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ABSTRACT
Alzheimer's disease (AD) is the most common form of dementia seen in the elderly. No curing medicine for AD exists at
this moment. In the search for an effective medicine, research is directed towards the prediction of conversion of mild
cognitive impairment (MCI) to AD. White matter hyperintensities (WMHs) have been shown to contain information
regarding the development of AD, although non-conclusive results are found in literature. These studies often use
qualitative measures to describe WMHs, which is time consuming and prone to variability. To investigate the relation
between WMHs and the development of AD, algorithms to automatically determine quantitative properties in terms of
volume and spatial distribution of WMHs are developed and compared between normal controls and MCI subjects.
MCI subjects have a significantly higher total volume of WMHs than normal controls. This difference persists when
lesions are classified according to their distance to the ventricular wall. Spatial distribution is also described by defining
different brain regions based on a common coordinate system. This reveals that MCI subjects have a larger WMH
volume in the upper part of the brain compared to normal controls.
In four subjects, the change of WMH properties over time is studied in detail. Although such a small dataset cannot be
used to give definitive conclusions, the data suggests that progression of WMHs in subjects with a low lesion load is
caused by an increase in the number of lesions and by the progression of juxtacortical lesions. In subjects with a larger
lesion load, progression is caused by expansion of pre-existing lesions.

Keywords: Alzheimer’s disease, mild cognitive impairment, white matter hyperintensities, computer aided diagnosis,
quantitative, automatic, MRI

1. INTRODUCTION

Alzheimer's disease (AD), the most common form of dementia, is a neurodegenerative disease often seen in the elderly.
Guidelines for diagnosing AD consider the disease progression as a continuum, ranging from healthy ageing to
preclinical AD, mild cognitive impairment (MCI) and finally dementia'. In the preclinical stage, neuropathological
changes begin to emerge without affecting cognition yet’. MCI is considered to be the transitional period between
normal cognitive function and dementia and can be subdivided into amnestic and non-amnestic MCI according to the
presence of memory impairment. Not all patients with MCI will ultimately convert to AD, although patients with
amnestic MCI have been found to be more likely to develop AD’. In the development of potential treatments and
preventive therapies, it is important to distinguish between patients with MCI who will convert to AD and those who will
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not. Therefore, research aims to develop diagnostic tools for patients with MCI and to distinguish MCI individuals that
will convert to AD from those that will not.

Both volume and spatial distribution of white matter hyperintensities (WMHs) are being investigated in relation to MCI
and AD. It has been shown that WMH volume increases rapidly in normal subjects developing MCI a decade later’. In a
study by De Groot et al.’, it is shown that severe periventricular lesions predict cognitive decline, whereas subcortical
lesions are not related to cognitive decline. A recent study suggests that both the extent and location of WMHs are
associated with the risk of MCl/dementia, with a high lesion load in the temporal region giving a significantly higher risk
of developing MCI or dementia®. However, there is controversy regarding the relation between WMHs and the risk of
developing MCI and AD, with several studies showing no relation between WMH volume and cognitive decline’™.

In this study, automated image analysis methods are developed in order to investigate the relation between WMHs and
the development of dementia in a large (n = 190) cross-sectional cohort, using automatically determined, quantitative
descriptors of WMHs in terms of volume and distribution. The same descriptors are used to investigate the progression
of WMHs over time in a small (n = 4) longitudinal cohort.

2. METHODS
2.1 Data

At the University Hospital of Essen, Germany, a large nested case-control study is conducted. The main objective of this
study is to investigate whether it is possible to predict which patients with MCI will convert to AD. At this moment, a
total of 395 patients have been included. The data used in this papr is a subset of the data acquired in the Heinz Nixdorf
Recall (HNR) study'®'". Participants with MCI are age, gender and education matched to cognitively normal subjects.
All MR images were acquired at the University Hospital of Essen, Germany on a 1.5 T Siemens Avanto system. All
participants were scanned with the same MR protocols. In this study, three-dimensional T1 images (TR =40 ms; TE =5
ms; voxel size = 1 mm3), three-dimensional T2 images (TR = 3200 ms; TE = 413 ms; voxel size = 1 mm3) and three-
dimensional Fluid Attenuated Inversion Recovery (FLAIR) images (TR = 6000 ms; TE = 308 ms; TI = 2200 ms; voxel
size = | mm”) are used. Participants have received an MRI scan at baseline as well as a follow-up scan after 2.4 years.

A subset of 190 subjects (105 normal controls (NC), 82 MCI subjects) who received a FLAIR scan is used for cross-
sectional analysis. Four subjects have received a FLAIR scan at baseline and at follow-up. Two subjects were diagnosed
with pre-MCI and two subjects were diagnosed with MCI at baseline. None of the participants were diagnosed
differently at follow up. These scans are used for longitudinal analysis. Subject demographics are shown in Table 1 and
Table 2 (p-values lower than 0.05 are considered significant).

Table 1: Subject demographics of cross-sectional analysis for normal controls and mild cognitive impairment subjects.

NC MCI p-value
No. of participants | 105 82 -
Females (%) 54.3 45.1 0.358"
Age (y) 7132 +6.00 (57— 82) | 72.33+6.28 (55— 83) | 0.191

xz-test
T Student’s t-test

Table 2: Subject demographics of longitudinal analysis.

ID | Gender | Age at baseline (y) | Age at follow up (y) | Diagnosis
1 Male 63 69 Pre-MCI
2 | Male 72 78 Pre-MCI
3 | Male 56 59 MCI

4 | Female | 79 85 MCI

2.2 Lesion segmentation

Before the FLAIR images can be used for segmentation, the raw images are preprocessed. Preprocessing involves brain
extraction and bias field correction. Since the segmentation method is fully intensity based, the skull and the brain stem,
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which have similar intensities as the WMHs, have to be removed. Brain extraction is performed with the Brain
Extraction Tool (BET)'"”. Subsequently, the images are bias field corrected using FMRIB’s Automated Segmentation
Tool (FAST)".

WMHs are segmented with the automatic segmentation algorithm of Lopes Simdes et al.'*". In short, the algorithm uses
a context-sensitive Gaussian Mixture model to approximate the FLAIR histogram. A threshold is applied to this
probability density map to segment the lesions. Finally, false positive segmentations due to FLAIR artefacts at the
boundary between CSF and grey matter are removed. The resulting segmented lesions are used to determine the total
volume and spatial distribution.

2.3 Volume

Total lesion volume is determined by summing over all segmented lesion voxels, multiplied by the voxel size. However,
there is not only a natural variation in brain volume, shrinkage of the brain is a key symptom of AD. Therefore, total
WMH volume is corrected for differences in brain volume by expressing it as percentage of total white matter volume. A
white matter mask is created using the multichannel segmentation option of FAST"®. Multichannel segmentation requires
the T1 and T2 scans to be registered in a common space. To avoid interpolation errors in one of the two channels
influencing the segmentation, both the T1 and the T2 scan are registered to the FLAIR image and masked with the
FLAIR brain extracted volume. Registration is performed with FMRIB’s Linear Image Registration Tool (FLIRT)'®"".
Multichannel segmentation generates three binary masks: a cerebrospinal fluid mask, a grey matter mask and a white
matter mask. The total white matter volume is obtained by summation over all voxels in the white matter mask and
multiplication with the voxel size.

2.4 Spatial distribution

Spatial distribution of WMHs is quantified in two ways. Lesions are classified according to their distance to the
ventricular wall and lesion volume in different parts of the brain is determined.

Distance to the ventricular wall

For the classification of WMHs in relation to their distance to the ventricular wall, the classification as proposed by Kim
et al." is used (Table 3). Juxtacortical lesions are not taken into account. The removal of false positives at the boundary
between the grey matter and CSF might remove erroneously some of the juxtacortical lesions. Comparison of lesions in
this subclass is therefore unreliable.

Table 3: Subclassification of WMHs as proposed by Kim et al.'®.

Location Etiology Pathology
Juxtaventricular | <3 mm from ventricular wall CSF leakage Nonischemic
Periventricular | 3 — 13 mm from ventricular wall Hypoperfusion Ischemic
Deep Between periventricular and juxtacortical | Small vessel disease | Ischemic
Juxtacortical <4 mm from corticomedullary junction | Small vessel disease | Ischemic

To calculate the distance from the lesion voxels to the ventricular wall, the lateral ventricles are segmented from the
image. The ventricles are extracted from the CSF mask created by the lesion segmentation algorithm. First, a region of
interest proportional to the size of the brain and containing the lateral ventricles is applied to the CSF mask. Second, the
mask is binary eroded to disconnect the lateral ventricles from other parts of the ventricular system. Finally, the
components representing the lateral ventricles are selected and dilated back to their original size. Figure 1 shows an
example of the result of the ventricle segmentation algorithm.

With the lateral ventricles segmented, the Euclidean distance of each WMH voxel to the ventricular wall is calculated.
The lesions are then classified as juxtaventricular (within 3 mm of the ventricular wall), periventricular (between 3 and
13 mm of the ventricular wall) or deep (more than 13 mm of the ventricular wall). Lesion volume per class is obtained by
summing all voxels in that particular class and multiplication with the voxel dimensions.
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(a) (b) (c)
Figure 1: Example of ventricle segmentation in a brain with WMHs: (a) axial view, (b) sagittal view, (c) coronal view.
The segmented ventricles are shown in red.

Lesions in different brain regions

To compare WMH location, lesion locations are expressed in an ideal head coordinate system. This ideal head coordinate
system is defined with the origin in the centre of the brain with positive X0, YO and Z0 axes pointing in the right,
anterior and superior directions, respectively. However, scans are oriented in a working coordinate system XYZ, in
which X and Y are oriented with the rows and columns of each axial slice and Z is the actual axis of the scan. The
working coordinate system is rotated over three angles (pitch angle o, roll angle ¢ and yaw angle ) with respect to the
ideal coordinate system. These three angles are different for all scans and are dependent on the position of the patient in
the scanner. By defining the yaw, roll and pitch angles, the location of each WMH can be expressed in the ideal
coordinate system and compared between subjects.

The human brain is approximately bilateral symmetrical, as can be seen in axial and coronal slices. When the brain is
aligned with the ideal coordinate system, the mid-sagittal (symmetry) plane is the Y0Z0-plane. However, the head is
often tilted, resulting in non-zero yaw and roll angles. As a consequence, it is non-trivial to capture the mid-sagittal plane
from a given set of axial or coronal slices. The method of Liu et al."” is used to extract the mid-sagittal plane and to
obtain the roll and yaw angle.

The Talairach space is often used as a reference coordinate system. In this space, the intercommissural basal brain line is
defined as the line passing through the superior edge of the anterior commisure (AC) and the inferior edge of the
posterior commissure (PC)®. This line is used to determine the pitch angle. However, determination of this line without
registration to an atlas is not possible. The corpus callosum, which is relatively easy to identify, has also been proposed
as a reference system® and will be used in our method. The pitch angle is estimated by the orientation of the corpus
callosum. This orientation is defined as the angle between the Y -axis and the major axis of the ellipse that has the same
second-moments as the segmented corpus callosum. A schematic example is shown in Figure 2a.

Minor axis

Major axis

Y-axis

10 20 30 40 50 6

(a) (b)

Figure 2: Determination of the pitch angle. (a) Schematic of an ellipse with same second order moment as the corpus callosum.
The pitch angle o is defined as the angle between the Y -axis and the major axis of the ellipse. (b) The intensity profile along
three rows (indicated with a white line) in the region of interest is taken to determine the local intensity of the corpus callosum.
Going from left to right, the last local minimum lower than 0.3 is considered to be situated in the corpus callosum.
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The corpus callosum is segmented on the sagittal slice embedding the centre of mass of the brain in the registered T2
scans. In a rectangular region of interest, histogram equalisation is used to enhance contrast, after which the image is
thresholded. The intensity threshold t.. is found by examining intensity peaks along the central row of pixels, as well as
along the rows at 1/4™ and 3/4™ of the number of rows in the region of interest. The last local minimum along this line
lower than 0.3, is assumed to be situated in the corpus callosum. For each line, the intensity at this local minimum is
found, giving an indication of the intensity of the corpus callosum (Figure 2b). To accommodate for variations in
intensity, 0.1 is added to each local minimum. The mean intensity threshold t.. is defined as the mean of the three local
thresholds. After removal of the background, the resulting largest component is eroded to remove spurious pixels. If the
segmentation does not fulfil the segmentation criteria (e.g. corpus callosum is separated into two parts by the erosion),
the segmentation procedure is repeated on a slice above and below the starting slice. If the criteria are still not fulfilled,
the segmentation is repeated with a higher intensity threshold t,..

With pitch, yaw and roll angles determined, the location of each WMH in the working coordinate system is transformed

to a location in the ideal coordinate system. Based on the signs of the coordinates in the ideal coordinate system, the
brain is divided into eight octants (Figure 3). Per octant, the total volume of WMHs is determined.

Figure 3: To compare WMH location, lesion locations are expressed in an ideal coordinate system.
This ideal coordinate system is divided into eight octants. Adapted from *'.

2.5 Cross-sectional analysis

Group differences are evaluated with Student’s t-test when a normal distribution is assumed. A y’-test is used to evaluate
group differences on a binomial scale. The Mann-Whitney-U test is used to test whether the two groups differ when data
is not normal distributed. Correlation is evaluated with Spearman’s correlation coefficient. Effects are considered
statistically significant when p < 0.05.

2.6 Longitudinal analysis

Registration

In order to study the progression of WMHs, baseline and follow up scans of each subject are registered into a common
space using FLIRT'®". A rigid registration is performed with multiple resolution steps minimising the normalised cross-
correlation between baseline and moving image. The transformation 7),(xX) is obtained by using the baseline scan as the
reference image and the follow up scan as the moving image. Here, we define the common registration space as the
average position of the baseline and follow up scan. Consequently, both scans are comparably deformed and interpolated
when registered, thus avoiding errors based on registration of just one volume. Transformation matrices for the
transformation of the baseline and follow up image volumes in the common space are then computed as (I + 7, —1)/2
and (I + T,)/2, respectively, with I the identity matrix. When registering the baseline and follow up scans together, the
WMHs should not influence the registration. Especially newly formed WMHs in the follow up scan might affect the
registration. Therefore, both a baseline and follow up weighting volume is created. This weighting volume allows the
cost function to have a different weighting at each voxel. By setting the weighting to zero at the WMHs, these voxels are
not taken into account during the registration.
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Properties of WMHs

In longitudinal analysis, the change of WMH properties is of interest. Any deviations from the previously described
methods will be delineated here. The white matter volume mask used in the calculation of the total volume of WMHs,
created from the T1 and T2 scan, has to be in the same common space as the FLAIR scan. Therefore, the transformation
matrix to register to the original FLAIR scan is concatenated with the transformation matrix for registering the FLAIR
scan to the common space. In this way, both the T1 and T2 scan are registered into the same common space as the
FLAIR scan, so that the white matter mask lines up. Spatial distribution of the lesions is determined without any
deviations.

Besides these properties, WMHs are tracked in baseline and follow up images, classifying them as matched, lost or new.
Therefore, WMHs detected in baseline and follow up images are compared one-by-one. A lesion is classified as matched
if a lesion detected at baseline is found within 3 mm from a lesion detected at follow up. This 3 mm encompasses
possible small mistakes in registration and lesion segmentation. New lesions are WMHs only appearing in the follow up
volume, lost WMHs are lesions only found at baseline.

Since only a small dataset is available (n = 4), no statistical tests are performed. Instead, the change of the various
properties over time per subject is presented. This gives an indication of the possible changes that could be seen when a
larger cohort is studied.

3. RESULTS

3.1 Cross-sectional analysis

Volume

As stated in Table 4, patients with MCI had a significantly higher volume of WMHs than normal controls. This
difference was still significant when the WMH volume was corrected for white matter volume. Age was significantly
correlated with total WMH volume (r = 0.47, p < 0.001) and total WMH volume corrected for white matter volume (r =
0.48, p <0.001). White matter volume was not correlated with WMH volume (r = —0.06, p = 0.379).

Table 4: WMH volume in NC and MCI subjects.

NC MCI p-value”
WMH volume (cm’) 2.74(0-59.51) | 4.95(0.11 — 167.08) | 0.013
WMH volume (% WM volume) | 0.46 (0—9.73) | 0.90 (0 —29.28) 0.017

" Mann-Whitney-U test
Values indicated in parentheses indicate range

Spatial distribution
Lesions are classified according to their distance to the ventricular wall into juxtacortical, periventricular and deep
WMHs (Figure 4). Table 5 shows the median WMH volume corrected for white matter volume per class for normal
controls and MCI subjects. The difference in volume is statistically significant for the juxtacortical lesions, as well as for
the periventricular and deep WMHs. All lesion classes show a correlation with age, as well as a strong correlation with
total WMH volume.

Table 5: Juxtacorctical WMH volume, periventricular WMH volume and deep WMH volume in NC and MCI subjects.

NC MCI p-value’
Juxtacortical (%WM volume) 0.18(0—-2.28) | 0.42(0—3.46) | 0.004
Periventricular (% WM volume) | 0.15(0—-4.07) | 0.33 (0—16.84) | 0.015
Deep (% WM volume) 0.08 (0—-5.45) | 0.12(0—10.83) | 0.040

" Mann-Whitney-U test

Values indicated in parentheses indicate range

Proc. of SPIE Vol. 9785 97852D-6



(@) (b) (c)
Figure 4: WMHs are classified according to their distance to the ventricular wall. Juxtaventricular WMHs are indicated in red,
periventricular WMHs in green and deep WMHs in blue.

Table 6 shows the voxel-wise WMH volume, corrected for white matter volume, per octant for the NC and MCI group.
The WMH volume per octant is corrected for different brain sizes by expressing it as percentage of white matter volume
in the same octant. For octant I, II, III, and IV, the voxel-wise volume of WMHs is significantly larger in the MCI group
then in the normal controls. There is no difference in voxel-wise WMH volume in octants V, VI, VII and VIII. WMH
volume per octant is not correlated with corrected total WMH volume. Only Age is correlated with lesion volume in
octant VL.

Table 6: Voxel-wise volume of lesions [% WM volume] per octant.

NC MCI p-value®
Octant [ 0.52 (0—18.41) | 1.49 (0—40.99) | 0.005
Octant II 0.57(0-37.38) | 1.22 (0—37.78) | 0.006
Octant I | 0.37 (0—15.67) | 0.62 (0—41.62) | 0.035
Octant IV | 0.34 (0—14.58) | 0.58 (0 —54.90) | 0.018
Octant V 0.06 (0—12.74) | 0.12 (0 —38.58) | 0.076
Octant VI | 0.09 (0—15.65) | 0.11 (0—47.92) | 0.145
Octant VII | 0.43 (0—11.79) | 0.69 (0 —53.79) | 0.080
Octant VIII | 0.47 (0 —24.69) | 0.68 (0 —55.63) | 0.065

" Mann-Whitney-U test
Values indicated in parentheses indicate range

3.2 Longitudinal analysis

Volume

Table 7a shows the total WMH volume at baseline and follow up, the matched WMH volume at baseline and follow up
and the lost and newly found WMH volume for each subject. The annual change of WMH volume for all four subjects is
shown in Table 7b. Although in subjects 3 and 4 a larger volume of WMHs is lost during follow up than is newly found,
the total WMH volume increases over time. In subject 1, the total WMH volume also increased, but more new lesions
were found at follow up than lost at baseline. When only the matched volume is taken into account, this increase in
WMH volume was present in all subjects. For subject 3, the total annual change is negative due to the large volume of
lost WMHs. However, the matched WMHs have increased in volume, indicating progression of WMHs. Lost and new
WMHs are on average of smaller size (0.029 and 0.014 cm’, respectively) than matched WMHs at baseline (2.85 cm’)
and follow up (0.84 cm’).
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Table 7: (a) WMH volume [% WM volume] for each subject. Lost lesions are lesions only found at baseline and
are therefore expressed as % WM volume at baseline. New lesions are only found at follow up and are
expressed as % WM volume at follow up.

(b) Annual change of WMH volume [cm® per year] for each subject.

(a) (b
ID Total Matched Lost New ID | Total | Matched
Baseline | Follow Up | Baseline | Follow Up | Baseline | Follow Up
1 10.05 0.11 0.03 0.08 0.01 0.03 1 10.07 |0.06
2 | 119 1.58 0.96 1.54 0.22 0.05 2 1051 [0.70
3 1029 0.27 0.16 0.26 0.13 0.00 3 1-0.03 ]0.22
4 |28.27 32.64 23.34 3243 4.93 0.21 4 1132 |573

Spatial distribution is described by classifying lesions according to their distance to the ventricular wall. Lost WMHs and
newly found WMHs seem to be evenly distributed over the three categories (results not shown). Annual change of WMH
volume for each subclass is shown in Table 8. In subjects 1 and 3, both with a low total lesion load, the progression of
WMHs predominantly derives from the juxtacortical lesions. In subjects 2 and 4, both with a higher total lesion load, the
progression is predominantly based on the periventricular lesions. In subjects 3 and 4, the annual change of deep WMHs
is negative.

Table 8: Annual change of WMH volume [cm® per year] for each subject, subclassified as juxtacortical, periventricular

and deep WMHs.
ID | WMH Juxtacortical | Periventricular | Deep
1 | Al 0.04 0.03 0.01
Matched | 0.02 0.02 0.02
2 | Al 0.14 0.25 0.12
Matched | 0.20 0.31 0.19
3 | Al 0.12 0.04 -0.18
Matched | 0.18 0.01 -0.1
4 | All 0.53 1.98 -1.19
Matched | 2.63 3.31 -0.21

Table 9 shows the voxel-wise change in WMH volume per octant. Although all subjects show a different pattern of
WMH progression, there are some similarities. For all subjects, WMH volume change was larger in octants I and IV than
in octants II and III. Also, the change in volume is larger in the upper part of the brain (octants I-IV) than in the lower
part of the brain (octants V-VIII). The change in volume based on the centre of mass of the lesions is not determined,
since this does not represent progression in different brain parts accurately.

Table 9: Annual change of voxel-wise WMH volume [% WM volume per year] for each subject per octant.

ID | WMH I II 1T v |V VI Vil VIII

1 | Al 00110 -0.001 | 0.02 | 0.01 | 0.03 0.001 | O
Matched | 0 0 0 00110 0.03 0.005 | O

2 | Al 0.42 | 0.04 | 0.007 | 0.09 | -0.03 | 0.08 0.02 | 0.02
Matched | 0.58 | 0.03 | 0.004 | 0.13 | 0.04 | 0.08 0.02 | 0.007

3 Al 0.06 | 0.006 | -0.007 | 0.06 | -0.06 | -0.005 | -0.01 | -0.12
Matched | 0.08 | 0.01 | 0.03 0.10 0 0.005 | 0.008 | 0

4 | Al 1.98 1 0.60 | -048 | 1.26 | -0.08 | 0.24 0.88 | 0.02
Matched | 2.56 | 1.56 | 0.56 1.87 1 0.64 | 131 1.86 | 0.83

4. DISCUSSION

WMHs have been automatically quantified in two different ways. Total volume and spatial distribution are determined
and compared between normal controls and MCI subjects.
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MCI subjects have a significantly higher juxtacortical, periventricular and deep WMH volume than normal controls.
However, these classified volumes are all strongly correlated to the total WMH volume. The same effect was found by
DeCarli et al.”, who suggest that categorical distinctions between periventricular and deep WMHs are arbitrary.
Conclusions between causal factors or cognition and subclassified lesion volume might more accurately reflect their
relation to total WMH volume than a relation to the subclassified WMH volume.

To compare WMH locations between subjects, an ideal coordinate system is defined in the brain. The yaw, roll and pitch
angles are determined to compensate for tilting of the head. The calculation of the roll and yaw angle is based on the
bilateral symmetry of the brain. Although Liu et al.'® show that their method is insensitive to pathologies in the brain, it
has also been suggested that AD affects the symmetry of the brain®2. This method of determining yaw and roll angle
might therefore be less accurate for brains affected by AD. However, in this research only normal controls and MCI
subjects are studied.

The orientation of the corpus callosum is used in the determination of the pitch angle. The corpus callosum, however, has
a relatively inconstant relationship to the central grey matter nuclei’’. Usage of the corpus callosum to define the pitch
angle might therefore have led to variances in the orientation of the ideal coordinate system and consequently to
differences in the results.

All significant differences in spatial distribution are situated in the upper half of the brain (octants I-IV). This is in
agreement with the literature™**, where a predilection for deep periventricular regions, specifically around the frontal
and posterior ventricular horns, was found. These regions are situated in the octants I-I'V in our ideal coordinate system.
However, each octant contains multiple white matter tracts, making it impossible to examine the relationship between the
results and the neuroanatomy.

Change of WMH properties in four subjects is determined with the same methods as in the cross-sectional analysis.
Although only a small dataset is used, which limits the possibility to draw firm conclusions, the results give an indication
of the possible changes. Furthermore, they provide insight into the usefulness of the properties in assessing WMH
progression. The results give only an indication of the natural WMH progression due to ageing, since none of the four
subjects cognitive ability declined.

The percentage of lost WMH volume is high in subject 3 (72.4%), leading to a decrease in total WMH volume. This
could, however, be caused by errors in the segmentation procedure. As is shown by Lopes Simdes et al.'*'®, the WMH
segmentation algorithm has a low accuracy (DSC = 0.51) when the lesion load is below 10 cm® Therefore, small lesions
segmented in the baseline volume might be missed in the follow up volume.

According to the current literature'®, WMHs originate from the juxtaventricular region and progressively spread out into
the white matter. The four analysed datasets support this hypothesis. Subjects 1 and 3, with a low lesion load, show the
largest progression in the juxtacortical region, while subjects 2 and 4 show the largest progression in the periventricular
region. Subjects 3 and 4 show a decrease in WMH volume in the deep white matter. This might be due to the fact that
more lesions are lost than newly found, although this is also the case in subjects 1 and 2.

Progression of WMH volume is more profound in the upper part than in the lower part of the brain. Also, more
progression is seen in the frontal part of the brain. This is partly caused by the fact that the total volume of WMHs in the
frontal part was larger than in the occipital part. This difference remained when the rate of change was corrected for
WMH volume in each octant. This suggests that WMHs in the frontal part of the brain grow more rapidly than WMHs in
the occipital part of the brain.

The presented cases show that progression of WMHs occurs even without cognitive changes. This might limit the
predictive value of WMHs for cognitive decline, however, more research on a larger cohort is necessary to confirm this.
In further research, focus should lie on the change in volume in relation to the spatial location. This can indicate whether
progression of WMHs is involved in the development of AD and which brain areas are influenced by WMHs.

5. CONCLUSION

From the cross-sectional analysis, it can be concluded that MCI subjects have a significantly higher total volume of
WMHs than normal controls. When looking at spatial distribution, MCI subjects have a higher volume of WMHs in the
juxtacortical region, as well as in the periventricular and deep white matter. MCI subjects also have a larger WMH
volume in the upper half of the brain than normal controls.

Longitudinal analysis suggests that progression of WMHs in subjects with a low lesion load predominantly originates
from the juxtacortical lesions, while in subjects with a higher lesion load, progression is caused by periventricular
lesions. The four in detail analysed datasets indicated that progression of WMHs is caused by expansion and emergence
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of lesions in subjects with a low lesion load, while only grow of pre-existing lesions is responsible for progression in
subjects with a high lesion load. Secondly, spatial distribution is evaluated by dividing the brain into eight octants. This
suggests that WMHs progress more rapidly in the frontal and upper part of the brain.
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