" groups than in the
control group, using a gray scale.
A P-value <0.001 (uncorrected in
voxel-wise difference, cluster size
Ensrsise of >FDRc in table of SPM results)

279 is considered statistically signif-
icant. The cluster size indicates
voxel numbers with a significant
difference in gray matter volume
between groups.

Max T value:
12.41

in some results with VBM were observed at not only near
MWL but also the far regions.

The first row in Fig. 1 shows all the regions in which the
gray matter volume was significantly lower in the type A
group than in the control group. The MNI coordinates of the
local maxima were —27, —8, and —30 (uncorrected P < 0.0001,
T = 11.28, cluster size = 660). The second row in Fig. 1
shows all the regions in which the gray matter volume was
significantly lower in the type A + 1L group than in the con-
trol group. The MNI coordinates of the local maxima were
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Table 1 Summary of paired t-test results in voxel-based

morphometry

Clgster Max T-value M[.\“

size coordinates

Control vs. 660 11.28 —27,-8,-30
Type A
Control vs. 668 11.30 27, -8, 30
Type A + 1L ' o
Control vs.
Type A + 4L 646 11.31 -27,-8,-30
Control vs.
Type A + e 622 10.98 -27,-8, =30
Control vs. 471 12.95 ~6, 47,3
Type B
Control vs. 458 12.59 —6, 47,3
Type B + 1L ’ ’ !
Control vs.
Type B + 4L 450 12.59 -6, -47, 3
Control vs.
Type B + 4L° 279 12.41 —6, —47, 3

The cluster shows decreased gray matter volume in each type
group when compared with the finding in the control group.
The cluster size indicates voxel numbers with a significant
difference in gray matter volume between groups. The MNI
coordinates are the Montreal Neurological Institute coordinates
of local maxima. A P-value <0.001 (uncorrected in voxel-wise
difference, cluster size of >FDRc in table of SPM results) was
considered statistically significant.

—27,-8, and =30 (P <0.0001, 7= 11.30, cluster size = 668).

The third row in Fig. 1 shows all the regions in which the
gray matter volume was significantly lower in the type

Gray matter

White matter

A+ 4L group than in the control group. The MNI coordinates of
the local maxima were —27, =8, and —30 (P < 0.0001, 7 =
11.31, cluster size = 646). The fourth row in Fig. 1
shows all the regions in which the gray matter volume was
significantly lower in the type A + 4L" group than in the con-
trol group. The MNI coordinates of the local maxima were
—27,-8, and =30 (P < 0.0001, 7= 10.98, cluster size = 622).

The first row in Fig. 2 shows all the regions in which the
gray matter volume was significantly lower in the type B
group than in the control group. The MNI coordinates of the
local maxima were —6, —47, and 3 (P < 0.0001, 7= 12.95,
cluster size = 471). The second row in Fig. 2 shows all the
regions in which the gray matter volume was significantly
lower in the type B + 1L group than in the control group. The
MNI coordinates of the local maxima were —6, —47, and 3
(P <0.0001, T=12.59, cluster size = 458). The third row in
Fig. 2 shows all the regions in which the gray matter volume
was significantly lower in the type B + 4L group than in the
control group. The MNI coordinates of the local maxima
were —6, =47, and 3 (P < 0.0001, 7= 12.59, cluster size =
450). The fourth row in Fig. 2 shows all the regions in which
the gray matter volume was significantly lower in the type
B + 4L" group than in the control group. The MNI coordi-
nates of the local maxima were —6, —47, and 3 (P < 0.0001,
T = 12.41, cluster size = 279). Figure 3 shows an example
segmented images in a subject of type B +4L".

Discussion

The present study found that the detectability of brain
volume change in VBM with gray matter images was not
decreased by MWLs as lacunar infarctions.

Cerebrospinal fluid

Fig. 3 Segmented images in a subject of type B + 4L". Red arrows show cortical atrophy lesions, whereas blue arrows show mild white
matter lesions. The region as atrophy was segmented as cerebrospinal fluid and not as gray matter, and the regions as mild white matter

lesion were segmented as gray matter and not as white matter.

a4
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We attempted to examine only the influence of MWLs,
but group comparisons (between controls and subjects with
cortical atrophy) of clinical images involve other different
factors, such as brain shape, brain volume, and image arti-
facts, which can affect both groups. There, we created cor-
tical atrophy images that did not include other factors.
Especially, a motion artifact is one of the major causes of
misclassification. Motion artifacts result in signal intensity
changes in T, WIs. A region with decreased signal intensity in
white matter might be segmented as gray matter, whereas a
region with increased signal intensity in gray matter might be
segmented as white matter. Thus, the amount of misclassifi-
cation differs among motion artifacts in subjects.

With regard to control vs. type A and control vs. type B
comparisons, significantly decreased gray matter volumes
were detected near the 6 mm-ROI in type A and type B T, W1s.
The region inside the 6 mm-ROI was segmented as CSF and
not as gray matter, because the signal intensity inside the ROI
was the same as that of CSF. Therefore, type A and type B
T, WIs are an appropriate images as cortical atrophy model.

We created type A and type B 3D-T,WIs with a white
matter lesion (type A+ 1L and type B + 1L, respectively). The
VBM result for control vs. type A + 1L (cluster size: 668, max
T-value: 11.30) was extremely close to the result for control
vs. type A (cluster size: 660, max T-value: 11.28). Moreover,
the VBM result for control vs. type B + 1L (cluster size: 458,
max 7T-value: 12.59) was extremely close to the result for
control vs. type B (cluster size: 471, max 7-value: 12.95). The
cluster size ratio (cluster size with a white matter lesion/cluster
size without a white matter lesion) for type B + 1L and type B
images was lower than that for type A + 1L and type A images.
Additionally, the distance between atrophy and the white
matter lesion in type B + 1L images was shorter than that in
type A + 1L images. Almost all white matter lesions were seg-
mented to gray matter and not white matter. In gray matter
images of type B + 1L, the distance between atrophy and the
region of misclassification was extremely short. Therefore, we
consider that the degree of registration in spatial normalization
with DARTEL in SPM 12 software was influenced by the dis-
tance between atrophy and the white matter lesion.

We created 3D-T,WIs with three white matter lesions
added to type A + 1L and type B + 1L (type A + 4L and type
B + 4L, respectively). The differences between the groups with
one white matter lesion and the groups with four white matter
lesions were extremely small as follows: cluster size 668/646
and max 7-value 11.30/11.31 for control vs. type A + 1L/type
A + 4L, and cluster size 458/450 and max T-value 12.59/12.59
for control vs. type B + 1L/type B + 4L. These results indicate
that white matter lesions (grade 2 according to the Fazekas
classification) did not affect the results in VBM with gray
matter images. In our study, the 6 mm-ROIs were used to sim-
ulate MWL. We hypothesized that the effect on significant
cluster size in atrophy increases by using bigger ROI com-
pared with the 6 mm-ROI. Therefore, we used not only T, WI
with single MWL but also T, WI with 4L (four MWLs).
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In the final examination, we set four white matter lesions
near the left medial frontal lobe. The cluster size decreased to
279 for control vs. type B + 4L" when compared with 471
for control vs. type B. The cluster size for control vs. type B
+ 4L" was smaller than that for control vs. type A + 4L"
because the distance between atrophy and the four white
matter lesions was much shorter in type B + 4L" images than
in type A + 4L" images. Thus, if gray matter volume reduc-
tion in VBM exists far from a white matter lesion graded as
2 according to the Fazekas classification, the reduction might
reflect true volume change. However, we did not use images
of subjects with white matter lesions graded as 2 because
white matter lesions have various signal intensities. The pro-
file curve of signal intensity in analyzed T, W1ls is a key factor
in the segmentation process with SPM 12 software.'®!” In the
present study, segmented gray matter images included most
MWLs because the signal intensity of white matter lesions
was set to the signal intensity of gray matter.

In general, subjects with white matter hyperintensities
are excluded from VBM studies. Previous studies have used
the following various exclusion criteria: “focal brain lesions,
such as tumors and infarcts in MRI images”,?° “anatomical
abnormalities”,?! “visible white matter hyperintensities
(Fazekas grade 2 or higher)”,?> “more than three subcortical
white matter hyperintensities exceeding 10 mm in diameter
as examined on T,-weighted MRI”,* and “vascular lesions
visible in structural images”.>* MWLs are segmented to gray
matter or CSF. If the signal intensity of an MWL is near that
of gray matter, the MWL is segmented as gray matter. In
addition, the tissue probability of gray matter in MWL was
increased by decreased distance between an MWL and gray
matter. Information in segmented gray and white matter
images were used in spatial normalization. The effect of
misclassification in group comparison with VBM is increased
by using MWL with signal intensity of gray matter, com-
pared with MWL with signal intensity of CSF. Therefore, we
changed signal intensity inside MWL to that of gray matter,
not CSF. In our results, some MWLs were segmented to CSF,
not gray matter. In this case, some MWLs were placed near
the lateral ventricle compared with other MWLs. If the signal
intensity of MWL inside an ROI is changed to that of CSF,
most MWLs were segmented to CSF.

A major limitation of the present study is that we exam-
ined only the influence of MWLs. VBM involving clinical
images includes the influences of image distortion, signal
intensity uniformity, misregistration in the spatial normaliza-
tion process, modulation effect, brain tissue degeneration,
change in image contrast, and image artifacts.>!6-13:1925-27 The
second limitation is that our study was unable to define a clear
inclusion criteria for subjects with MWLs because serious
decrease of significant cluster size was found in the control vs.
type B + 4L", but not in the control vs. type A + 4L". In the
clinical setting, effect of MWLs may decrease compared with
our results because positions of MWLs may vary in individ-
vals. The detectability of brain atrophy with VBM may be
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further improved on including patients with MWLs because
the presence of a large number of subjects increases the power
of statistical analyses. Therefore, we think that group compari-
sons with VBM should be analyzed by groups including and
excluding subjects with MWLs, respectively.

Conclusion

Our study showed that the detectability of brain volume
change in VBM with gray matter images was not decreased by
MWLs as lacunar infarctions. Many previous studies involving
VBM excluded subjects with white matter lesions (grade >1
according to the Fazekas classification). We think that group
comparisons with VBM should be analyzed by groups
including and excluding subjects with MWLs, respectively.
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