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Whitematterhyperintensities (WMHs)are common in individualswithmildcognitive impairment (MCI) and
Alzheimer’s disease. Patients with MCI with high WMH volumes are known to have an increased chance of
conversion to Alzheimer’s disease compared with those without WMHs. In this article, we assess the dif-
ferences between patients with MCI that remain stable (N ¼ 413) and those that progress to dementia
(N¼178) in termsofWMHvolume (as a surrogateof amountof tissuedamage)andT1-weighted (T1w) image
hypointensity (as a surrogate of severity of tissue damage) in periventricular, deep, and juxtacortical brain
regions. Together, lesion volume and T1w hypointensity are used as a surrogate of vascular disease burden.
Our results show a significantly greater increase of all regional WMH volumes in the MCI population that
converts to dementia (p < 0.001). T1w hypointensity for the juxtacortical WMHs was significantly lower in
the converter group (p< 0.0001) andwas not affected byage. Conversely, T1whypointensity in other regions
showed a significant decreasewith age (p< 0.0001).Within the converters, Time2Conversionwas associated
with bothWMH volume and T1w hypointensity (p< 0.0001), and conversion to dementia was significantly
associatedwith decreased intensity (and not volume) of periventricular and juxtacorticalWMHs (p< 0.001).
These changes differ according to the WM region, suggesting that different mechanisms affect the juxta-
cortical area in comparison to deep and periventricular regions in the process of conversion to dementia.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

White matter hyperintensities (WMHs) are defined as nonspe-
cific regions of higher intensity in the white matter (WM) tissue of
the brain on T2w or FLuid-Attenuated Inversion Recovery (FLAIR)
magnetic resonance (MR) images and are a common finding in the
aging population in general, but also in individuals with vascular
disease and other forms of dementia, including Alzheimer’s disease
(AD). WMHs are known to adversely impact cognitive function of
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individuals without clinically significant symptoms and patients
with mild cognitive impairment (MCI) and dementia (Yoshita et al.,
2005). Therefore, WMHs are clinically important measures of
vascular pathology that have diagnostic and prognostic value in the
healthy aging, MCI, and AD populations (Bangen et al., 2018;
Carmichael et al., 2010; De Groot et al., 2002; DeCarli et al., 2001;
Dubois et al., 2014; Kandiah et al., 2014; Kim et al., 2015;
Kloppenborg et al., 2014; Li et al., 2016; van den Berg et al., 2018;
van Straaten et al., 2008). Several studies have assessed WMHs in
individuals with MCI, reporting higher WMH volumes (particularly
periventricular [PV]WMHs) in comparisonwith cognitively normal
individuals, and an increased risk of developing MCI in healthy
individuals with WMHs (DeCarli et al., 2001; Lopez et al., 2003). In
addition, patients with MCI with high WMHs have a significantly
higher chance of cognitive decline compared with patients without
WMHs (Boyle et al., 2006; Kim et al., 2015; Lee et al., 2014; Li et al.,
2016; Tosto et al., 2014). One study did not show such difference;
however, they show that the changes in the Mahalanobis distance
of WMH signal from normal-appearing WM using T1-weighted
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(T1w), T2w, and proton densityeweighted MRI significantly differs
between progressors and nonprogressors (Lindemer et al., 2015).

WMHs are MRI signs of small-vessel disease (SVD) related to
chronic hypoperfusion and blood brain barrier alterations
(McAleese et al., 2016). Their pathological substrate mainly reflects
nonspecific demyelination, axonal loss, and higher levels of micro-
glial activation (Gouw et al., 2010; Prins and Scheltens, 2015). In the
past few decades, MRI studies with and without pathological cor-
relates have assessed the differences in histopathology, risk factors,
and clinical consequences of WMHs affecting the PV and deep WM
regions (PV and deep WMHs) (Debette and Markus, 2010; DeCarli
et al., 2005; Huang et al., 2018; Krishnan et al., 2006). PV and deep
WMHs are associated with different underlying pathologies and
consequences and are thus often assessed separately. PVWMHs can
be categorized into rims (surrounding the lateral ventricles) and
caps (surrounding the anterior poles) (Kertesz et al., 1988). The
pathologicfindings associatedwith PVWMHs includemyelin pallor,
dilation of perivascular spaces, and increased extracellular spaces
(Gouw et al., 2010). Deep WMHs are generally categorized into
punctate and confluent lesions. They are frequently seen in the deep
and subcortical WM on T2w and FLAIR MRIs of elderly individuals,
particularly in those with vascular risk factors (Fazekas et al., 1993).
They have been linked to chronic ischemia or brief and moderately
severe repeated ischemia occurring in the subcorticalWM (Jellinger
et al., 2013; Matsusue et al., 2006).

A potential third compartment ofWM that is less explored in the
context of AD is juxtacortical short-range association fibers, known
as U-fibers. These fibers are usually spared in the context of vascular
pathology, a phenomenon attributed to the double vascularization
of the area by the deep penetrating and pial perforating arteries
(McAleese et al., 2016). In addition, the myelin component of these
fibers has the lowest metabolic rate and completes the process of
myelination at the latest stages of adulthood (Fornari et al., 2012).
These differences in their biological characteristics makes the jux-
tacortical lesions (referred to here as JC WMHs) a potentially
different category where the AD-related and vascular pathogenic
mechanisms might have a different impact. In other words, it is an
area that could be more preserved from a vascular pathology
perspective. We have included this third category of JC WMHs
because recent studies have shown that structural damage in the
WM adjacent to the cortex (detected by semiquantitative MRI
techniques) is associated with poorer performance in various
cognitive tests in aging, MCI, and AD populations (Fornari et al.,
2012; Gao et al., 2014; Nazeri et al., 2015).

In a previous study, we suggested that the hypointense regions
observed on T1w images that are equivalent to theWMH regions on
FLAIR and T2w images reflect the more severe spectrum of injury in
the WM tissue and are associated with cognitive decline in cogni-
tively normal patients and patients with MCI and AD (Dadar et al.,
2018). The level of hypointensity on T1w images is anothermeasure
that might exhibit changes during progression to AD.

Although many studies have reported differences in WMH
volumes between cognitively normal individuals and patients
with MCI and AD as well as an increased risk of cognitive decline
and conversion to AD in patients with high WMH volumes, it is
still unclear whether there are significant longitudinal changes
that occur in the volume or intensity of these lesions during the
process of conversion that contribute to the cognitive decline. In
this study, we aim to investigate whether there are specific
changes in the WM (reflected in the intensity and volume of the
lesions in different brain regions) of the individuals with MCI that
occur during the process of conversion to dementia and whether
these changes are associated with their cognitive decline. We
hypothesize that (1) greater amount of WM disease burden (as
measured by increased WMH volume, decrease in T1w
hypointensity, or a combination of both) occurs in the converter
population in comparison to those that remain stable and (2) that
this greater disease burden contributes to their greater cognitive
decline and faster conversion to dementia.

2. Methods

2.1. Participants

Data used in this study include patients with MCI selected from
the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database
(adni.loni.usc.edu). The ADNI was launched in 2003 as a public-
private partnership led by Principal Investigator Michael W.
Weiner, MD. The primary goal of ADNI has been to test whether
serial MRI, positron emission tomography, other biological markers,
and clinical and neuropsychological assessment can be combined to
measure the progression of MCI and early AD. ADNI was carried out
with the goal of recruiting 800 adults aged from 55 to 90 years and
consists of approximately 200 cognitively normal patients, 400 pa-
tients withMCI, and 200 patients with AD (http://adni.loni.usc.edu/
wp-content/uploads/2010/09/ADNI_GeneralProceduresManual.pdf).
ADNIGO is a later study that followed ADNI participants who were
in cognitively normal or early MCI stages (http://adni.loni.usc.edu/
wp-content/uploads/2008/07/ADNI_GO_Procedures_Manual_06102
011.pdf). ADNI2 study followed patients in the same categories,
recruiting 550 new patients (http://adni.loni.usc.edu/wp-content/
uploads/2008/07/adni2-procedures-manual.pdf). The longitudinal
MRI data used in this study included T1w, T2w/proton densi-
tyeweighted acquisitions from ADNI1 patients and T1w and FLAIR
acquisitions from ADNI2/GO patients. The scanner information and
image acquisition parameters have been previously described
(Dadar et al., 2018).

2.2. Clinical evaluations

All patients received a comprehensive battery of clinical as-
sessments and cognitive testing based on a standardized protocol
(Petersen et al., 2010). At each visit, the participants underwent a
series of assessments including Alzheimer’s Disease Assessment
Scale-Cognitive Subscale (ADAS-Cog). Patients with MCI are clas-
sified into converter/nonconverter cohorts based on the available
clinical information in all follow-up visits; that is, the nonconverter
cohort includes patients who have been consistently labeled MCI in
all follow-up visits, whereas the converter cohort includes patients
who at some point in the follow-up visits (mean follow-up: 2.48 �
1.97 y) convert to dementia and are labeled as dementia in all visits
afterward. After this classification, 178 converters (NMale ¼ 112) and
413 nonconverters (NMale ¼ 262) were included in the study. Both
groups had similar age (Age Converters ¼ 73.27 � 7.23 years, Age Non-

converters ¼ 73.42 � 7.75 years) and education levels (education
converters ¼ 15.93 � 2.74 years, education nonconverters ¼ 15.93 �
2.97 years). Table 1 provides a summary of the descriptive charac-
teristics separately for the converter and nonconverter cohorts used
in this study.

2.3. WMH measurements

All MRI scans were preprocessed in 3 steps using our stan-
dardized pipeline: denoizing (Manjón et al., 2010), intensity in-
homogeneity correction (Sled et al., 1998), and intensity
normalization into the range 0e100. For each patient, the T2w, PD,
and FLAIR scans were then coregistered to the structural T1w scan
using a 6-parameter rigid registration and a mutual information
objective function (Collins et al., 1994). The T1w scans were also
registered to an average template based on ADNI patients (Collins
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and Evans, 1997; Fonov et al., 2011). Using a previously validated
fully automated WMH segmentation method and a library of
manual segmentations based on 53 patients from ADNI1 and 46
patients fromADNI2/GO, theWMHswere automatically segmented
in the patients withMCI for all longitudinal visits (i.e., multiple time
points per individual) (Dadar et al., 2017a,b, 2018). The quality of
the registrations and segmentations was visually assessed, and the
results that did not pass this quality control were excluded (NTotal ¼
43 out of 2773 time points for patients with MCI).

To assess the volumetric changes in different types of WMHs, the
lesions were divided into 3 categories depending on their location:
the PV, deep, and JCWMHs. To obtainWMHmasks for each category,
the whole-brain WMHmasks were multiplied by 3 different masks:

(1) A dilated (10mm dilation) ventricle mask to identify PV WMHs
[similar to previous studies in the literature (DeCarli et al.,
2005; Griffanti et al., 2017; Huang et al., 2018)].

(2) A dilated gray matter mask (1mm dilation) for JC WMHs.
(3) A WM mask excluding the previous 2 regions was used to

identify Deep WMHs.

Fig. 1 shows an example of the 3 masks and WMHs from each of
the 3 categories for one patient. The WMH volumes within each of
these masks were calculated to obtain the total, PV, JC, and deep
WMHs (all the volumetric information was calculated after
normalization for intracranial volume). All volumes were then log-
transformed to achieve a normal distribution.

To assess whether changes in T1w MRI intensity are associated
with conversion to MCI, all longitudinal time points for each indi-
vidual were linearly coregistered in the stereotaxic space and the
Table 1
Descriptive statistics for the patients enrolled in this study

Measure Converter Nonconverter p-value

Number of patients (N) 178 413 e

Original protocol
(NADNI1/NADNI2/GO)

137/40 207/206 e

Sex (NMale/NFemale) 112/66 262/151 0.904
Baseline age (y) 73.27 � 7.23 73.42 � 7.75 0.934
Follow-up period (y) 2.55 � 2.02 2.07 � 2.01 0.001
Follow-up visits (N) 4.65 � 2.10 4.18 � 1.84 <0.0001
Education (y) 15.93 � 2.74 15.93 � 2.97 0.958
Baseline ADAS-Cog13 20.44 � 5.84 14.92 � 6.38 <0.0001
Baseline MMSE 26.80 � 1.87 27.81 � 1.82 <0.0001
Baseline RAVLT-I 28.08 � 6.92 36.05 � 10.86 <0.0001
Baseline RAVLT-F 5.05 � 2.21 4.35 � 2.58 0.001
Baseline RAVLT-L 2.85 � 2.26 4.43 � 2.68 <0.0001
FAQ 5.17 � 4.66 2.26 � 3.33 <0.0001
APOE4 � (N) 118/59 175/237 <0.0001
Vascular risk

factors � (N)
125/52 288/125 0.829

History of
hypertension � (N)

91/86 195/218 0.350

FDG 5.72 � 0.55 (111) 6.36 � 0.62 (314) <0.0001
AV45 amyloid beta (N) 1.39 � 0.21 (39) 1.17 � 0.20 (202) <0.0001
CSF Ab 1-42 (N) 146.52 � 37.43 (72) 174.94 � 57.63 (102) 0.0001
CSF total tau 112.97 � 51.42 (72) 94.64 � 60.56 (102) 0.0382

Data are number or mean � standard deviation. Vascular risk was determined by a
yes/no question from the medical history information obtained during the partici-
pant’s visit or a phone call. FDG indicates the average FDG-PET of angular, temporal,
and posterior cingulate regions. AV45 indicates the average AV45 SUVR of frontal,
anterior cingulate, precuneus, and parietal cortex relative to the cerebellum.
p-values indicate group comparison results, determined by t-tests for continuous
variables and c2 tests for categorical variables.
Bold font indicates significance after correction for multiple comparisons.
Key: ADNI, Alzheimer’s disease neuroimaging initiative; ADAS-Cog, Alzheimer’s
disease assessment scaleecognitive subscale; APOE, apolipoprotein E; AV45, Flor-
betapir; CSF, cerebrospinal fluid; FDG, fluorodeoxyglucose; FAQ, functional assess-
ment questionnaire; MMSE, mini-mental state examination; RAVLT, rey auditory
verbal learning task (I, immediate; F, forgetting; L, learning); SUVR, standardized
uptake value ratio.
union of theWMHmasks for different time points was obtained. The
average T1w intensity of theWM tissuewithin (reflecting pathologic
WM) and outside (reflecting normal WM) of this mask was
measured, and the ratio of these 2 signals was calculated separately
for PV, deep, and JC regions at each time point. This ratio is referred
to asWMAbnormality Ratio (WMAR). WMAR values range between
0 and 1 and a lowerWMAR value reflects greater abnormality. WMH
volume reflects the size of the region of damage, whereas WMAR
reflects the level of damage to the tissue. To simultaneously assess
both, we define a thirdmeasure that we refer to as the overall burden
of lesions (OBLs) as WMH volume*(1-WMAR) for each region, where
larger values indicate greater disease burden. An increase in OBL
reflects either increase inWMH volume, decrease inWMAR, or both.
2.4. Statistical analysis

To assess the differences between converter and nonconverter
populations, a series of longitudinal mixed-effects models were
used. The continuous fixed variables included age (or age at the
baseline visit), WMH volume, and intensity measurements,
Time2Conversion to AD (measured as the time from the current
visit to the time point that the patient is diagnosed with dementia),
and different cognitive scores. Sex, cohort (converter vs. non-
converter MCI), and conversion (conversion from MCI to dementia,
that is, the event of clinical diagnosis of dementia) were considered
as categorical fixed variables. Subjects were considered as random
effects. All continuous variables were z-scored in all the analyses.
All statistical analysis was performed in MATLAB (version R2015b).
Significant values after correction for multiple comparisons (Bon-
ferroni correction) are indicated in bold font in all tables.
3. Results

3.1. Changes in WMH measures

To assess whether the changes of the 3measures (WMH volume,
WMAR, OBL) in each of the previously defined classes (deep, PV, JC)
are different between converters and nonconverters, the following
mixed-effects models were tested (Table 2).

Measure w1 þ Age * Cohort þ Sex þ (1j Subject).
The formula A*B denotes AþBþA:B, where A and B are fixed

variables (e.g., age and cohort here) and A:B is an interaction term
between variables A and B. Measure denotes total, JC, deep or PV
WMH volume, WMAR, or OBL, and cohort denotes converters
against nonconverters. The volumetric results show significant in-
teractions between cohort and age for all categories of WMHs
(p < 0.002, indicating greater slopes/more increase in WMH vol-
umes for the converter MCI cohort) as well as significant differences
between converters and nonconverters in JC and deep WMH vol-
umes (p < 0.006, indicating a higher overall volume of JC and deep
WMHs for the converter MCIs). The WMAR results show a signifi-
cant interaction between age and cohort for total, PV, and deep
WMHs (p < 0.0001, indicating greater negative slopes/more
decrease inWMAR, signifyingmore tissue damage for the converter
MCI cohort). In contrast, JC WMARs appear to have significantly
lower values for the converter cohort (p < 0.0001, indicating a
lower overall WMAR/more tissue damage for the converter MCIs),
without any significant relationship or interaction with age. The
OBL results show a significant increase with age as well as a sig-
nificant interaction between age and cohort for all regions
(p < 0.0001, indicating increasing OBLs for both cohorts, with a
greater slope/increase in the converter MCIs). In addition, JC OBLs
have higher values for the converter cohort (p < 0.0001). We did
not observe any significant sex differences in any of the models.



Fig. 1. An example of PV, deep, and JC WMH categorization for one individual. The first row shows sagittal, coronal, and axial slices of T1w images. The second row shows the same
slices of FLAIR images with the WMHs contoured in red. The third row shows the 3 categories of WMHs. Blue: dilated GM mask (excluding JC WMHs). Cyan: deep WM mask
(excluding deep WMHs). Green: PV mask (excluding PV WMHs). Red: PV WMHs. Magenta: JC WMHs. Orange: Deep WMHs. Abbreviations: FLAIR, FLuid-Attenuated Inversion
Recovery; GM, gray matter; JC, juxtacortical; PV, periventricular; WMHs, white matter hyperintensities. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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3.2. WMHs within converters

Within the converter group, we assessed whether the WMH
changes were associated with time before conversion and whether
Table 2
Linear mixed-effects model: measure w1 þ age*cohort þsexþ (1 j Subject)

Measure Region Total WMH JC WMH

Estimate p-value Estimate

Volume Intercept 0.153 0.254 0.252
Age 1.042 <0.0001 0.681
Sex �0.114 0.155 �0.149
Cohort 0.047 0.579 0.206
Age:Cohort 0.477 <0.001 0.295

WMAR Intercept 0.796 <0.0001 �0.146
Age �0.093 <0.0001 �0.008
Sex 0.008 0.167 �0.082
Cohort �0.005 0.418 �0.352
Age:cohort �0.054 <0.0001 �0.023

OBL Intercept 0.274 0.024 0.255
Age 2.145 <0.0001 0.582
Sex �0.208 0.067 �0.034
Cohort �0.106 0.368 �0.358
Age:cohort 1.171 <0.0001 0.320

Bold font indicates significant values after correction for multiple comparisons.
Key: JC, juxtacortical; OBL, overall burden of lesion; PV, periventricular; WMH, white m
this relationship was different before and after conversion to de-
mentia (Table 3).

Measurew1þ Time2Conversion * Conversionþ Age_baselineþ
Sex þ (1j Subject).
Deep WMH PV WMH

p-value Estimate p-value Estimate p-value

0.015 0.250 0.010 0.077 0.349
<0.0001 0.568 <0.0001 0.684 <0.0001
0.0477 �0.138 0.058 �0.066 0.086
0.006 0.217 0.004 �0.015 0.849

<0.0001 0.186 0.002 0.231 <0.0001
0.101 �0.016 0.826 �0.268 0.091
0.828 �0.455 <0.0001 �2.726 <0.0001
0.325 �0.083 0.345 0.303 0.040

<0.0001 �0.088 0.335 �0.046 0.767
0.645 �0.327 <0.0001 �1.540 <0.0001
0.002 0.143 0.111 0.261 0.057

<0.0001 0.721 <0.0001 2.449 <0.0001
0.660 0.008 0.921 �0.269 0.035

<0.0001 �0.195 0.024 �0.048 0.719
<0.0001 0.436 <0.0001 1.331 <0.0001

atter hyperintensity; WMAR, white matter abnormality ratio.
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The results show significant associations between WMH vol-
umes in all categories and Time2Conversion (p < 0.002, indicating
increase in volumes as the patient converts) and negative associa-
tions between total, and PV WMAR and Time2Conversion
(p < 0.0001, indicating decrease in WMAR as the patients convert).
The results show similar changes in WMH volumes with Time2-
Conversion, which remain relatively consistent after conversion
(i.e., the event of Conversion and the interaction term Time2-
Conversion:Conversion are nonsignificant for all models, suggest-
ing similar slopes of change in WMH volumes before and after
conversion), while the PV and total WMHWMAR measures change
significantly as the patients convert (p < 0.003, indicating a further
decrease in both the intercept and slope of changes in WMAR/
increased tissue damage after the patients convert to dementia).
Similarly, the results show significant associations between OBL
and Time2Conversion in all regions (p < 0.006), as well as both a
significant conversion (p < 0.0001) and a significant interaction
Time2Conversion:Conversion for PV and total OBL (p < 0.003). We
did not observe any significant sex differences in any of the models.

Note that the variable Time2Conversion has a negative value
before the event of conversion occurs and a positive value after (see
Fig. 2). Therefore, a positive association betweenWMH volume and
Time2Conversion indicates an increase in the WMH volume as
Time2Conversion increases (i.e., the patient nears and then passes
the event of conversion). For example, here are the values for var-
iables Conversion and Time2Conversion for a patient with 6 avail-
able visits with the following diagnosis and timeline:

Visit 1 at baseline: diagnosis ¼ “MCI,” conversion ¼ “not con-
verted,” Time2Conversion ¼ �1.5 years.

Visit 2 in 6 months: diagnosis ¼ “MCI,” conversion ¼ “not con-
verted,” Time2Conversion ¼ �1 year.

Visit 3 in 1 year: diagnosis ¼ “MCI,” conversion ¼ “not con-
verted,” Time2Conversion ¼ �0.5 years.

Visit 4 in 1.5 years: diagnosis¼ “MCI to dementia,” conversion¼
“converted,” Time2Conversion ¼ 0 years.

Visit 5 in 2 years: diagnosis ¼ “dementia,” conversion ¼ “con-
verted,” Time2Conversion ¼ þ0.5 years.

Visit 6 in 3 years: diagnosis ¼ “dementia,” conversion ¼ “con-
verted,” Time2Conversion ¼ þ1.5 years.

Fig. 2 shows the overall trajectories estimated by the mixed-
effects model and spaghetti plots for the individual patients for
the 3 measures (i.e., WMH volume, WMAR, and OBL) for the whole
Table 3
Linear mixed-effects model: measure w1 þ Time2Conversion*conversion þ age_baselin

Measure Region Total WMH JC W

Estimate p-value Est

Volume Intercept 0.004 0.980 �0
Time2Conversion 0.281 <0.0001 0
Conversion 0.047 0.043 0
Time2Conversion:Conversion 0.004 0.872 0
Sex 0.092 0.513 �0
Age_baseline 0.396 <0.0001 0

WMAR Intercept 0.198 <0.0001 0
Time2Conversion �0.337 <0.0001 �0
Conversion �0.280 <0.0001 �0
Time2Conversion:Conversion �0.279 <0.0001 0
Sex �0.043 0.741 0
Age_baseline �0.173 0.005 �0

OBL Intercept �0.152 <0.0001 �0
Time2Conversion 0.400 <0.0001 0
Conversion 0.218 <0.0001 0
Time2Conversion:conversion 0.240 <0.0001 �0
Sex 0.086 0.510 �0
Age_baseline 0.308 <0.0001 0

Bold font indicates significant values after correction for multiple comparisons.
Key: JC, juxtacortical; OBL, overall burden of lesion; PV, periventricular; WMH, white m
brain, as well as separately for JC, deep, and PV WM regions. Tra-
jectories before and after conversion are shown in blue and red,
respectively.
3.3. WMHs and cognition

Using mixed-effects models, we assessed the effect of WMH
measures on changes in cognitive performance measured by the
ADAS13 and their interactions with age and cohort, controlling for
sex and years of education (Table 4).

ADAS13 w 1 þ Sex þ Education þ Age*WMH* Cohort þ (1j
Subject).

As expected, age was positively associated with ADAS13 in all
models (p < 0.0001, note that a higher ADAS13 score indicates
greater cognitive deficits). Education was negatively associated
with ADAS13 in all models (p < 0.01), suggesting an effect of
cognitive reserve. We did not observe any significant sex differ-
ences in any of the models. There were significant associations
between ADAS13 with WMH volumes, WMARs, and OBLs in all
categories (p < 0.0001). More interestingly, there were significant
interactions between cohort and WMH volumes and OBL in all
regions (p < 0.0003, indicating a greater effect of WMH volumes
and the overall burden of the lesions on increasing cognitive deficits
in the MCI converters), as well as total, deep, and PV WMAR
(p < 0.0001). The JC WMH volumes and OBL also had significant
higher interactions with age and cohort (p < 0.0001).
4. Discussion

In the present study, we considered 3 types of continuous MRI
variables that reflect the burden of SVD: (1) WMH volume,
capturing the overall lesion volume affecting the whole brain and
the lesion volumes in 3 different regions: PV, deep, and JC WM; (2)
the T1w signal decrease (WMAR), reflecting the level of the damage
to the different WMHs areas; and (3) the OBL, reflecting a combi-
nation of the 2 previous measures. Our rational for assessing the 3
WM compartments individually follows previous findings
regarding the potential differences in PV and deep WMHs in terms
of the associated underlying pathologies, that is, PVWMHs increase
with arteriosclerosis, whereas deep WMHs increase with micro-
infarcts and cerebral hemorrhages (Shim et al., 2015).
e þ sex þ (1 j Subject)

MH Deep WMH PV WMH

imate p-value Estimate p-value Estimate p-value

.036 0.598 �0.012 0.656 �0.002 0.852

.232 <0.0001 0.259 <0.0001 0.168 <0.0001

.063 0.167 0.093 0.080 0.005 0.898

.001 0.998 �0.081 0.190 0.076 0.219

.009 0.942 �0.016 0.896 0.101 0.458

.314 <0.0001 0.329 <0.0001 0.346 <0.0001

.091 0.222 0.008 0.910 0.208 0.001

.002 0.897 �0.099 <0.0001 �0.449 <0.0001

.083 0.001 0.001 0.951 �0.282 <0.0001

.013 0.673 �0.076 0.007 �0.343 <0.0001

.130 0.396 �0.143 0.396 �0.117 0.316

.078 0.279 �0.057 0.442 �0.201 <0.0001

.078 0.275 �0.006 0.928 �0.169 0.009

.180 <0.0001 0.218 <0.0001 0.423 <0.0001

.088 0.024 0.019 0.573 0.209 <0.0001

.004 0.919 0.037 0.356 0.340 <0.0001

.076 0.590 0.139 0.363 0.142 0.232

.242 0.0002 0.177 0.013 0.310 <0.0001

atter hyperintensity; WMAR, white matter abnormality ratio.



Fig. 2. Longitudinal WMH changes and conversion: Measure w1 þ Time2Conversion*Conversion þ (1 j Subject). All regional volumes are significantly associated with Time2-
Conversion. The total and PV WMAR seem to change significantly after the conversion event. WMH volumes are log-transformed. Abbreviations: AD, Alzheimer’s disease; MCI, mild
cognitive impairment; OBL, overall burden of lesions; Time2Conversion, Time from the current visit to the time point that the patient is diagnosed with AD (negative values for the
years before the patient converts from MCI to AD, and positive afterward); PV, periventricular; WMAR, white matter abnormality ratio; WMH, white matter hyperintensities.
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The third WM compartment (referred to here as JC WMHs) has
been studied as a location of interest in aging and AD populations.
Using magnetization transfer imaging to assess myelin in the JC
WM of patients with AD versus matched controls, Fornari et al.
found significantly lower values in the AD cohort that were also
associated with decline in various cognitive tests (Fornari et al.,
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2012). Using diffusion tensor imaging and functional MRI, Gao et al.
also described changes in the JC WM region (specifically in the
short-range U-fibers), reporting that U-fibers were compromised in
older participants and patients with AD. These changes were also
associated with decreased performance in a prospective memory
test (Gao et al., 2014).

Our results showed differences between the WMH measure-
ments in the 3 compartments: the JC and deepWMH volumes were
significantly higher in converter MCIs, and the JC WMAR discrim-
inated the converters versus nonconverters (Table 2). Interestingly,
age had a significant interaction with WMAR in all WMHs regions,
except for the JC WMAR (Table 2), suggesting a potentially different
mechanism affecting the JC regions compared to the PV and deep
WM areas, which is more stable over time. This can be explained by
the particular characteristics of the U-fibers, containing axons of
pyramidal cells in layers III and V that are heavily affected in AD
pathology, which complete myelination later in the human lifespan
(Fornari et al., 2012; Gao et al., 2014) and whose metabolic rate is
lower than other myelin regions in the nervous system. In addition,
the PV and deep WM regions are supplied by nonoverlapping ter-
minal arterioles with limited potential for collateral flow and a
lower microvascular density compared with the gray matter and JC
regions. This makes them more vulnerable to hypoperfusion and
ischemic changes (Matsushita et al., 1994; Moody et al., 1990). We
therefore speculate that the PV and deep WM areas could be more
susceptible to vascular disease (in addition to AD pathology),
whereas the JC areas would be relatively preserved from SVD-
related injury.

WMH volumes were significantly associated with faster
Time2Conversion to AD; that is, a positive association between
Table 4
Linear mixed-effects model: ADAS13 w 1 þ sex þ education þ age*WMH* cohort þ (1 j

Measure Total WMH JC WMH

Estimate p-value Estimate

Volume
Intercept 0.612 <0.0001 0.613
Age 0.702 <0.0001 0.966
Sex �0.065 0.388 �0.048
Education �0.104 0.003 �0.106
Vol 0.640 <0.0001 0.236
Cohort 0.968 <0.0001 �0.964
Age:vol 0.086 0.011 0.129
Age:cohort 0.513 <0.0001 0.764
Vol:cohort 0.541 <0.0001 0.162
Age:vol:cohort 0.047 0.297 0.115

WMAR
Intercept 0.586 <0.0001 0.668
Age 0.389 <0.0001 1.205
Sex �0.023 0.719 �0.059
Education �0.112 0.0001 �0.109
WMAR �0.958 <0.0001 �1.004
Cohort 0.553 <0.0001 0.095
Age: WMAR �0.200 0.001 �0.972
Age:cohort 0.061 0.001 0.118
WMAR:cohort �0.484 <0.0001 �0.084
Age: WMAR:cohort �0.027 0.359 �0.115

OBL
Intercept 0.543 <0.0001 0.588
Age 0.180 0.001 0.947
Sex �0.021 0.729 �0.034
Education �0.112 0.0001 �0.108
OBL �0.924 <0.0001 �0.933
Cohort 0.656 <0.0001 0.228
Age: OBL �0.019 0.760 �0.737
Age:cohort 0.070 0.0002 0.149
OBL:cohort �0.550 <0.0001 �0.155
Age: OBL:cohort �0.029 0.347 �0.150

Bold font indicates significant values after correction for multiple comparisons.
Key: JC, juxtacortical; OBL, overall burden of lesion; PV, periventricular; WMH, white m
WMH volume and Time2Conversion (as is the case for all regional
WMH volumes) implies an increase inWMH volume as time passes
(Time2Conversion increases) (Table 3). In addition, having a higher
severity of WM lesions (as measured by WMARs) was associated
with a shorter Time2Conversion in the converters, except for JC
WMAR; that is, negative association between WMAR and Time2-
Conversion (as is the case for all regional WMARs) indicates more
abnormality inWMAR (because lowerWMAR values reflect greater
abnormality) as time passes. This could be interpreted as a slower
changing process taking place at the JC level, as opposed to the
more rapid changes occurring in the PV and deep WM areas
(Table 3). This again reinforces the idea of a different injury
mechanism taking place in the JC WMHs versus the PV and deep
WMHs. In addition, while the rate of WMH volume increase
remained consistent before and after conversion to AD, the WMAR
rate showed a significant change after conversion to AD, suggesting
that while the rate of increase in lesion volume does not signifi-
cantly change, the amount ofWMdamage in these lesions is greater
after conversion to AD. This is also reflected in the increasing slope
of the OBL metric after conversion to AD, driven mostly by the PV
lesions.

Finally, we evaluated the association between cognitive perfor-
mance and theWMHmeasurements alongwith age, sex, education,
and the converter status. ADAS13 was significantly associated with
the WMH measures in all WM compartments (Table 4). More
interestingly, the converter cohort has a significant interactionwith
the WMH measures, indicating their higher contribution to cogni-
tive decline in this cohort. This further underlines the clinical
relevance of the WMH assessments in relation to cognitive decline
in the MCI population.
Subject)

Deep WMH PV WMH

p-value Estimate p-value Estimate p-value

<0.0001 0.642 <0.0001 0.731 <0.0001
<0.0001 1.029 <0.0001 1.063 <0.0001
0.518 �0.059 0.435 �0.081 0.292
0.002 �0.101 0.004 �0.105 0.003

<0.0001 0.240 <0.0001 0.228 <0.0001
<0.0001 0.979 <0.0001 �1.066 <0.0001
0.068 0.063 0.002 �0.071 0.025

<0.0001 0.822 <0.0001 0.840 <0.0001
0.0003 0.174 <0.0001 0.199 <0.0001
0.005 0.067 0.079 0.089 0.034

<0.0001 0.687 <0.0001 0.600 <0.0001
<0.0001 1.156 <0.0001 0.211 <0.0001
0.458 �0.088 0.272 �0.017 0.777
0.003 �0.095 0.012 �0.122 <0.0001

<0.0001 �1.005 <0.0001 �0.982 <0.0001
0.033 0.341 <0.0001 0.535 <0.0001

<0.0001 �0.924 0<0.0001 �0.028 0.637
0.004 0.059 0.154 0.067 <0.0001
0.148 �0.316 <0.0001 �0.468 <0.0001
0.029 �0.024 0.630 �0.018 0.492

<0.0001 0.637 <0.0001 0.591 <0.0001
<0.0001 0.947 <0.0001 0.158 0.002
0.638 �0.068 0.361 �0.024 0.692
0.001 �0.097 0.005 �0.122 <0.0001

<0.0001 �0.967 <0.0001 �0.975 <0.0001
<0.0001 0.338 <0.0001 0.585 <0.0001
<0.0001 �0.734 <0.0001 0.016 0.798
<0.0001 0.077 0.025 0.057 0.001
0.001 �0.265 <0.0001 �0.5062 <0.0001
0.0006 �0.075 0.097 �0.008 0.761

atter hyperintensity; WMAR, white matter abnormality ratio.
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Because the main question of interest in this study was to
investigate the patterns of change in different WMH measures and
their relationship with cognitive decline in individuals with MCI,
the converter cohort includes all patients with MCI who convert to
dementia, not necessarily AD dementia (N ¼ 178). However,
limiting the converter cohort to only patients with a confirmed
diagnosis of AD dementia (N ¼ 118), we found similar results in all
analyses (supplementary materials Tables S1-S3).

Our study has several limitations, the main one being the lack of
quantitative MRI pulse sequences to assess the different WM areas.
Adding information from magnetization transfer imaging or T1
mapping techniques could give more insight to the potential
changes in regional WMHs. Similarly, histopathology data of WMH
areas would provide essential information, mainly of the JC area,
which has not been the subject of extensive assessment in studies
correlating ex vivo MRI WMHs and histology analysis in the AD
population.

Most studies either assess the total burden of WMHs or classify
them into PV and deep categories. Separating JC WMHs from the
deepWMHs, we observed differences in their behavior from the PV
and deep WMHs. These differences are evident when assessing
traditional MRI pulse sequences that allow the quantification of
T2w/FLAIR WMHs volumes and T1w WMHs intensity values.

Because several vascular risk factors are treatable, prevention
and treatment of factors that are associatedwithWMHs is currently
one of the main recommendations to slow cognitive decline
(Leshner et al., 2017). One of the most important strategies
regarding reduction of vascular disease risk and consequently
WMH burden has been to control hypertension, which subse-
quently reduces the risk of cognitive decline (de Leeuw et al., 2002;
Debette andMarkus, 2010; Dufouil et al., 2001, 2005; Edwards et al.,
2017). Further assessment of WMHs in the JC, PV, and deep com-
partments in these types of patients (hypertensive controlled with
medication) could increase the insight into the susceptibility of
injury mediated by SVD in the different brain regions.

In summary, our results show that the WMHs in different re-
gions of the brain evolve differently in the process of conversion to
AD. Although PV and deep WMHs showed more pronounced
changes during the process of conversion, the JC WMAR signifi-
cantly differed between the converter and nonconverter groups.
The significant changes in theWMAR in PV regions after conversion
indicate that increased damage to the tissue (and not increased size
of the regions of damage) is related to disease progression.
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