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Abstract

White matter hyperintensities (WMH), a marker of small vessel cerebrovascular disease, increase
risk for mild cognitive impairment (MCI). Less is known about whether regional WMH
distinguish MCI subtypes and predict decline in everyday functioning. 618 Alzheimer’s Disease
Neuroimaging Initiative participants (301 cognitively normal [CN]; 232 amnestic MCI [aMCI]; 85
nonamnestic MCI [naMCI]) underwent neuropsychological testing, MRI, and assessment of
everyday functioning. aMCI participants showed greater temporal (p=.002) and occipital WMH
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(p=.030) relative to CN whereas naMCI participants had greater frontal (p=.045), temporal (p=.
003), parietal (p=.018), and occipital (p<.001) WMH compared to CN. Relative to those with
aMCl, individuals with naMCI showed greater occipital WMH (p=.013). Greater WMH in
temporal (p=.001) and occipital regions (p=.006) was associated with faster decline in everyday
functioning across the sample. Temporal lobe WMH were disproportionately associated with
accelerated functional decline among naMCI (p=.045). Regional WMH volumes vary across
cognitive groups and predict functional decline. Cerebrovascular markers may help identify
individuals at risk for decline and distinguish subtypes of cognitive impairment.

Keywords

Mild cognitive impairment; MCI subtypes; White matter hyperintensity; Cerebrovascular disease;
Neuropsychology; Daily functioning

1. Introduction

Although mild cognitive impairment (MCI) is often recognized as representing a prodromal
stage of Alzheimer’s disease (AD), it has become clear that MCI is a heterogeneous disorder
with distinct clinical subtypes (e.g., amnestic versus nonamnestic) that may differ in
underlying pathology (Petersen and Morris, 2005). Distinguishing MCI subtypes may have
implications for detection of MCI, treatment selection, prognosis, and selection for clinical
trials. Notably, many previous studies designed to identify biological markers of MCI
focused on amnestic MCI (aMCI), gray matter changes, and measures of amyloid and tau
whereas less research has focused on nonamnestic MCI (naMCI) and cerebrovascular
alterations, the latter which are prominent in MCI (Bangen et al., 2018; Brickman et al.,
2012; Schneider et al., 2009).

White matter hyperintensities (WMH), visualized as increased signal on T2-weighted
magnetic resonance imaging (MRI), are a very common finding on neuroimaging among
older adults. WMH are associated with small vessel cerebrovascular disease and may reflect
demyelination and axonal loss due to ischemia or neuronal loss and microglial and
endothelial activation (Wardlaw et al., 2015). Although WMH were once thought to reflect
benign changes in the underlying tissue in “normal” aging, it is now clear that they are
associated with cognitive impairment and substantially increase risk of stroke and dementia.
In a recent study of individuals with autosomal dominant genetic mutations for AD,
increased WMH volume, particularly in posterior regions, was observed several years prior
to estimated symptom onset suggesting that WMH are an important feature of AD among
younger to middle-aged individuals generally thought to be devoid of non-AD pathologies
(Lee et al., 2016). It is also now clear that WMH volume predicts risk and progression of
clinical symptoms in MCI (Bangen et al., 2018; Brickman et al., 2012; Brickman et al.,
2015; Silbert et al., 2012; Tosto et al., 2014). However, to date, no longitudinal studies have
examined whether lobar WMH volume is associated with changes in everyday functioning
over time among older adults at risk for AD.

Despite strong evidence of heterogeneity in MCI and AD together with the important role of
WMH in AD, few studies have examined WMH in MCI clinical subtypes. Findings from
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existing studies have been mixed. Some have shown that naMCI subgroups have greater
white matter lesion burden relative to aMCI subgroups (Delano-Wood et al., 2009), whereas
others have found that WMH are associated with amnestic but not naMCI (Luchsinger et al.,
2009). Other studies provided evidence for a threshold effect whereby mild small-vessel
cerebrovascular disease showed poorer episodic memory compared with working memory,
moderate small-vessel cerebrovascular disease displayed equal impairment on episodic
memory and working memory, and those with the most severe small-vessel cerebrovascular
disease showed poorer working memory relative to episodic memory (Libon et al., 2008).
Another study found that volume of WMH distinguished among MCI subtypes only when
combined with data related to gray matter atrophy (van de Pol et al., 2009).

We used a well-characterized sample of older adults without dementia from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) in order to investigate the associations between
regionally-distributed WMH, MCI clinical subtypes, and informant-reported everyday
functioning. We hypothesized that (1) greater WMH volume, particularly in posterior
regions, would be associated with MCI, and (2) the temporal lobe may be disproportionally
affected in aMCI versus those with normal cognition whereas the frontal, parietal, and
occipital lobe may be disproportionally affected in naMCI relative to those with normal
cognition. We also expected that greater WMH volume would be related to functional
decline over time, particularly among participants with MCI.

2. Material and methods

2.1 The ADNI dataset

Data used in the preparation of this article were obtained 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 magnetic resonance imaging
(MRI), positron emission tomography (PET), other biological markers, and clinical and
neuropsychological assessment can be combined to measure the progression of mild
cognitive impairment (MCI) and early Alzheimer’s disease (AD).

2.2 Participants

All participants included in ADNI were between the ages of 55 and 90 years old, had
completed at least 6 years of education, were Spanish or English speakers, had Geriatric
Depression Scale scores <6 (possible score range is 0-15) (Sheikh and Yesavage, 1986), had
modified Hachinski Ischemic Scale (HIS) scores <4, and were free of any significant
neurological disease or systemic illness. Only participants without dementia at baseline and
who underwent neuropsychological testing, assessment of everyday functioning with the
Functional Assessment Questionnaire (FAQ), and magnetic resonance imaging (MRI)
anatomical scans with lobar WMH volume data available were included in the present
analyses (n = 618).

Participants were diagnostically classified as aMCI (n=230), naMCI (n=85), or cognitively
normal (n=303) for this study using an actuarial neuropsychological diagnostic method
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(Bondi et al., 2014; Jak et al., 2009) applied to each participant’s baseline
neuropsychological assessment data. Six neuropsychological measures from ADNI were
chosen because they are routinely used in assessing early cognitive changes in AD, they
were administered to all ADNI participants, they assess multiple cognitive domains, and
have been used by several previously published studies applying these same actuarial
neuropsychological criteria to diagnose MCI in ADNI (Bangen et al., 2016; Bondi et al.,
2014; Edmonds et al., 2015). The six measures included: Animal Fluency total score and 30-
item Boston Naming Test (BNT) total score in the language domain; Trail Making Test,
Parts A and B times to completion in the speed/executive functioning domain; and Rey
Auditory Verbal Learning Test (AVLT) 30-minute delayed free recall (number of words
recalled) and AVLT recognition (number of words correctly recognized minus false positive
errors) in the episodic memory domain. Of note, none of these cognitive measures were used
in making the initial ADNI diagnostic classification. Each cognitive measure was converted
to an age-, education- and sex-corrected z-score based on a sample of cognitively normal
ADNI participants who remained normal throughout their participation in the study.

Participants were considered to have MCI if any one of the following criteria were met: 1)
they had an impaired score, defined as >1 SD below the age-, education-, and sex-corrected
normative mean, on both measures within at least one cognitive domain (i.e., memory,
language, or speed/executive function) or 2) they had one impaired score, defined as >1 SD
below the age-, education-, and sex-corrected corrected normative mean, in each of the three
cognitive domains sampled. If neither of these criteria were met, the participant was
classified as cognitively normal. Participants classified as MCI were further categorized as
aMCI if memory was impaired based on the above criteria and naMCI if memory was intact
but non-memory domains (i.e., speed/executive function and/or language) were impaired.

Participants underwent everyday functioning assessment (i.e., informant-rated FAQ) at
ADNI’s baseline assessment as well as at annual follow-up visits (i.e., 12-, 24-, 36-, and 48-
months). Of the 618 participants in the sample for the present study, all 618 participants had
complete data at baseline; 560 had complete data at the 12-month follow-up visit; 498 had
complete data at the 24-month follow-up visit; 438 had complete data at the 36-month
follow-up visit; and 266 participants (155 cognitively normal, 80 aMCI, 31 naMCI) had
complete data at the 48-month follow-up visit. A smaller subset of the sample had FAQ
follow-up at 60 months and beyond. Given the reduction in available data at 60 months of
follow-up and some MCI subtype groups having fewer than 20 participants with FAQ data at
that time point, our primary analyses focused on follow-up to 48 months. This study was
approved by the Institutional Review Boards of all participating institutions. Informed
written consent was obtained from all participants at each site.

2.3 Assessment of Everyday Functioning

Everyday functioning was operationalized as total score on the FAQ, a standardized
assessment of instrumental activities of daily living (IADL). As previously described
(Bangen et al., 2019; Thomas et al., 2017), the FAQ was completed by each participant’s
study partner at baseline, 6-month follow-up, and then annually thereafter. The study partner
rated the participant’s performance over the previous 4 weeks on 10 categories of daily
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activities including: (1) writing checks, paying bills, or balancing a checkbook; (2)
assembling tax records, business affairs, or other papers; (3) shopping alone for clothes,
household necessities, or groceries; (4) playing a game of skill such as bridge or chess or
working on a hobby; (5) making coffee or tea; (6) preparing a balanced meal; (7) keeping
track of current events; (8) paying attention to and understanding a TV program, book, or
magazine; (9) remembering appointments, family occasions, holidays, medications; and (10)
traveling out of the neighborhood. Each of the 10 items was rated on a 4-point scale, with
higher scores indicating greater dependence (dependent = 3; requires assistance = 2; has
difficulty but does by self = 1; normal = 0). The FAQ total score was calculated as the sum
of the 10 individual activity scores (range = 0-30).

2.4 Image Acquisition

A detailed description of ADNI MR imaging data acquisition can be found online
(www.loni.usc.edu). Briefly, a standardized protocol for MR image acquisition was
implemented across ADNI sites and platforms. The protocol was validated across MR
platforms (Jack et al., 2008). All data was acquired on 1.5 T systems. 3D T1-weighted
magnetization prepared rapid gradient echo sequences (MP-RAGE) were acquired in the
sagittal orientation for morphometric analyses. A proton density/T2-weighted fast spin echo
(FSE) sequence was acquired in the axial orientation for pathology detection including white
matter hyperintensity quantification. All imaging sites included in the ADNI study were
required to pass rigorous scanner validation tests and phantom-based monitoring (Jack et al.,
2008).

2.5 Image Analysis

A detailed description of ADNI MR imaging data acquisition and processing can be found
online (www.loni.usc.edu). Briefly, T1-weighted structural scans collected at baseline were
motion corrected and segmented and parcellated using an analysis pipeline based on
FreeSurfer and customized Matlab code (Holland et al., 2009). Brain volume was
normalized by dividing absolute whole brain volume by the estimated intracranial volume.
Normalized brain volume was used as a covariate in longitudinal analyses.

WMH volumes were obtained from ADNI, WMH were detected on coregistered T1-, T2-,
and PD-weighted images using an automated method that has been previously described in
detail (Carmichael et al., 2010; Schwarz et al., 2009). Briefly, the T1-weighted image was
stripped of nonbrain tissues and nonlinearly aligned to a minimum deformation template
(Kochunov et al., 2001; Rueckert et al., 1999). The T2- and PD-weighted images were
stripped of nonbrain tissues and warped to the space of the minimum deformation template
image based on the T1 alignment and warping parameters. WMH were detected in minimum
deformation template space at each voxel based on image intensities of the PD, T1, and T2
images combined with a spatial prior (i.e., the prior probability of WMH occurring at a
given voxel) and a contextual prior (i.e., the conditional probability of WMH occurring at a
given voxel based on the presence of WMH at neighboring voxels). WMH volumes
quantified with the above method agreed strongly with WMH volumes estimated based on
fluid attenuated inversion recovery (FLAIR) MRI scans in a diverse sample of older adults
including individuals with normal cognition, MCI, and dementia (Schwarz et al., 2009). An
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a priorilobar atlas was used to obtain regional WMH volumes of the frontal, temporal,
parietal, and occipital lobes. Development of this atlas have been previously described
(DecCarli et al., 2005). Voxels labeled as WMH were summed and multiplied by voxel
dimensions to obtain volumes and reported in units of cm3. Brain infarctions were identified
on the T2/PD images through qualitative review by an expert specially trained in the
detection of MRI infarcts.

2.6 Statistical Analyses

The distribution of WMH volumes was positively skewed and natural log transformation
was used to improve distribution normality. Baseline demographic and clinical
characteristics by cognitive status (i.e., aMCI, naMCI, normal cognition) were examined
using analysis of variance (ANOVA) and chi-square tests. Post-hoc pairwise comparisons
were performed if the omnibus test was significant. A 3 (cognitive group) x 4 (lobe)
repeated measures analysis of covariance (ANCOVA) compared groups on regional WMH
adjusting for age and sex. Region/lobe was treated as a within-subjects factor to determine
whether the pattern of regional differences across groups was significant. Mauchly’s test was
used to assess deviations from sphericity and, if significant, the Huynh-Feldt correction was
applied to analyses. Post-hoc pairwise comparisons were conducted for significant omnibus
tests.

Linear mixed effects models analyzed longitudinal rate of change in FAQ score over the 4-
year interval as a function of baseline WMH volume. FAQ data from 5 timepoints including
baseline, 12-, 24-, 36-, and 48-months follow-up visits was used in analyses. The covariates
listed above as well as baseline normalized brain volume were included as fixed effects, as
were all simple effects, two-way, and three-way interactions between baseline WMH
volume, cognitive group, and visit. The visit variable represents time (in months) from
baseline with 0 months representing the baseline visit. Individual differences in intercept and
slope were modeled as random effects. Full information maximum likelihood estimation was
used to allow for all available data to be included (Singer and Willett, 2003; Woodard,
2017), which has been demonstrated to be less biased than list-wise deletion (Schafer &
Graham, 2002). All continuous variables in the model were standardized to have a mean of
zero and a standard deviation of one using z-score transformations. The naMCI group served
as the reference group and analyses were run a second time with the cognitively normal
group serving as the reference group to allow for all pairwise comparisons. Each of the 4
lobes and total WMH volume were examined in separate models. See Supplemental

Material for the equation for the longitudinal model.

To address potential inflation of type | error resulting from multiple comparisons, we applied
the Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995) to the cross-sectional
post-hoc pairwise comparisons of regional WMH volume as well as the two-way group x
visit and three-way group x WMH x visit interactions from the longitudinal models. In all
cases we corrected for three pairwise comparisons (CN vs aMCI, CN vs naMCl, and aMCI
vs naMCIl). We assessed results when the false discovery rate (FDR) was controlled at 0.05
and 0.10.
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In order to assess potential selective attrition, ANOVA and chi-square tests were performed
to examine whether demographic or clinical characteristics differed between participants in
the overall analytic sample who completed the month 48 visit (n=266) and those who were
missing data at month 48 (n=352). All analyses were performed using Statistical Package for
the Saocial Sciences (SPSS) version 25 (SPSS IBM, New York, USA) and figures were
created using the ggplot2 package in R (https://cran.r-project.org/web/packages/ggplot2/
index.html).

3. Results

3.1 Participant characteristics

Descriptive data for demographic and clinical characteristics of the sample are presented in
Table 1. In comparison to both the cognitively normal and naMCI groups, the aMCI group
was significantly younger. In addition, the naMCI group completed fewer years of education
relative to the cognitively normal and aMCI groups. Both the amnestic and naMCI groups
had a higher proportion APOE &4 carriers relative to the cognitively normal group. In
addition, the aMCI group had higher proportion of APOE e4 carriers relative to the naMCl
group. There were no significant differences across groups in terms of sex distribution or
vascular risk burden (i.e., pulse pressure or modified HIS score).

As expected, the amnestic and naMCI groups had lower performance relative to the
cognitively normal group on each of the six individual cognitive measures. In addition, the
naMCI group had lower scores on the BNT and Trails A and B relative to the aMCI group,
whereas the aMCI performed more poorly than the naMCI group on memory recall and
recognition. Also as expected, the amnestic and nonamnestic groups had higher FAQ scores
at baseline relative to the cognitively normal group. In addition, the aMCI had significantly
higher FAQ scores relative to the naMCI group. Both the amnestic and naMCI had
significantly reduced total brain volume relative to the cognitively normal group although
the two MCI groups did not differ.

3.2 Attrition

Attrition from baseline to 48 months differed across the cognitive groups (;(2: 16.032,p <.
001). Pairwise comparisons showed that attrition was disproportionately higher in those with
aMCI and naMCI relative to the cognitively normal group ()(2: 14.218, p <.001 and ;(2:
5.735, p =.017) but did not differ between the amnestic and naMCI subgroups ()(2: 077, p
=.781). Attrition did not differ based on age (F = .110, p =.740), sex (;(2: 415, p =.519),
or APOE e4 carrier status (;(2: .208, p = .648).

3.3 Cross-sectional Associations of Regional WMH Volume and MCI

Adjusting for age and sex, there was a main effect of cognitive group on total WMH volume
(F4, 613=3.59, p = .028). Post-hoc pairwise comparison tests showed that the naMCI group
had higher total WMH volume relative to the cognitively normal group (p = .011) although
there were no differences across the other groups (aMCI versus cognitively normal: p = .
114; amnestic versus naMCI: p =.179). The statistical significance for these post-hoc
pairwise comparisons was retained using a 0.05 FDR.
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For the repeated measures ANCOVA model, Mauchly’s test of sphericity was significant (p
<.05) and, therefore, the Huynh-Feldt correction was applied. Again, there was a main
effect of group (F(2, 613) = 6.72, p = .001). Adjusting for age and sex, there was a significant
lobe x group interaction (F(s 175, 1586.116) = 2.78, p = .015). The effects indicated that mean
WMH volume varied across groups and the magnitude of group differences varied across the
lobes.

To decompose the interaction, we conducted post-hoc univariate pairwise comparison tests
for each lobe. These analyses showed that, adjusting for age and sex: (1) the aMCI group
had greater WMH volume relative to the cognitively normal group in the temporal (F(1, 529)
=9.26, p =.002) and occipital lobes (F(1, 509y = 4.71, p = .030); (2) the naMCI group had
greater WMH volume compared to the cognitively normal group in the frontal (F(1, 3g2) =
4.03, p =.045), temporal (F(1, 382) = 9.24, p = .003), parietal (F, 3g2) = 5.69, p =.018), and
occipital lobes (F(y, 382) = 16.07, p < .001); and (3) the naMCI group showed significantly
greater occipital WMH volume relative to the aMCI group (F(1, 313) = 6.18, p = .013). None
of the other post-hoc pairwise comparisons were statistically significant (all p-values = .
050). Statistical significance of these post-hoc pairwise comparisons were retained using a
0.10 FDR. With the exception of the difference between the naMCl and CN groups in the
frontal lobe, significance of these results was also retained using a 0.05 FDR. See Figure 1.

3.4 Longitudinal Prediction of Daily Functioning by Baseline WMH

Linear mixed effects models, adjusting for baseline age, sex, education, baseline normalized
total brain volume, and cognitive group (aMCI, naMCI, or normal cognition), examined
whether baseline WMH volume predicted longitudinal change in FAQ score across the 48-
month follow-up period. Table 2 shows all parameter estimates for the primary models for
which the naMCI group served as the reference group. Analyses were re-run with the
cognitively normal group (rather than the naMCI group) serving as the reference group (see
Supplemental Table 1 for parameter estimates for these models).

The two-way group X visit interactions showed that both the aMCI and naMCI groups had a
faster rate of functional decline (i.e., endorsed more functional difficulty resulting in higher
FAQ score) than the cognitively normal group across all models; the aMCI group showed a
faster rate of functional decline than the naMCI group for the models that included total
WMH volume as well as WMH volume for the temporal and occipital regions. Statistical
significance of these results was retained using a 0.05 FDR.

The two-way WMH x visit interactions showed that, across the entire sample, greater WMH
in temporal and occipital regions was associated with faster decline in everyday functioning
across time (p = .001 and .006, respectively). These effects remained significant using an
FDR of 0.05. For temporal WMH, the WMH x visit interaction was moderated by group
such that greater WMH disproportionally accelerated functional decline for naMCI when
compared to the aMCI group (p = .045) and at a trend level when compared to the
cognitively normal group (p = .053); see Figure 2. Statistical significance of the three-way
interaction was maintained using a 0.10 FDR but not when FDR was limited to 0.05.
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3.5 Sensitivity Analyses Excluding Participants with Brain Infarcts

In secondary analyses, we excluded individuals with brain infarcts observed on MRI (n =
51). All results remained qualitatively and statistically similar. That is, the repeated
measures ANOVA showed an interaction at baseline. Univariate tests for each lobe showed
the same pattern of results when the entire sample was included. Multilevel modeling
analyzing longitudinal rate of change in FAQ score as a function of baseline WMH showed
that findings remained qualitatively and statistically similar. That is, baseline temporal and
occipital WMH volume predicted functional decline (p’s <.001). For temporal WMH, these
effects were moderated by group such that greater WMH disproportionally accelerated
functional decline for naMCI when compared to the aMCI group (p < .05).

3.6 False Discovery Rate

Statistical significance of all results described above was retained using a 0.10 FDR. The
two findings for which statistical significance was not maintained under 0.05 FDR are
indicated as such in the text above.

4. Discussion

In this large sample of older adults, we found that those with amnestic and naMCI showed
greater WMH volume relative to cognitively normal older adults and that the pattern of
group differences varied across regions. Specifically, the aMCI group showed elevated
temporal and occipital WMH volume relative to the cognitively normal group whereas the
naMCI group showed elevated WMH volume across frontal, parietal, temporal and occipital
regions, suggesting more widespread WMH accumulation. In addition, the naMCI
participants showed greater occipital WMH relative to the aMCI. Findings of this study also
provide evidence that regional WMH volume predicts changes in informant-reported
everyday functioning—even in cognitively normal individuals. To our knowledge, this is the
first examination of lobar WMH volume as a longitudinal predictor of functional decline in
MCI. Our findings add to a growing body of research highlighting the role of
cerebrovascular changes, and suggest that WMH in particular play an important role in
individuals at risk for dementia (Brickman et al., 2012; Lee et al., 2016; Tosto et al., 2014).
Our study extends previous work by demonstrating associations between regional WMH
volume in MCI subtypes and longitudinal changes in everyday functioning. These findings
also highlight that regional measures of WMH may be more sensitive than total global
WMH in discriminating among those at increased risk of developing AD.

The pattern of baseline regional WMH accumulation varied for the MCI subtypes. The
aMCI group showed a memory deficit and significantly higher temporal and occipital WMH
volume relative to the cognitively normal group. The naMCI group—which showed
impairment in non-memory domains (i.e., language and/or executive functioning)—also
showed more widespread WMH accumulation across frontal and parietal regions in addition
to temporal and occipital regions. This pattern of regional WMH differences between
amnestic and nonamnestic subtypes of MCI parallels the distinct cortical atrophy patterns
that have been observed in MCI subgroups which correspond well to the heterogenous
cognitive profiles observed in MCI (Edmonds et al., 2016). Of note, our models adjusted for
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whole brain volume normalized by intracranial volume, suggesting that the associations of
WMH volume are independent of gray matter atrophy.

Although WMH are common in normal aging (DeCarli et al., 2005) and in non-AD forms of
cognitive impairment (Gorelick et al., 2011), growing evidence suggests an important role in
AD (Lee et al., 2016). While it has been proposed that amnestic and naMCI are linked to
different etiologies (Petersen and Morris, 2005), it is clear that aMClI is not always a
precursor to AD and cerebrovascular disease is often associated with memory deficits. Based
on the current evidence, it appears that WMH play a role in both clinical subtypes. Notably,
WMH themselves are heterogeneous and have been linked pathologically to demyelination,
axonal loss due to ischemia or neuronal death, cerebral amyloid angiopathy, and microglia
and endothelial activation (Wardlaw et al., 2015) (Fernando et al., 2004; Lee et al., 2016).

A recent study of individuals with autosomal-dominant genetic mutations for AD found that
WMH volume is elevated among mutation carriers approximately six years before estimated
symptom onset. When regional WMH were examined, parietal and occipital WMH was
elevated among mutation carriers around 22 years before estimated symptom onset. Notably,
posterior WMH volume increased in mutation carriers around the same time that CSF
ptaul81 and amyloid changes occur (Lee et al., 2016). In line with these findings, we also
found that posterior WMH differentiated aMCI and naMCI groups from cognitively normal
older adults and was associated with functional decline across the entire sample.

Although the ADNI sample is selected to have relatively low vascular risk burden, we
performed secondary analyses excluding those with MRI defined brain infarct(s) and found
quantitatively and statistically similar results, suggesting that WMH have an influence on
cognition independent of infarcts, although we cannot rule out the possible presence of
microinfarcts. Nonetheless, our findings support the notion that even relatively mild
cerebrovascular changes play a role in the expression of MCI and the evolution of decline in
everyday functioning.

We found that baseline WMH volume predicted increasing functional difficulty, although it
should be noted that the sample was, on average, still functionally independent at the 48-
month visit. A score of 6 or higher on the FAQ has been suggested to best indicate
significant functional difficulties and shown to best discriminate between MCI and very mild
AD (Teng et al., 2010). Although the mean decline in everyday functioning observed in our
study did not reach the level of dependence in IADLs, increased functional difficulty is an
important risk factor for future functional disability and cognitive decline (Farias et al.,
2017; Nowrangi et al., 2016), and even modest functional decline may lead to increased
frustration with everyday tasks. Our findings provide support for greater regional WMH as a
risk factor for decline in daily functioning among nondemented older adults including those
with normal cognition. Notably, the aMCI group showed more functional difficulties at
baseline and at follow-up relative to the other groups. Although we would not expect
clinically significant functional difficulties in cognitively normal individuals, some
individuals in this group were experiencing subtle functional changes that are predicted by
baseline WMH volume.
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We observed an interaction whereby temporal WMH volume disproportionally predicted
functional decline among the naMCI group. It is possible that progression (or increased
functional difficulty) in naMCI is driven more by temporal white matter changes relative to
other pathologies (e.g., tau). There is evidence that executive functioning is an important
predictor of everyday functioning among older adults (McAlister et al., 2016) and accounts
for more of the variance in everyday functioning compared to memory, attention, and
visuospatial domains (Royall et al., 2007). In our own work we have shown that the
combination of both memory and executive function difficulties seems to accelerate
functional decline (Thomas et al., 2017). It is possible that, among the naMCI who already
have executive functioning impairment at baseline, the increased temporal WMH may lead
to future memory declines. Thus, perhaps the addition of new onset memory difficulties over
time caused by greater baseline temporal WMH volume, in combination with existing
executive dysfunction, resulted in a faster rate of decline in everyday functioning. In
addition, compared to the naMCI group, a larger portion of aMCI in our sample were
impaired in multiple cognitive domains versus a single cognitive domain. That is, in the
aMCI group, 43% of individuals were impaired in multiple domains whereas, in the naMCI
group, 14% were impaired in multiple domains. Given the small number of participants in
the multidomain naMCI group, we did not have adequate statistical power to perform
analyses for all four MCI clinical subtypes (single and multidomain within aMCI and
naMCI each). Longitudinal studies examining the spatial patterns of regional WMH
accumulation and cognitive progression of the subtypes over time will be necessary to
examine these possibilities.

Strengths of this study include a large, well-characterized sample of older adults enrolled in
a national study on aging and Alzheimer’s disease, assessment of neuropsychological
functioning and IADLs, analysis of multimodal MRI data, quantification of lobar WMH,
and the longitudinal design. In addition, we used comprehensive neuropsychological criteria
for the identification of MCI subtypes. We have previously shown that MCI diagnosed via
our actuarial neuropsychological method, which diagnoses MCI based on multiple objective
neuropsychological measures assessing a range of cognitive abilities, results in greater
diagnostic stability (Jak et al., 2009) and stronger relationships among cognition,
biomarkers, and progression to AD (Bondi et al., 2014; Clark et al., 2013; Edmonds et al.,
2016). We have also shown that conventional diagnostic methods for MCl—based on
subjective memory complaints, cognitive screening measures, and a single memory test
(Petersen, 2004; Petersen et al., 2010)—are susceptible to false-positive diagnostic errors.
For instance, our work has shown that, in ADNI, over one-third of MCI participants were
better classified as “cognitively normal” due to normal cognitive functioning, normal AD
biomarkers, and low progression rates to AD (Bangen et al., 2016; Bondi et al., 2014; Clark
et al., 2013; Edmonds et al., 2015).

Limitations of our study include that a 48 month follow-up may be a relatively short period
of time to see changes in brain structure and everyday functioning among cognitively normal
individuals in particular. Higher attrition rates were observed for amnestic and naMCl
participants relative to cognitively normal individuals although the two MCI subtypes did
not differ from each another. Nonetheless, this pattern of attrition may limit our
understanding of the association of WMH and trajectories of decline in higher risk
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individuals. Furthermore, the participants in ADNI were relatively homogeneous and tended
to be well-educated and Caucasian. Replication of our study findings in more heterogeneous
samples that may better reflect the general population is warranted.

In closing, we found that regional WMH volumes discriminate among cognitively normal
older adults and meaningful MCI subgroups and regional measures of WMH may be more
sensitive than total global WMH in identifying those at increased risk of developing AD and
predicting functional decline. Taken together with previous work showing that WMH
increases AD risk (Brickman et al., 2012; Silbert et al., 2012), relates to heterogeneity
among MCI subgroups (Delano-Wood et al., 2009; Luchsinger et al., 2009), predicts
cognitive decline (Carmichael et al., 2010; Tosto et al., 2014), and is more reliably
associated with neurodegeneration than measures of Ap (Guzman et al., 2013), our findings
suggest that regional WMH volume may be a useful alternative or addition to traditional
biomarkers in identifying individuals at risk for decline. Future research is needed to further
elucidate the link between small-vessel cerebrovascular disease and MCI, particularly given
evidence that cerebrovascular changes may precede, initiate, and exacerbate
neurodegeneration (Bell et al., 2012; Zlokovic, 2011). Importantly, given that many of the
risk factors for WMH have been identified and may be modified through lifestyle and
pharmacological interventions, our findings suggest that reducing risk burden through
treatment of vascular factors is a promising approach and may be more relevant for
particular MCI subgroups.
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. MCI subtypes are associated with greater baseline regional WMH compared
to controls

. Nonamnestic MCI show greater baseline occipital WMH relative to amnestic
MCI

. Posterior WMH volume predicts functional decline across the entire sample

. Temporal WMH are disproportionately associated with decline among

nonamnestic MCI

. Cerebrovascular markers may help identify individuals at risk for functional
decline

Neurobiol Aging. Author manuscript; available in PMC 2021 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Bangen et al.

A B
o 08 202
: £
s S
z T
L, s
S 04 s
= =
. m
8 5 0.1
[ (=%
502 g
b =
2 -
4 %
3 &=
e 4]
a go g 00

CN aMCl naMCl

(o]

0.75| 0.4

0.2 —

Predicted Parietal WMH Volume
Predicted Occipital WMH Volume o©

0.00|

£
aMCl

naCl CN

Figure 1.

]

N
B
o
3
==
mr——
P
E-—
e

z n-ul:lll‘

el II@;_I*' s

naMCl

g -|@nn{|

naMCI

Page 17

Dot-box plots demonstrating regional white matter hyperintensity (WMH) volume for mild
cognitive impairment (MCI) and cognitively normal groups. Plots illustrate the predicted
WMH volume values from regression models, adjusting for age and sex, for frontal (panel
A), temporal (panel B), parietal (panel C), and occipital (panel D) lobes. As described in the
results section, univariate post-hoc tests for each lobe revealed that, adjusting for age and
sex: (1) the amnestic MCI had significantly greater temporal (p = .002) and occipital WMH
volume (p = .030) relative to the cognitively normal group; (2) the nonamnestic MCI had
significantly greater WMH volume compared to the cognitively normal group in the frontal
(p = .045), temporal (p = .003), parietal (p = .020), and occipital lobes (p <.001); and (3) the
nonamnestic MCI showed significantly greater occipital WMH volume relative to the

amnestic MCI group (p = .013).
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Figure 2.
Fitted plots displaying model predicted Functional Activities Questionnaire (FAQ) values

over the 4-year interval, controlling for age, sex, education, and brain volume. For visual
comparison, the graphs display results for low white matter hyperintensity (WMH) volume
(depicted in panel A) and high WMH volume (depicted in panel B) which were determined
by a median split of the values in the analytic sample. The graph shows results for temporal
WMH. Higher FAQ scores indicate greater functional difficulty. Shaded regions represent
the 95% confidence interval for the regression line.
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