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Abstract

White matter lesions are highly prevalent in individuals with Alzheimer’s disease (AD). Although
these lesions are presumed to be of vascular origin and linked to small vessel disease in older
adults, little information exists about their relationship to markers of classical AD
neurodegeneration. Thus, we examined the link between these white matter changes (WMC)
segmented on T1-weighted MRI and imaging markers presumed to be altered due to primary AD
neurodegenerative processes. Tissue microstructure of WMC was quantified using diffusion tensor
imaging and the relationship of WMC properties and volume to neuroimaging markers was
examined in 219 cognitively healthy older adults and individuals with mild cognitive impairment
and AD using data from the Alzheimer’s Disease Neuroimaging Initiative. No significant group
differences in WMC properties were found. However, there were strong associations between
diffusivity of WMC and ventricular volume, volume of WMC and total WM volume. In
comparison, group differences in parahippocampal white matter microstructure were found for all
diffusion metrics and were largely explained by hippocampal volume. Factor analysis on
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neuroimaging markers suggested two independent sets of covarying degenerative changes, with
potentially age- and vascular-mediated tissue damage contributing to one factor and classical
neurodegenerative changes associated with AD contributing to a second factor. These data
demonstrate two potentially distinct classes of degenerative change in AD, with one factor
strongly linked to aging, ventricular expansion, and both volume and tissue properties of white
matter lesions, while the other factor related to classical patterns of cortical and hippocampal
neurodegeneration in AD.
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Alzheimer’s disease; cerebral ventricles; diffusion tensor imaging; hippocampus; leukoaraiosis;
mild cognitive impairment; white matter

INTRODUCTION

Magnetic resonance imaging (MRI) measures of hippocampal volume and cortical thickness
have been shown to predict incident Alzheimer’s disease (AD) [1-5] and to correlate with
classical histopathological measures of AD [6, 7]. Less widely recognized is that total
volume of white matter (WM) lesions also increases with [8-10] and is predictive of [11-14]
mild cognitive impairment (MCI) and AD, though not in every study [5, 15]. These lesions,
also called leukoaraiosis, are typically identified /n vivoas WM signal hyperintensities of
presumed vascular origin on neuroimaging [16] due to their appearance on To-weighted and
fluid-attenuated inversion recovery (FLAIR) MRI. They can also be observed as moderately
hypointense regions in WM on T1-weighted MRI (however not well distinguished from
infarcted tissue). Epidemiological studies demonstrate that these WM lesions are associated
with small vessel disease [17, 18], hypertension [9, 19-23], and other vascular risk factors
[9, 22-24, 24] in non-demented individuals. MRI and SPECT studies confirm their lower
perfusion compared to normal-appearing WM [27-31]. While lesion volume is known to be
increased in AD [8-10, 13, 32], limited evidence exists to demonstrate that the WM lesions
present in AD are similar in nature to those observed in non-demented older individuals [9,
33, 34]. Relatively few pathological studies have been conducted, most of them showing
increased demyelination and axonal loss, and more severe gliosis and denudation of the
ventricular ependyma in the lesions of AD compared to the lesions of non-demented
controls [8, 35, 36]. Additionally, little is known about how this typically vascular-associated
tissue damage relates to more classical imaging markers of AD pathology [37-39], such as
cortical thickness and hippocampal volume, which could provide important information
about how this tissue damage fits with the classical and diagnostic pathophysiologic
properties of the disease.

We segmented WM lesions automatically with the FreeSurfer analysis stream using T1-
weighted images. While this segmentation was chosen for its automation and convenience,
we note that this procedure does not differentiate white matter changes (WMC) typically
measured as ‘hyperintensities’ from lacunar infarcts, though infarcts are much less prevalent
and contribute a much smaller volume [19, 20]. We refer to the WM segmentation studied
here as WMC, which may be measuring similar underlying pathology as those from
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standard T,-weighted and FLAIR methods based on highly correlated volumetric results as
detailed in the methods. We examined volume and tissue properties of WMC in a sample of
controls, MCI, and AD to better understand how these markers relate to common
degenerative processes in AD. Results were compared to other types of WM damage
including changes in the normal-appearing white matter (NAWM) globally and in the
parahippocampal WM which exhibited microstructural changes in prior work in AD [38].
The parahippocampal WM was considered a ‘pathology control’ to determine whether the
effects within the lesions were truly unique and distinct from a more classical AD effect
potentially secondary to cortical degeneration.

MATERIALS AND METHODS

Participants and MRI acquisition

A large publicly-available dataset from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI, http://adni.loni.usc.edu) included 74 controls, 97 participants with MCI, and 48
participants with AD who underwent whole-brain MRI scanning at one or multiple visits on
a 3-Tesla GE Medical Systems scanner and had sagittal T1-weighted 3D spoiled gradient
echo images and diffusion-weighted images (b = 1000 s/mm?, 41 directions) available at the
time of download. These datasets were acquired using previously described ADNI Core
MRI and DTI protocols [41]. Four participants (one control, one with MCI, and two with
AD) were excluded because of extensive WM damage or ventricular enlargement which led
to unreliable automated results using the methods described below. Group designation of
control, MCI, and probable AD was determined by ADNI based on the criteria of the
National Institute of Neurological and Communicative Diseases and Stroke-Alzheimer’s
Disease and Related Disorders Association [42]. Participants enrolled as normal or with
significant memory concern and with a Clinical Dementia Rating [43] of 0 were grouped
together into the control group, and participants enrolled as early and late MCI were
combined into one MCI group (see ADNI 2 Procedures Manual on http://www.adni-info.org
for more information). Clinical profiles and diagnostic information were obtained from the
assessment closest in time to the MRI acquisition. A subgroup of individuals with a volume
of WMC greater than 1% of total WM volume was also examined to assure that results were
not skewed by individuals with small volumes of WMC. Demographics both for this
subgroup and for the entire group are provided in Table 1. Written informed consent was
obtained from all participants or their representatives through ADNI. The study procedures
were approved by institutional review boards of all participating institutions.

Diffusion data processing

The diffusion dataset was corrected for 3D head motion and eddy current distortion using
FSL (http://www.fmrib.ox.ac.uk/fsl), and translation and rotation motion estimates were
obtained from the registration matrices [44]. For individuals with multiple available datasets,
we picked the one with the least average translation motion. The diffusion tensor imaging
(DTI) model was fit to the diffusion dataset and mean, axial, and radial diffusivity (MD, DA,
and DR, respectively) as well as fractional anisotropy (FA) were obtained using FSL.
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Automated subcortical and WMC segmentation

Automated subcortical and WM segmentation as well as cortical surface reconstruction were
obtained from the T-weighted images using FreeSurfer (http://surfer.nmr.mgh.harvard.edu)
[45, 46]. Segmentations of the entorhinal and parahippocampal WM were combined into a
single segmentation that we referred to here as parahippocampal WM. The automated
segmentation also included a WMC segmentation that is conservative relative to T,-
weighted and FLAIR MRI and segmented only the most obvious WMC identifiable on T1-
weighted images. FreeSurfer mri_relabel_hypointensities was used to refine the WMC
segmentation using the surface reconstruction. We found a correlation coefficient of 0.96 (n
= 112) between the volume of WMC obtained with FreeSurfer and the WM hyperintensity
volume obtained with FLAIR MRI and tissue priors using publicly-available values from
ADNI. However, the WM hyperintensity volume obtained with FLAIR MRI was on average
1.14 times greater than the volume obtained with FreeSurfer, which was more conservative.
Examples of T1-weighted hypointensities and their WMC segmentation in controls and
individuals with MCI and AD are provided in Supplementary Figure 1. Total WM volume,
parahippocampal WM volume, ventricular volume (lateral ventricles), and hippocampal
volume were normalized as a volume percentage of estimated total intracranial volume in
each individual. The natural logarithm of the volume of WMC divided by total WM volume
was used for all statistical analyses to obtain a more normalized distribution of this typically
skewed measure. Additionally, FreeSurfer was used to extract measures of cortical thickness
from cortical surface labels representing the regions that undergo thinning in early AD,
previously described as the cortical signature of AD given the reliability of this effect across
samples [1, 2, 47]. The average cortical thickness weighted by the surface area of each label
has been used as a specific measure of cortical atrophy in AD and will be referred to here as
the AD signature cortical thickness or simply as cortical thickness. This cortical signature
did not include the hippocampus as this structure has unique anatomy compared to the
regions of the cortical mantle modeled here as a two-dimensional sheet for the measurement
of cortical thickness. Additionally, the hippocampus is a unique structure known to be
vulnerable to both AD and vascular pathology [48, 49] and therefore may have unique
properties compared to cortical structures included in the AD signature calculation (which
includes neocortex as well as other types of cortex).

Registration procedures and normative data calculation

The diffusion-weighted images were registered to the anatomical series using FreeSurfer
boundary-based registration [50]. Average DTI metrics within the WMC segmentations were
obtained for each individual in diffusion native space. A segmentation of the NAWM was
created from the subtraction of the WMC segmentation from the total WM segmentation in
native diffusion space. Furthermore, a WM skeleton mask was created using FSL Tract-
Based Spatial Statistics [51] and was used to reduce partial volume effects when calculating
average DTI values coming from both NAWM and parahippocampal WM in native diffusion
space, as described in previous work [52]. Each individual’s anatomical series was registered
to the MNI152 common space using FSL FLIRT and FNIRT to allow comparison of the
anatomical segmentations and extract group maps of the WMC prevalence in each voxel.
Diffusion maps were warped to this common space using FSL to create normative diffusion
maps by averaging maps from all subjects with a volume of WMC less than 1% of total WM
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volume. These normative averages were then warped back to the native diffusion space of
every subject. This procedure was performed to determine the difference between diffusion
metrics inside WMC and normative diffusion metrics in the same regions for each
individual, and therefore account for the varying inter-individual location of WMC in our
analyses.

Statistical analyses

Alzheimer’s

Statistical analyses were performed using JMP 10 statistical software (SAS Institute Inc.,
Cary, NC, USA). Post-hoc Tukey HSD tests were performed to assess for any significant
differences between groups for the volume and DTI metrics of each structure, using age,
gender, education [53], and motion measures (average translation and average rotation [44])
as covariates. Individuals with a volume of WMC less than 1% of total WM volume were
excluded from statistical analyses of DTI metrics in WMC since they generally had few
WMC voxels which were close to the ventricles and for which ROI averages of diffusion
metrics were more similar to the ventricles, likely due to partial-volume effects. Strong
correlations were observed between the AD signature cortical thickness, hippocampal,
ventricular and total WM volumes and the volume of WMC (all significant pairwise, see
Supplementary Figure 2). Therefore, general linear models including group, age, gender,
education, motion measures, and these five measures were used to understand which
individual measures explained the variance in diffusion metrics independently of all other
variables. In addition, to account for the fact that variance in diffusion metrics might be
explained by a phenomenon that is not unique to any individual measure, factor analysis
(with VARIMAX) was performed to obtain the primary factors representing the different
sources of covariation within these five measures. These significant factors were then used
with the same covariates in general linear models to understand their associations with the
diffusion metrics. Group by marker/factor interactions were not included as they were not
significant when added to the models. All results were corrected for multiple comparisons
with Bonferroni (3 WM regions/comparisons for group differences in volume and 3 WM
regions x 4 diffusion metrics = 12 primary comparisons for all results involving DTI) and
estimated parameters were provided in the models in addition to p-values to ease
interpretation. The same models including the number of APOE &4 alleles as an additional
variable are presented as Supplementary Tables 1 and 2 in individuals with this information.

Disease Neuroimaging Initiative

Data used in the preparation of this article were obtained from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) database (http://adni.loni.usc.edu). The ADNI was
launched in 2003 by the National Institute on Aging (NIA), the National Institute of
Biomedical Imaging and Bioengineering (NIBIB), the Food and Drug Administration
(FDA), private pharmaceutical companies and non-profit organizations, as a $60 million, 5-
year public-private partnership. The primary goal of ADNI has been to test whether serial
MR, positron emission tomography (PET), other biological markers, and clinical and
neuropsychological assessment can be combined to measure the progression of MCI and
early AD. Determination of sensitive and specific markers of very early AD progression is
intended to aid researchers and clinicians to develop new treatments and monitor their
effectiveness, as well as lessen the time and cost of clinical trials.
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The Principal Investigator of this initiative is Michael W. Weiner, MD, VA Medical Center
and University of California — San Francisco. ADNI is the result of efforts of many
coinvestigators from a broad range of academic institutions and private corporations, and
subjects have been recruited from over 50 sites across the U.S. and Canada. The initial goal
of ADNI was to recruit 800 subjects but ADNI has been followed by ADNI-GO and
ADNI-2. To date these three protocols have recruited over 1500 adults, ages 55 to 90, to
participate in the research, consisting of cognitively normal older individuals, people with
early or late MCI, and people with early AD. The follow up duration of each group is
specified in the protocols for ADNI-1, ADNI-2 and ADNI-GO. Subjects originally recruited
for ADNI-1 and ADNI-GO had the option to be followed in ADNI-2. For up-to-date
information, see http://www.adni-info.org.

Group differences in prevalence and tissue properties of WMC

Qualitative examination suggested that the spatial distribution of WMC was similar across
groups as previously described [10] (Fig. 1A). The subtractions between groups shown in
Fig. 1B suggested greater prevalence of WMC in posterior areas for MCI compared to
controls and greater prevalence of WMC in anterior areas for AD compared to MCI.
However, voxel-wise differences in prevalence were only significant between AD and
controls (corrected p < 0.05 using FSL randomize with threshold-free cluster enhancement,
not shown).

Group differences in volume of WMC were significant between AD and controls (corrected
p<0.01) as shown in Fig. 2A. No significant group differences were observed for diffusion
metrics within WMC. Normalization of diffusion measures to account for the differential
location of the lesions across individuals reduced the standard error of group averages but
group differences were still not significant. This is contrasted by several significant group
differences in volume and diffusion properties for the parahippocampal WM as shown in
Fig. 2B and a few significant group differences in total WM volume and NAWM diffusion
properties as shown in Fig. 2C.

Associations between tissue properties of WMC and neuroimaging markers of AD

In Model 1, we tested whether diffusion metrics of WMC were associated with
neuroimaging markers to determine if they would be uniquely related to hippocampal
volume and cortical thickness. We found significant associations between increased
diffusivity of WMC and increased ventricular volume (MD, DA, DR: corrected p < 0.001),
decreased volume of WMC (MD, DR: corrected p < 0.05; DA: corrected p< 0.01) and
decreased total WM volume (DR: corrected p < 0.05), independently of each other (see
Table 2 for details). No associations were significant between diffusion metrics of WMC and
hippocampal volume or cortical thickness, with the exception of increased FA of WMC
being associated with decreased cortical thickness (corrected p < 0.05).

In Model 2, we tested in comparison whether parahippocampal WM diffusion metrics were
associated with neuroimaging markers to determine if they would be primarily related to
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hippocampal volume and cortical thickness. Increased diffusivity of parahippocampal WM
was associated with hippocampal volume (MD, DR: corrected p < 0.01; DA: corrected p <
0.05) (see Table 2 for details). We additionally found an association between total WM
volume and FA of the parahippocampal WM (corrected p < 0.05).

In Model 3, we tested whether NAWM diffusion metrics were associated with neuroimaging
markers to confirm if they would be most associated with the volume of WMC as shown in
prior work examining cognitively healthy older adults [54], but also possibly minimally
associated with hippocampal volume and cortical thickness. As expected, we found
significant associations between greater volume of WMC and both greater NAWM
diffusivity and lower NAWM FA (MD, DR, FA: corrected p < 0.001). However, we also
found additional, independent associations between lower total WM volume and both
greater DR (corrected p < 0.05) and lower FA (corrected p < 0.01) and no associations
involving either hippocampal volume or cortical thickness (see Table 2 for details).

Of note, group determination was not found to be significant in any model. There were no
significant group by imaging marker interactions when they were included in any of the
models.

Classes of degenerative change and associations with tissue properties of WMC

Factor analysis yielded two significant factors (Table 3). Both factors showed a high loading
from hippocampal volume. Factor 1 otherwise included high loadings (>0.4) from volume of
WMC, total WM volume, and ventricular volume, reflecting processes that are demonstrated
in prior work to change with age and vascular disease in particular for volume of WMC [9,
19-26]. Factor 2 included the AD signature cortical thickness in addition to the hippocampal
volume and therefore represented processes that are often used as imaging estimates of
neurodegenerative changes in AD. Both factors were altered in individuals with AD
compared to controls. Factor 1 had a stronger age effect and a weaker MMSE effect than
Factor 2. See Fig. 3 for details.

In Model 4, we tested whether diffusion metrics of WMC were associated with any or both
factors to determine if they would be related to the ‘age- and vascular-associated’ factor
(Factor 1) and unrelated to the ‘neurodegenerative’ factor (Factor 2). We found strong
significant associations between diffusivity of WMC and Factor 1 (MD, DA, DR: corrected
£ < 0.001) while DA and FA of WMC showed an association with Factor 2 (DA: corrected p
< 0.01; FA: corrected p< 0.001) (see Table 4 for details).

In Model 5, we tested in comparison whether parahippocampal WM diffusion metrics were
associated with any or both factors to determine if they would be mainly related to the
‘neurodegenerative’ factor (Factor 2). However, significant associations were found between
parahippocampal WM diffusion metrics and both Factor 1 (MD, DR, FA: corrected p <
0.001) and Factor 2 (DR, FA: corrected p < 0.01; MD: corrected p < 0.05), independently of
each other (see Table 4 for details).

In Model 6, we tested whether NAWM diffusion metrics were associated with any or both
factors to determine if they would be mainly related to the ‘age- and vascular-associated’
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factor (Factor 1) and minimally associated with the ‘neurodegenerative’ factor (Factor 2).
We found significant associations between all diffusion measures in NAWM and Factor 1
(MD, DR, and FA: corrected p < 0.001; DA: corrected p < 0.01) and weaker associations
between NAWM diffusivity and Factor 2 (MD, DR: corrected p < 0.05). Factor 2 had an
effect size on diffusivity values averaging less than half the effect size of Factor 1 (see Table
4 for details).

Of note, group determination was not found to be significant in any model. There were no
significant group by imaging marker interactions when they were included in any of the
models.

DISCUSSION

We observed in this study that individuals with AD had greater volumes of WMC than non-
demented older adults as demonstrated in prior work; however, the diffusion values within
WMC did not differ across groups. Parahippocampal WM, which may be more likely to
undergo changes secondary to medial temporal cortex neurodegeneration as part of classical
AD, showed consistent group differences for all diffusion metrics, which were most
correlated with hippocampal volume. Diffusion measures of WMC correlated instead
significantly with ventricular, WMC, and total WM volumes independently. Furthermore,
we demonstrated two independent classes of degenerative changes in AD through factor
analysis of hippocampal volume, AD signature cortical thickness, ventricular volume, total
WM volume, and volume of WMC. One factor was more strongly associated with age and
diffusivity and total volume of WMC, which are typically presumed to be of vascular origin;
yet the factor was strongly affected in individuals with AD compared to controls. The
second factor was more strongly related to MMSE and imaging markers of AD
neurodegeneration, such as cortical thickness, and was associated with worse
parahippocampal WM microstructure. Critically, a significant amount of variance in two
commonly examined markers of change in AD, ventricular volume and hippocampal
volume, factored with the volume of WMC and therefore demonstrated a potential
degenerative link between vascular conditions and changes commonly attributed to classical
AD neurodegenerative processes. As hippocampal volume was retained as an important
marker in both factors, we further investigated its major determinants. Greater age, reduced
AD signature cortical thickness, reduced total WM volume, and greater ventricular and
WMC volumes were all associated with a lower hippocampal volume and each accounted
for significant, independent additional variance explained, even when taking into account
group determination in the model. These associations, especially with age, WMC, and total
WM volumes, might be key to understanding the presumed vascular component of AD
pathogenesis and its influence on the hippocampus [48, 49] and require further investigation.

The current results demonstrate the need for better understanding of the increase in
ventricular and WMC volumes observed in MCI and AD. Indeed, ventricular enlargement
better explained the diffusion measures in WMC than any other variable including volume of
WMC and total WM volume, and was mainly related to an increase in average diffusivity.
Diffusivity of WMC also seemed to be increased with decreased volume of WMC; however,
this effect was apparent only as an independent effect from ventricular volume and total WM

J Alzheimers Dis. Author manuscript; available in PMC 2018 June 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Coutu et al.

Page 9

volume, which were also included in the general linear model. Without those covariates,
greater volume of WMC indeed related to greater diffusivity within WMC (not shown).
Furthermore, once the underlying process shared by these imaging markers was commonly
represented by the ‘age- and vascular-associated’ factor, greater volume of WMC, as part of
that factor, related to greater diffusivity of WMC. It is still interesting to note that some
residual variance of WMC diffusivity was accounted for by WMC volume as an independent
effect from this common factor, suggesting possibly two types of WMC such as mild and
diffuse WMC and more severe, localized WMC. Similarly, both total WM and ventricular
volumes also had independent associations with diffusivity of WMC. Interestingly, group
differences in diffusion metrics of WMC could have been expected given the group
differences in ventricular volume and volume of WMC and their associations with diffusion
metrics of WMC. However, this is likely due to some degree to the residual variance not
explained by the correlation between diffusion metrics of WMC and both ventricular and
WMC volume and to group differences in diffusion metrics of WMC being simply slightly
under significance threshold. Diffusion metrics of WMC also tracked better with ventricular
volume, volume of WMC, and total WM volume than with group differentiation, despite the
fact those imaging markers were affected with disease. It is also interesting to note that the
associations between imaging markers and diffusion metrics did not differ significantly
between groups. Finally, while there was an association between FA of WMC and regional
cortical thickness, it was in the opposite direction than would be expected in the case of a
neurodegenerative effect (increased FA was associated with reduced cortical thickness).
While this effect should be further investigated, it remains that there was a much stronger
effect size of the ‘age- and vascular-associated’ factor than the ‘neurodegenerative’ factor on
the diffusivity of WMC (nearly by a factor of three). Similarly, the effect size of the ‘age-
and vascular-associated’ factor was greater than the effect size of the ‘neurodegenerative’
factor on diffusion measures of both parahippocampal WM and NAWM, though to a lesser
degree than on diffusion measures of WMC. These results hint at a dissociation between the
presumed neurodegenerative effects of AD and the microstructural changes of WM and
especially of the more prevalent WMC observed in AD.

One phenomenon we speculate may explain the strong relationship found in this study
between increasing ventricular volume and diffusivity of WMC, independently of decreasing
total WM volume, is the denudation of the ventricular ependyma, which is severe in AD [8]
and may permit leakage of cerebrospinal fluid into the WM tissue as suggested in prior work
[8, 55]. Other potential causes of water dysregulation have been recently investigated in the
context of AD and could explain the association between the diffusivity in WMC and
ventricular volume [56]. In particular, increased or dysregulated aquaporin expression of the
subependymal cells and other cells lining the lateral ventricles [57] as well as blood-brain
barrier disruption [58, 59] may also lead concurrently to ventricular expansion and the
formation of edema in WMC [60]. It is possible that overall dysfunction of the ventricular
lining might be a precipitating factor or provide a ‘second hit’ to more classical AD
neurodegenerative processes in the development of clinically diagnosed AD. However,
clinical manifestation of AD in the relative absence of WMC has been reportedly observed
and therefore such lesions may not be a necessary component of the disorder.
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To our knowledge, this is the first report that takes into account the diffusion properties of
the normative anatomy. Specifically, diffusion values within WMC were strongly dependent
on the normative values which varied with the underlying anatomy (e.g., in regions with
single straight fibers versus crossing fibers), underlying the importance of considering these
values when calculating the degree of tissue damage within WMC.

The current work is limited in that the findings are cross-sectional and do not provide
information about the mechanisms of the associations reported. Follow-up longitudinal and
interventional work would be valuable to determine whether these associations continue to
track with time and whether a therapeutic reduction in one type of change is followed by a
reduction in one or more of the associated markers. Another limitation is the possible
inclusion of lacunar infarcts in the segmentation of WMC as those are also hypointense on
T41-weighted imaging. However, they have lower prevalence and much lower volume than
more common WMC identified as WM hyperintensity on Tp-weighted and FLAIR imaging.
While lacunar infarcts may be responsible for the relationship between decreasing volume of
WMC and increasing diffusivity of WMC, this association was independent of the key
association between greater ventricular volume and greater diffusivity of WMC. Regardless
of these limitations, the current work demonstrates that WMC are linked to other traditional
imaging markers of AD and provide novel information about the complex inter-associational
properties of several known markers of AD potentially providing information about multiple
‘classes’ of partially independent degenerative change to be targeted for therapeutic
intervention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A) Spatial prevalence for each group B) Group differences in prevalence
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Fig. 1.
A) Spatial prevalence of WMC in controls (CN) and individuals with mild cognitive

impairment (MCI) and Alzheimer’s disease (AD). Color scale varies from red to yellow,
from when at least one participant has WMC to when 30% or more have WMC in a given
voxel. The cap of 30% allows easier comparison of the diffuse differences between groups.
B) Group differences in spatial prevalence of WMC. Color scale varies from light blue to
blue for negative differences of —20 to —1 percentage points and from red to yellow for
positive differences of 1 to 20 percentage points. All results are displayed in the common
MNI152 space after using FSL FNIRT for proper nonlinear registration of the subcortical
structures.
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Fig. 2.

Grgoup comparisons of volume and diffusion measures of a) WMC, b) parahippocampal WM
and ¢) NAWM. The volume of WMC is normalized to the total WM volume.
Parahippocampal and total WM volumes are normalized by the eTIV. Group differences
were statistically assessed with the post-hoc Tukey test for each volume and diffusion
measure, correcting for age, gender, education and motion measures (%, ™ and *** for
corrected p< 0.05, 0.01 and 0.001 respectively, 7 for uncorrected p < 0.05). The difference
between diffusion properties of WMC and the corresponding diffusion properties in a non-
lesioned normative brain is shown in addition to the absolute diffusion properties of WMC.
The analyses involving diffusion measures in WMC were limited to individuals with a
volume of WMC greater than 1% total WM volume. The log-transform of the normalized
volume of WMC was used for statistical purposes. Standard error bars are shown. (MD, DA,
and DR, mean, axial and radial diffusivity; FA, fractional anisotropy; WMC, white matter
changes; WM, white matter; NAWM, normal-appearing white matter; eTIV, estimated total
intracranial volume; CN, control; MCI, mild cognitive impairment; AD, Alzheimer’s
disease).
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Fig. 3.
Factor scores in relation to a) group, b) age and ¢) Mini-Mental State Examination (MMSE).

Controls (CN), individuals with mild cognitive impairment (MCI) and Alzheimer’s disease
(AD) are shown respectively in white, light gray, and dark gray. The presence of group
differences was statistically confirmed using ANOVA and the Steiger z test confirmed that
Factor 1 had a stronger age effect (p < 0.001) and a weaker MMSE effect (o < 0.01) than
Factor 2. Standard error bars are shown.
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Table 1
Demographics for all participants

CN MCI AD p-value
All ADNI, n=215
Participants (female) 73 (46) 96 (36) 46 (17) 0.0016
Age (years) 72.98 (0.84) 73.80 (0.73) 74.58 (1.06) 0.4900
Education (years) 16.30 (0.32) 16.10 (0.28) 15.24 (0.41) 0.1086
MMSE (=) 28.67 (0.25) 27.88 (0.22) 23.14(0.32)  <0.0001
APOE &4 (# alleles)? 0.32(0.10) 0.64 (0.07) 0.88 (0.11) 0.0006
Translation motion (mm) 1.32 (0.07) 1.34 (0.06) 1.35 (0.09) 0.9671
Rotation motion (degrees) 0.0062 (0.0003)  0.0063 (0.0003) 0.0068 (0.0004)  0.5621
Volume of WMC * (cc) 4.93 (0.75) 7.10 (0.66) 8.85 (0.95) 0.0046
Total WM volume (cc) 41571 (6.46)  426.08(5.63)  408.59 (8.13) 0.1783
Ventricular volume (cc) 30.56 (1.96) 36.59 (1.71) 44.46 (2.46) <0.0001
Hippocampal volume (cc) 7.64 (0.12) 6.81 (0.10) 5.79 (0.15) <0.0001
ADNI subgroup with WMC volume >1% total WM volume, n=118
Participants (female) 30 (17) 54 (20) 34 (9) 0.0436
Age (years) 75.74 (1.24) 76.61 (0.93) 77.05 (1.17) 0.7356
Education (years) 16.30 (0.54) 16.22 (0.40) 15.41 (0.51) 0.3774
MMSE ()¢ 28.17 (0.49) 27.64 (0.30) 2248 (0.41)  <0.0001
APOE &4 (# alleles)? 0.18(0.16) 0.65 (0.09) 0.78 (0.12) 0.0108
Translation motion (mm) 1.35(0.11) 1.46 (0.08) 1.48 (0.11) 0.6372
Rotation motion (degrees) 0.0063 (0.0005)  0.0069 (0.0004) 0.0073 (0.0005)  0.4292
Volume of WMC * (cc) 8.33 (1.31) 10.68 (0.98) 11.06 (1.23) 0.2556
Total WM volume (cc) 41412 (11.08)  425.13(8.26)  411.60 (10.41) 05395
Ventricular volume (cc) 36.33 (3.23) 43.03 (2.41) 48.90 (3.04) 0.0208
Hippocampal volume (cc) 7.39(0.18) 6.49 (0.13) 5.69 (0.17) <0.0001

All significant p-values are bolded. Standard errors are shown in parentheses. (MMSE, Mini-Mental State Exam; CN, control; MCI, mild cognitive
impairment; AD, Alzheimer’s disease; WM, white matter; WMC, white matter changes).

alnformation missing for 16 CN, 20 MCl and 11 AD.

blnformation missing for 29 CN, 5MCl and 12 AD.

clnformation missing for 12 CN, 7MCl and 9 AD.

dlnformation missing for 13 CN, 3 MCl and 7 AD.

*
Caution should be exercised when comparing with volumes of white matter hyperintensities obtained with T2-weighted and FLAIR MRI which

are very strongly correlated with WMC volumes obtained with FreeSurfer but approximately 1.14 times greater than WMC volumes.
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Models of the diffusion parameters in WMC, parahippocampal and normal-appearing WM with all

neuroimaging markers

Table 2

Parameters MD (B; p-value) DA (B; p-value) DR (B; p-value) FA (B; p-value)
Model 1 WMC (subgroup with volume >1% total WM volume, 7= 118)

Group (MCI) 0.03; 0.6332 0.04; 0.5480 0.02; 0.6976 0.01; 0.8862
Group (AD) 0.11; 0.1604 0.07; 0.3995 0.14; 0.0912 -0.27;0.0229
Age 0.07; 0.1938 0.04; 0.4654 0.08; 0.1118 -0.18; 0.0167
Gender (female) 0.04; 0.4210 0.03; 0.4923 0.04; 0.3949 -0.06; 0.3937
Education 0.10; 0.0280 0.08; 0.0631 0.11;0.0200 -0.12; 0.0831
Cortical thickness 0.03; 0.6039 -0.01; 0.8331 0.05; 0.3521 *_0.24; 0.0029
Hippocampal vol. 0.08; 0.2628 0.07; 0.3264 0.08; 0.2439 -0.13; 0.2131
Ventricular volume ) 55. <0 0001 **0.60; <0.0001 **0.51; <0.0001 0.15; 0.0712
Volume of WMC  *_g 26; 0,0015 **0.27; 0.0007 *-0.25; 0.0026 —0.07,0.4984
Total WM volume  —0.15; 0.0042 -0.14; 0.0085 *_0.16: 0.0036 0.12; 0.1270
Norm. properties  ** 55; <0,0001 **%0.50; <0.0001 **0.57; <0.0001 **0.61; <0.0001
Translation motion 021;,00218 0.13;0.1435 0.26; 0.0069 **_0.50; 0.0002
Rotation motion -0.19; 0.0350 -0.14; 0.1144 -0.22;0.0187 0.29; 0.0254
Model 2 Parahippocampal WM (all, n= 215)

Group (MCI) -0.08; 0.3057 -0.02; 0.8662 -0.11; 0.1425 0.13; 0.0802
Group (AD) 0.16; 0.1809 0.06; 0.6554 0.20; 0.0756 -0.23,0.0367
Age 0.03; 0.6548 -0.00; 0.9909 0.05; 0.4887 -0.11; 0.1210
Gender (female) -0.01; 0.8554 -0.06; 0.4412 0.01; 0.8476 -0.11; 0.0633
Education 0.05; 0.4451 0.01; 0.8321 0.06; 0.2978 -0.10; 0.0900
Cortical thickness -0.11; 0.1440 -0.02;0.7771 —-0.15;0.0391 0.19; 0.0091
Hippocampal vol. - **_0 35: 0,0008 *-0.31; 0.0038 *"20.30; 0.0007 0.19;0.0274
Ventricular volume 0.02; 0.8150 0.00; 0.9282 0.03; 0.7291 0.01; 0.9291
Volume of WMC 0.13; 0.1038 0.15; 0.1004 0.11; 0.1361 -0.05; 0.5017
Total WM volume -0.02; 0.8370 0.11; 0.2064 -0.08; 0.2762 *0.23; 0.0012
Translation motion -0.01; 0.9051 0.03; 0.8128 —-0.03; 0.7428 0.08; 0.4395
Rotation motion 0.11; 0.3269 0.01; 0.9165 0.16; 0.1505 -0.25;0.0216
Model 3 Normal-appearing white matter (all, 7= 215)

Group (MCI) 0.11; 0.0994 0.17;0.0323 0.09; 0.2027 0.02; 0.8058
Group (AD) -0.09; 0.3685 -0.10; 0.4079 -0.09; 0.3804 0.07; 0.5049
Age 0.09; 0.1603 0.13; 0.0694 0.07; 0.2754 0.00; 0.9891
Gender (female) 0.05; 0.3410 0.06; 0.3216 0.05; 0.3855 -0.04; 0.5233
Education 0.10; 0.0574 0.10; 0.1040 0.10; 0.0550 -0.07; 0.2079
Cortical thickness -0.08; 0.2342 -0.07; 0.3574 -0.08; 0.2104 0.03; 0.6393
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Parameters

MD (B; p-value)

DA (B; p-value)

DR (B; p-value)

FA (B; p-value)

Hippocampal vol.
Ventricular volume
Volume of WMC
Total WM volume

Translation motion

Rotation motion

-0.05; 0.5035
0.04; 0.5349
**%0.36; <0.0001
-0.14;0.0323
-0.15; 0.1322

HAA

0.40; <0.0001

-0.16; 0.0741
0.11;0.1534
0.20; 0.0108

-0.02; 0.7400

-0.29, 0.0100

**"0.48; <0.0001

-0.00; 0.9772
0.01; 0.8824

**0.42; <0.0001

*.0.19; 0.0033
-0.08; 0.4058

**0.36; 0.0003

-0.09; 0.2914
0.11;0.1174

***_0.51; <0.0001

*0.23; 0.0005
-0.16; 0.1094
-0.16; 0.1068

All continuous variables were standardized prior to applying the model for easier comparison of parameter estimates (B).

Page 20

Uncorrected p-values are presented and significant associations with corrected p < 0.05 are bolded (*, ** and *** for corrected p < 0.05, 0.01 and
0.001 respectively).

Associations with uncorrected p < 0.05 are italicized. (WMC, white matter changes; WM, white matter).
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Factor analysis of highly correlated neuroimaging markers in Alzheimer’s disease

Parameters Factor 1 Factor 2
Volume of WMC -0.642 -0.270
Total WM volume 0.694 0.052
Ventricular volume -0.685 -0.288
Hippocampal volume 0.630 0.405
Cortical thickness 0.225 0.946

Table 3

Page 21

Coefficients higher than 0.40 are bolded to indicate the most important markers contributing to each significant factor. (WMC, white matter

changes; WM, white matter).
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Models of the diffusion parameters in WMC, parahippocampal and normal-appearing WM with factors

Table 4

extracted from the neuroimaging markers

Parameters MD (B; p-value) DA (B; p-value) DR (B; p-value) FA (B; p-value)
Model 4 WMC (subgroup with volume >1% total WM volume, /7= 118)

Group (MCI) 0.01; 0.8798 0.02; 0.7787 0.00; 0.9526 0.02; 0.8207
Group (AD) -0.05; 0.6085 -0.10; 0.2634 -0.01; 0.9043 -0.25; 0.0296
Age -0.00; 0.9990 -0.02; 0.7591 0.01; 0.8300 *_0.22: 0.0032
Gender (female) 0.05; 0.3867 0.05; 0.3649 0.05; 0.3834 -0.12; 0.0967
Education 0.13;0.0202 0.11;0.0499 0.14,0.0129 -0.11; 0.1103
Factor 1 **-0,50; <0.0001 **_0.52; <0.0001 *7.0.47; <0.0001 -0.10;0.2073
Factor 2 -0.17;0.0050 **_0.23: 00003 -0.14;0.0262 X 32 <0.0001
Norm. properties  ** gg: <0.0001 **"0.85; <0.0001 **"0.88; <0.0001 **0.57; <0.0001
Translation motion 0.06; 0.5509 -0.02; 0.8665 0.11; 0.2917 **_0_49; 0.0003
Rotation motion -0.12; 0.2770 -0.06; 0.5828 -0.15; 0.1672 0.29; 0.0360
Model 5 Parahippocampal WM (all, 7= 215)

Group (MCI) -0.06; 0.4451 0.01; 0.9214 -0.09; 0.2168 0.12; 0.0989
Group (AD) 0.24, 0.0390 0.14; 0.2821 028 0.0121 -0.28; 0.0098
Age 0.06; 0.3914 0.03; 0.7563 0.08; 0.2599 -0.14;0.0416
Gender (female) -0.05; 0.4092 -0.11; 0.1036 -0.02; 0.7927 -0.12;0.0294
Education 0.04; 0.5012 0.01; 0.9297 0.06; 0.3269 -0.10; 0.0909
Factor 1 **7-0.32; <0.0001 =0.19,0.0317 *.0.36; <0.0001 **0.35: <0.0001
Factor 2 *-0.22; 0.0019 =0.13; 0.0001 *-0.25; 0.0002 *"0.24; 0.0003
Translation motion 0.04; 0.7069 0.10; 0.4426 0.01;0.9173 0.07; 0.5302
Rotation motion 0.07; 0.5298 -0.04; 0.7845 0.12; 0.2564 -0.24;0.0274
Model 6 Normal-appearing white matter (all, 7= 215)

Group (MCI) 0.12; 0.0935 0.17;0.0243 0.09; 0.2087 0.01; 0.8535
Group (AD) -0.14; 0.1812 -0.09; 0.4349 -0.15; 0.1297 0.16; 0.1469
Age 0.13,0.0361 0.14; 0.0409 0.12; 0.0534 -0.08; 0.2365
Gender (female) 0.06; 0.2490 0.04; 0.5131 0.07; 0.1881 -0.08; 0.1667
Education 0.08; 0.1431 0.09; 0.1312 0.07;0.1834 -0.03; 0.6176
Factor 1 **7-0.44; <0.0001 **-0.35; 0.0003 **0.46; <0.0001 **%0.39; <0.0001
Factor 2 *0.19: 0.0023 -0.18; 0.0066 *.0.18: 0.0029 0.10; 0.1356
Translation motion -0.13; 0.1977 -0.27;0.0166 -0.06; 0.5319 -0.19; 0.0917
Rotation motion **0.35; 0.0006 —0.16; 0.1407

**0.40; 0.0001

**0.46; <0.0001

All continuous variables were standardized prior to applying the model for easier comparison of parameter estimates ().
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Uncorrected p-values are presented and significant associations with corrected p < 0.05 are bolded (*, ** and *** for corrected p < 0.05, 0.01 and

0.001 respectively).
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Associations with uncorrected p < 0.05 are italicized. (WMC, white matter changes; WM, white matter).
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