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Abstract

Introduction: The aim of this study was to examine white matter hyperintensities

(WMH) and fractional anisotropy (FA) in empirically derived incident mild cognitive

impairment (MCI) subtypes.

Methods: We evaluated 188 participants with incident MCI in the Mayo Clinic

Study of Aging (MCSA) identified as having one of four cluster-derived subtypes:

subtle cognitive impairment, amnestic, dysnomic, and dysexecutive. We used linear

regression models to evaluate whole brain and regional WMH volumes. We exam-

ined fractional anisotropy (FA) on a subset of 63 participants with diffusion tensor

imaging.

Results: Amnestic and dysexecutive subtypes had higher WMH volumes in differing

patterns than cognitively unimpaired; the dysexecutive subtype had higherWMHthan

subtle cognitive impairment. TherewaswidespreadWMdegeneration in long associa-

tion and commissural fibers in the amnestic, dysnomic, and dysexecutive subtypes, and

corpus callosum FA accounted for significant variability in global cognition.

Discussion:White matter changes likely contribute to cognitive symptoms in incident

MCI.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and nomodifications or adaptations aremade.

© 2021 The Authors. Alzheimer’s & Dementia: Diagnosis, Assessment & Disease Monitoring published byWiley Periodicals, LLC on behalf of Alzheimer’s Association

Alzheimer’s Dement. 2021;13:e12269. wileyonlinelibrary.com/journal/dad2 1 of 11

https://doi.org/10.1002/dad2.12269

mailto:machulda.mary@mayo.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/dad2
https://doi.org/10.1002/dad2.12269


2 of 11 MACHULDA ET AL.

KEYWORDS

cluster analysis, cognition, diffusion tensor imaging, fractional anisotropy, mild cognitive impair-
ment, white matter hyperintensities

1 INTRODUCTION

Cognitive impairment is a multifactorial process with cerebrovascular

disease (CVD) being a significant contributor to the risk of dementia.1

White matter hyperintensities (WMH), presumed to have a vascu-

lar etiology, are common in cognitively unimpaired (CU) older adults

and those with amnestic and non-amnestic mild cognitive impair-

ment (MCI).2,3 Elevated WMH volumes are also associated with risk

of incident MCI in community-based samples.4-6 Although WMH

can affect all cognitive domains, the most pronounced associations

are typically with attention, processing speed, and aspects of exec-

utive function.3,7–9 Recent work has also shown that early changes

in white matter (WM) measured using diffusion tensor imaging (DTI)

are a sensitive marker of WM degeneration,10,11 are associated with

incident MCI,12 and predict future cognitive decline in prevalent

MCI.13

Most studies of WM changes in MCI broadly use conventional

criteria (i.e., ≤ 1.5 standard deviations [SD] below normal on one

test within a domain)5,6,14 or a Clinical Dementia Rating (CDR) rat-

ing of 0.54,15 to identify participants. Empirical methods for iden-

tifying cognitive subtypes of MCI have merit for diagnosing MCI

because they do not rely on clinical judgement or prespecified cut-

points for cognitive impairment. We previously used cluster analy-

sis and identified four subtypes of incident MCI in the Mayo Clinic

Study of Aging (amnestic, dysnomic, dysexecutive, subtle cognitive

impairment).16 We also showed these MCI subtypes had patterns

of cortical atrophy that corresponded to patterns of their cognitive

impairment.17

Only one study to date has evaluated WM changes in empiri-

cally derived MCI subtypes, and this was on individuals with preva-

lent MCI.18 Delano-Wood et al. identified three MCI subtypes in

patients recruited from a geriatric neurology clinic: pure mem-

ory, memory/language, and executive/processing speed. The execu-

tive/processing speed group demonstrating significantly higher levels

of WM pathology compared to the other subgroups. A limitation of

studying individualswith prevalentMCI, however, is that length of time

that clinical symptoms have been present varies, and therefore impair-

ment in some cognitive domains may have progressed more for some

individuals compared to others. No previous studies have examined

WMchanges (WMHorDTI alterations) in empirically derived subtypes

of incidentMCI.

Therefore, the aim of this study was to expand on our previous

work by evaluatingWMchanges, asmeasured viaWMHon fluid atten-

uated inversion recovery (FLAIR) and fractional anisotropy (FA), on

DTI in the four subtypes of empirically derived incident MCI that we

previously described from a population-based study.16 We hypothe-

sized that the dysexecutiveMCI subtypewould showmoreWMabnor-

malities on both FLAIR and DTI imaging than the other three MCI

subtypes.

2 METHODS

2.1 Study sample

2.1.1 Participants

The Mayo Clinic Study of Aging (MCSA) is a longitudinal population-

based study of cognitive aging in Olmsted County, Minnesota.19 Par-

ticipants in this study represent a subset of those from our previ-

ous study in which we used agglomerative hierarchical clustering with

Euclidean distance and Ward’s linkage to identify neuropsychologi-

cal subtypes of MCI based on performance on nine neuropsychologi-

cal tests described below.16 The MCI subtypes were named according

to the cognitive domain with the most pronounced cognitive impair-

ment: subtle cognitive impairment (verymildmemory impairment; cog-

nition features in this group were similar to that of the amnestic sub-

set yet distinct from the other clusters with respect to level of cogni-

tive performance anddegreeof functional impairment), amnestic (focal

memory impairment), dysnomic (significant language impairment with

mild to moderate impairment in memory, attention, and visuospa-

tial domains), and dysexecutive (significant attention/executive impair-

ment with mild impairment in memory, language, and visuospatial

domains).

For the present study, MCI participants were included if they com-

pletedanMRIduring thevisitwhen they receivedan incidentMCIdiag-

nosis. Of our original sample of 506 MCI participants, 188 had usable

imaging data. The current sample of 188 participants represents 37%

(26/70) of the subtle cognitive impairment cluster, 43% (83/193) of

the amnestic cluster, 36% (30/84) of the dysnomic cluster, and 31%

(49/159) of thedysexecutive cluster.Wealso examineda subset ofMCI

participants with diffusion imaging: 12 subtle cognitive impairment, 23

amnestic, 8 dysnomic, and 20 dysexecutive.

2.1.2 Standard protocol approval and patient
consents

The Mayo Clinic and Olmsted Medical Center Institutional Review

Boards approved these studies, which also followed Health Insurance

Portability and Accountability Act (HIPAA) guidelines. Every partici-

pant providedwritten informed consent.
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2.2 Materials and procedure

2.2.1 Evaluation

MCSA participants complete comprehensive evaluations approx-

imately every 15 months, which include a physician examination,

interview by a study coordinator, and neuropsychological testing.19

The physician examination included medical history review, complete

neurologic examination, and administration of the Short Test of

Mental Status.20 The study coordinator interview included collection

of demographic information, medical history, and questions about

memory to the participant using the Blessed Memory Test21 and the

informant using the CDR scale22 and Functional Activities Ques-

tionnaire (FAQ).23 Participants also completed the Beck Depression

Inventory-2.24

Each participant underwent a detailed neuropsychological evalua-

tion as described previously.17,19 We evaluated four cognitive domains

using nine tests: (1) memory (Auditory Verbal Learning Test [AVLT]

Delayed Recall, Wechsler Memory Scale Revised [WMS-R] Logical

Memory II &Visual Reproduction II), (2) language (BostonNamingTest,

Category Fluency), (3) attention/executive (Trail Making Test B, WAIS-

RDigit Symbol), and (4) visuospatial (Wechsler Adult Intelligence Scale

Revised [WAIS-R] Picture Completion & Block Design). Global cogni-

tion z-scores were averaged over domain-specific z-scores and refer-

enced to 3686 MCSA 2004–2012 cognitively unimpaired (CU) from

the 50–89 cohort and weighted to the 2013 Olmsted County popula-

tion by age and sex.

Procedure used to diagnose MCI included: (1) history from the par-

ticipant and interview of a study partner to determine whether there

has been a change in cognition; (2) objective scores more than –1.0 SD

below the expected mean in one or more cognitive domains based on

Mayo’s Older American Normative Studies,25,26 which were derived

on a separate sample of individuals; (3) functionally intact; and (4) does

not meet Diagnostic and Statistical Manual of Mental Disorder Fourth

Edition (DSM-IV) criteria for dementia. These criteria are consistent

with the recent practice guideline update summary on MCI based on

review of the literature.27 A final decision to diagnose CU or MCI was

based on a consensus agreement among the study coordinator, exam-

ining physician, and neuropsychologist after taking into account edu-

cation, prior occupation, and reviewing all other participant clinical

information.19 Raters were blinded to the previous diagnosis of the

participant.

2.2.2 Genetic characterization

Participants underwent a blood draw at their baseline visit. DNA

extraction and apolipoprotein E (APOE) genotyping were performed

using standard methods.28 The APOE ε4 carriers included participants

with one or two copies of the ε4 allele.

RESEARCH INCONTEXT

1. Systematic review: We reviewed the literature that

focused on white matter hyperintensities (WMH) and

diffusion tensor imaging for evaluating brain changes

in mild cognitive impairment (MCI) defined by conven-

tional/internal consensus criteria and/or cluster analysis

that was available on PubMed and Google Scholar. One

study examinedWMH in prevalentMCI subtypes derived

from cluster analysis. No previous study has investigated

white matter changes in empirically derived subtypes of

incidentMCI.

2. Interpretation:We found that amnestic anddysexecutive

MCIhaddifferent patterns of elevatedWMH, andamnes-

tic, dysnomic, and dysexecutive subtypes have reduced

fractional anisotropy in commissural and long association

fibers.

3. Future directions: Future studies are needed to examine

patterns of tau changes in incident MCI subtypes, ide-

ally in conjunction with patterns of amyloid deposition.

Further understanding of the brain changes underlying

empirically derived incident MCI subtypes may aid with

participant selection and assignment in future interven-

tion studies.

2.2.3 Indicator of systemic vascular health

We created a composite score of seven cardiovascular and metabolic

conditions (CMC) as the summation of the presence/absence of the fol-

lowing conditions: hypertension, hyperlipidemia, cardiac arrhythmias,

coronary artery disease, congestive heart failure, diabetes mellitus,

and stroke.29

2.2.4 MRI

Allmagnetic resonance imaging (MRI)wasobtainedon3TMRI systems

(GE Healthcare). The acquisition and processing of MRI images are

described by Graff-Radford et al.30 The 3D magnetization-prepared

rapid gradient echo (MPRAGE) and 2D FLAIR images were used to cal-

culate WMH volume via a fully automated algorithm, updated from

a previously described in-house semi-automated method.31 Briefly,

WMHwere segmented on the native 2D FLAIR images via automated

seed initialization based on location (spatial priors), intensity relative

to the distribution of GM intensity values, and intensity relative to its

local neighborhood. False-positiveWMHsegmentationswere reduced

by applying a WM mask derived from automated MPRAGE segmen-

tation, and by using region-growing (lesion size). Total WMH volume
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was calculated as cm3. The acquisition and processing of DTI data are

described by Vemuri et al.32

2.3 Statistical analyses

2.3.1 WMH

Boxplots ofWMH, as a percentage of total intracranial volume (TIV) to

correct for head size, for CU and eachMCI subtype were inspected for

outliers and distributional properties. To compare WMH by group, we

fit linear regression models on total WMH volume including group as

a factor and adjusted for age, sex, and TIV given the known effect of

these variables on WMH burden. The natural log transformation was

applied to WMH volume and TIV to reduce skewness. Coefficients on

the natural log scale are directly interpretable as approximate propor-

tional differences.33 To evaluate regional differences in WMH volume

in the MCI subtypes, we selected lobar and deep gray/white regions

of interest (ROIs) from the ADIR Lobar atlas (available as part of the

Mayo Clinic Adult Lifespan Template, https://www.nitrc.org/projects/

mcalt/). Separate linear regression models were fit on regional WMH

(frontal, parietal, occipital, temporal, deep gray/white) following the

previously described framework, including group as a factor, adjusting

for age, sex, and TIV, and applying natural log transformations to vol-

umes.

There were no adjustments for multiple comparisons to avoid mak-

ing a priori assumptions about group differences. We did not want to

strongly control the rate of false positive findings at the expense of

false negatives. Because we show the actual P values, we allow the

reader to calculate a Bonferroni type of adjustment, if desired.34 Anal-

yses were completed in R statistical software version 3.4.2 (https://

www.r-project.org).

2.3.2 DTI-FA

Tract-based spatial statistics (TBSS) was used to analyze the data.35

The registered FA images were averaged to derive a mean FA, which

was further skeletonized. The FA skeleton was then thresholded at 0.2

to include onlyWM and each participant’s FA data was projected onto

this skeleton. The differences in FA between eachMCI subtype andCU

were analyzed in a voxel-wise fashion using FSL randomise with 5000

permutations with age and sex as covariates. We report clusters that

survive correction for family-wise error (P < .05) using labels from the

Johns Hopkins University (JHU) “Eve”WMatlas.36

To supplement the voxel-based analyses, a regional analysis of FA

in the corpus callosum (CC), the major interhemispheric WM con-

nection, was also conducted. To quantify relative differences in WM

damage, pairwise differences in covariate-adjusted group means were

extracted from a linear regression model on FA adjusting for age, sex,

and group.

To examine the clinical relevance of microvascular factors on cog-

nition in incident MCI, a partial correlation coefficient was computed

between CC FA and global z-score after adjusting for age, sex, WMH,

and TIV and applying natural log transformations to volumes. The

square of the partial correlation can be interpreted as the unique per-

centage contribution of CCFA to the total variation in global cognition.

3 RESULTS

3.1 Demographic characteristics and
neuropsychological performance

The steps to derive the study samples are flowcharted (Figure S1

in supporting information). The current analysis includes individuals

who completed imaging at the visit when incident MCI was diagnosed

(n = 192), and 344 CU participants who were ≥ 70 at the time of their

MRI with usable WMH data. Four participants failed WMH data qual-

ity control, leaving 188 with incident MCI. We compared the subset of

63MCI participants with DTI to 100 CU participants with DTI.

Demographics and cognitive domain z-scores for the WMH

(N = 188 MCI; N = 344 CU) and DTI (N = 63 MCI; N = 100 CU)

samples are listed in Tables 1 and 2, respectively. Figure 1 shows

box plots of cognitive domain z-scores for each MCI cluster for the

original sample16 and theWMH and DTI samples. We used analysis of

variance for continuous variables and Pearson’s Chi-squared test for

categorical variables to determinewhether theWMHandDTI samples

differed significantly from the original sample of 506 participants used

to derive the clusters.16 For the WMH sample, there was a slightly

higher number of males relative to our original sample (61% vs. 53%

in original sample, P = .048). The WMH sample did not differ from

the original sample on age, education, APOE ε4 genotype, or cognitive

test z-scores. The mean age of the DTI sample was slightly younger

than the original sample of 506 (80 vs. 82, P = .01), and the mean

visuospatial domain z-score of the DTI sample was slightly higher than

the original sample (–.65 vs. –1.01, P = .008), but other characteristics

did not differ. For both the WMH and DTI cohorts, the frequency of

APOE ε4 allele did not differ among the MCI subtypes (P = .78 and

P = .06, respectively), but was greater for MCI subtypes compared to

the CU group (P < .001 and P = .03, respectively). The MCI subtypes

did not differ from CU by frequency of infarctions in either sample.

Group-wise comparisons are provided in Tables 1 and 2.

3.2 WMH volumes

Figure 2 plots TIV-adjusted WMH without adjustment for age or sex.

Figure3provides demographically adjustedpairwise groupdifferences

fromthemodels on total or regionalWMHvolumes. Theamnestic (18%

[0, 36] P= .04) and dysexecutive (30% [7, 52] P= .01) subtypes had sig-

nificantly higher totalWMH volumes compared to CU. The subtle cog-

nitive impairment (–13% [–42, 16]P= .39) anddysnomic (6% [–22, 24=

P = .68) clusters did not differ from CU. Additionally, the dysexecutive

cluster had higher total WMH than the subtle cognitive impairment

cluster (%WMHdifference [95%confidence interval (CI)]P-value: 43%

https://www.nitrc.org/projects/mcalt/
https://www.nitrc.org/projects/mcalt/
https://www.r-project.org
https://www.r-project.org
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TABLE 1 WMHsample demographic and cognitive characteristics

CU

n= 344

Subtle CI

n= 26

Amnestic

n= 83

Dysnomic

n= 30

Dysexecutive

n= 49 P-value

Demographics

Age, years 78 (6) 80 (8) 80 (6) 84 (6) 83 (7) < .001†,‡,§

Education, years 15 (3) 16 (3) 14 (3) 12 (3) 14 (3) < .01*,‡,§

< .001†

Males, no. (%) 185 (54%) 20 (77%) 47 (57%) 16 (53%) 32 (65%) .02*

CDR Sum of Boxes 0.0 (0.3) 0.5 (0.6) 1.0 (0.9) 1.0 (1.0) 1.0 (1.1) <.001*,†,‡,§

APOE ε4 carrier, no. (%) 81 (24%) 10 (38%) 31 (37%) 13 (43%) 22 (45%) < .05†,‡,§

STMS 35 (2) 33 (2) 31 (3) 29 (3) 30 (3) < .001*,†,‡,§

FAQ total score 0 (1) 1 (3) 2 (3) 1 (3) 3 (4) <

.01*,†,§ < .001‡

BDI-II> 14, no. (%) 16 (5%) 3 (12%) 5 (6%) 2 (7%) 8 (16%) .001§

CMC Index 2 (1) 2 (1) 3 (1) 3 (1) 3 (1) .008§

Global z-score –0.0 (0.9) –0.3 (0.5) –1.4 (0.4) –2.9 (0.7) –2.2 (0.7) < .001†,‡,§

Memory z-score 0.1 (1.0) –1.1 (1.1) –1.8 (0.7) –2.2 (0.7) –1.1 (0.9) < .001*,†,‡,§

Language z-score –0.1 (0.9) –0.1 (0.6) –1.0 (0.7) –3.3 (1.0) –1.5 (0.7) < .001†,‡,§

Attention z-score –0.2 (1.0) –0.1 (0.6) –0.9 (0.8) –2.1 (1.0) –3.3 (0.7) < .001†,‡,§

Visuospatial z-score 0.1 (0.9) 0.3 (0.8) –0.6 (0.7) –1.8 (0.9) –1.2 (1.0) < .001†,‡,§

Infarction, no. (%) 85 (25%) 5 (29%) 11 (32%) 2 (22%) 8 (35%) .8

Notes: Values reported are of the formmean (standard deviation, SD) or count (percent) and subtypeswere compared using linearmodel ANOVAor Pearson

Chi-squared tests, respectively.

Abbreviations: ANOVA, analysis of variance; APOE, apolipoprotein E; BDI, Beck Depression Inventory; CDR, Clinical Dementia Rating scale; CI, cognitive

impairment; CU, cognitively unimpaired; FAQ, Functional Activities Questionnaire; NS, not significant.; STMS, Short Test of Mental Status; Subtle CI, subtle

cognitive impairment;WMH, whitematter hyperintensity.

*Subtle CI versus CU.
†Amnestic versus CU.
‡Dysnomic versus CU.
§Dysexecutive versus CU.

[8, 77] P = .02). When examined by region and tested against CU, the

amnestic subtype had higherWMH in the parietal (27% [2, 52] P= .04)

and occipital (16% [2, 30] P = .03) lobes, while the dysexecutive sub-

type had higherWMH in the frontal (35% [8, 61] P= .01), parietal (33%

[1, 65] P = .04), and deep grey/white (40% [11, 69] P = .006) regions

(Figure 3).

3.3 DTI

All MCI subtypes except subtle cognitive impairment had widespread

decreased FA. Relative to CU, the amnestic cluster showed decreased

FA in the anterior thalamic radiation (ATR), corticospinal tract (CST),

forceps major/minor, inferior fronto-occipital fasciculus (IFOF), infe-

rior longitudinal fasciculus (ILF), and uncinate fasciculus (UF). The dys-

nomic cluster showed decreased FA in the forceps major/minor, and

IFOF relative toCU. Thedysexecutive subtype showeddecreasedFA in

the ATR, CST, forceps major/minor, IFOF, ILF, and superior longitudinal

fasciculus relative to CU and the subtle cognitive impairment subtype.

The dysexecutive subtype also had the most severe bilateral involve-

ment among all MCI subtypes (Figure 4).

In the complementary regional analysis amnestic, dysnomic, and

dysexecutive subtypes had significantly lower FA of the CC than CU

(% FA difference [95% CI] P-value: –3 [–4,–1] P = .003; –5 [–8,–2]

P < .001; –5 [–7,–3= P < .001, respectively; Figure 2, Panel B). Addi-

tionally, among MCI subtypes CC FA explained 15% of the remaining

variability in global cognition even after accounting for demographic

and vascular features.

Clinical diagnoses for participants with a follow-up visit post-

incident MCI diagnosis are given in Table S1 in supporting information

for theWMHandDTI samples.

4 DISCUSSION

The main findings of this study are: (1) the dysexecutive MCI subtype

had increased WMH relative to CU and the subtle cognitive impair-

ment subtype, had elevatedWMH in frontal and parietal lobes as well

as the deep gray/white matter region, and had the most widespread

WM microstructural injury on DTI; (2) the amnestic MCI subtype had

elevated parietal and occipital WMH and reduced FA relative to CU;

(4) the dysnomic subtype did not have greater WMH but showed
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TABLE 2 DTI sample demographic and cognitive characteristics

CU

n= 100

Subtle CI

n= 12

Amnestic

n= 23

Dysnomic

n= 8

Dysexecutive

n= 20 P-value*

Demographics

Age, years 77 (6) 79 (9) 78 (7) 79 (5) 82 (8) < .001§

Education, years 15 (3) 16 (2) 14 (2) 12 (3) 15 (3) < .01‡

< .05*,†

Males, no. (%) 51 (51%) 10 (83%) 10 (43%) 5 (62%) 13 (65%) .02*

CDR Sum of Boxes 0.0 (0.3) 0.5 (0.6) 1.0 (0.9) 1.0 (1.7) 1.0 (1.0) < .001*,†,‡,§

APOE ε4 carrier, no. (%) 25 (26%) 4 (33%) 11 (48%) 3 (38%) 11 (55%) .05†

< .01§

STMS 36 (2) 34 (2) 32 (2) 29 (3) 30 (2) < .001*,†,‡,§

FAQ total score 0 (1) 0 (0) 1 (1) 2 (3) 2 (3) < .001‡,§

< .01†

BDI-II> 14, no. (%) 3 (3%) 0 (0%) 2 (9%) 1 (12%) 3 (15%) < .05§

CMC Index 2 (1) 2 (1) 3 (1) 3 (1) 3 (1) NS

Global z-score 0.0 (0.9) –0.3 (0.7) –1.3 (0.4) –2.6 (0.5) –2.1 (0.8) < .001†,‡,§

Memory z-score 0.1 (1.0) –1.3 (1.3) –1.8 (0.8) –2.0 (0.7) –1.1 (0.9) < .001*,†,‡,§

Language z-score –0.0 (0.9) –0.2 (0.7) –1.1 (0.7) –3.0 (0.7) –1.4 (0.8) < .001†,‡,§

Attention z-score –0.1 (0.9) 0.1 (0.7) –0.7 (0.7) –1.9 (1.1) –3.3 (0.6) < .001†,‡,§

Visuospatial z-score 0.1 (1.0) 0.5 (1.0) –0.6 (0.6) –1.5 (0.8) –1.1 (1.0) < .001‡,§

< .01†

Infarction, no. (%) 24 (24%) 4 (33%) 8 (35%) 2 (25%) 7 (35%) .8

Values reported are of the formmean (standard deviation, SD) or count (percent) and subtypes were compared using Linear Model ANOVA or Pearson Chi-

squared tests, respectively.

Abbreviations: ANOVA, analysis of variance; APOE, apolipoprotein E; BDI, Beck Depression Inventory; CDR, Clinical Dementia Rating Scale; CI, cognitive

impairment; CU, cognitively unimpaired; FAQ, Functional Activities Questionnaire; NS, not significant.; STMS, Short Test of Mental Status; Subtle CI, subtle

cognitive impairment.

*Subtle CI versus CU.
†Amnestic versus CU.
‡Dysnomic versus CU.
§Dysexecutive versus CU.

F IGURE 1 Box plots of cognitive domain scores for eachmild cognitive impairment subtype in each cohort. CI, cognitive impairment; DTI,
diffusion tensor imaging;WMH, white matter hyperintensity
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F IGURE 2 Whitematter hyperintensity (WMH) volume scaled by total intracranial volume (TIV) %, unadjusted for age and sex (A) and corpus
callosum fractional anisotropy (FA) values for cognitively unimpaired (CU) and eachmild cognitive impairment (MCI) subtype (B)

F IGURE 3 Differences in whitematter hyperintensity (WMH) volume for eachmild cognitive impairment (MCI) subtype relative to cognitively
unimpaired (CU). The set of four points comprising the row labeled “Total” were estimated from a single linear regressionmodel on totalWMH
volume controlling for age, sex, and total intracranial volume (TIV). Similarly, for the five regions listed, each set of four points for a given row is
from a single regression. The x-axis shows the percent difference inWMHvolume for eachMCI subtype relative to CU
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F IGURE 4 Tract-based spatial statistics fractional anisotropy (FA) maps showing the differences between cognitively unimpaired (CU) and
each of the cluster derived incident mild cognitive impairment (MCI) subtypes, family-wise error (FWE) corrected, P< .05. The results are
displayedwith threshold free cluster enhancement (TFCE) randomization. The images were then viewedwith a display threshold of 0.95-1, which
corresponds to thresholding at FWE, P< .05. There were no significant FA changes in the subtle cognitive impairment subtype relative to CU

decreased FA in multiple WM tracts relative to CU; (5) voxel-level

results confirmed the extent of CC damage in the amnestic, dysnomic,

and dysexecutive subtypes; (6) the subtle cognitive impairment sub-

type did not differ from CU on WMH or FA; (7) CC FA accounted for

significant variability in global cognition.

White matter health and executive function are strongly associ-

ated. Our results of elevated WMH in the dysexecutive subtype sup-

ports our hypothesis and are consistent with a recent meta-analysis

showing that although there is an association between multiple cog-

nitive domains and WMH in MCI, the largest effect sizes are in
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attention/executive function and processing speed.3 Wedid not expect

elevatedWMH in the amnestic subtype, especially given that this sub-

type’s attention domain z-score was in the low normal range (median

z= –.85). Conversely our dysnomic subtype, despite performing in the

impaired range on the attention/executive function composite (median

z = –2.1), did not have elevated WMH volume indicating that other

pathologic brain changes are likely contributing to their impaired cog-

nitive performance.

While deficits in processing speed and executive function are those

most commonly associatedwithWMchanges, previous studies on indi-

viduals with incident6 and prevalent MCI37 have reported an associa-

tion betweenWMHvolume andmemory in addition to executive func-

tion.Our amnestic subtypediffers fromtheseother studies becausewe

identified it via cluster analysis, andmemory is the only impaired cogni-

tive domain. The MCI participants in Boyle et al.6 and Brugulat-Serrat

et al.38 were impaired in multiple cognitive domains so executive func-

tion deficits may have influenced memory performance. The study by

Delano-Wood et al.18 on empirically derived prevalent MCI subtypes

did not find elevatedWM lesion pathology in their purememory group,

whosememory performance (evaluatedwith theConsortium to Estab-

lish a Registry for Alzheimer’s Disease 10-word list test) approximates

our amnestic group in terms of level of memory impairment.

Previous studies that evaluated regional WMH in those at risk for

AD and/or MCI have similarly found a posterior predilection for ele-

vated WMH. For example, a study on participants from the Domi-

nantly Inherited Alzheimer Network (DIAN) found elevated parietal

and occipital WMH as early as 22 years before symptom onset.39

Results from a community-based sample showed that cross-sectional

parietal lobe WMH volume was associated with increased risk of AD

dementia,40 and increasing parietal WMH predicted progression to

AD.41 In a more recent study, amyloid-positive MCI participants had

increased global, occipital, and temporal deep WMH compared to

amyloid-negative CU participants whereas the MCI amyloid-negative

participants did not differ from amyloid-negative CU.42 It is possi-

ble that our amnestic subtype may follow a clinical trajectory consis-

tent with an amnestic presentation of AD. Conversely, the dysexecu-

tive subtype showed elevated WMH in frontal-subcortical (i.e., deep

gray/white matter) and parietal regions. ElevatedWMH in frontal and

deep gray/white matter structures are thought to be associated with

vascular disease2 while the elevated parietalWMH in the dysexecutive

subtype may be associated with Alzheimer’s disease pathology,40,41

althoughwe could not confirm this in our study because the proportion

of participants in theMCI subtype groups ranged from 33% to 65% for

Pittsburgh compoundBpositron emission tomography (PET) and0% to

15% for tau PET, too few for meaningful analysis.

We found widespread WM degeneration in the commissural and

long association fibers of the amnestic, dysnomic, and dysexecutive

subtypes. We also found that CC FA explained 15% of the variabil-

ity in global cognition among MCI subtypes even after accounting for

age, sex, WMH, and TIV, suggesting that the development of cogni-

tive symptoms in MCI includes interhemispheric disconnection. The

reduced FA in the dysnomic subtypewithout elevatedWMH raises the

possibility that these individuals may eventually develop WMH bur-

den given previous reports showing that DTI-based measures of WM

microstructural integrity occur earlier and predict the development of

WMH.11,43

Several studies have evaluated whole brain WM changes in preva-

lent MCI compared to CU.44–50 They found WM microstructural

abnormalities in a number of areas, many of which overlap with our

findings, including the anterior corona radiata,50 superior longitudinal

fasciculus,48,49 cingulum,44,46–49 forceps major,44,50 anterior thalamic

radiation,45 posterior thalamic radiation,44,50 superior/posterior tha-

lamic peduncles,49 uncinate fasciculus,47,48 medial temporal region,46

arcuate fibers at the temporal-parietal juncture,49 cerebellum,47 and

brain stem.47 Two studies also reported a predilection for posterior

WM,44,49 but we did not find a posterior anterior gradient in our MCI

subtypes.

Several studies have also evaluated DTI changes in subjective cog-

nitive impairment (SCI) or subjective cognitive decline (SCD), which

are conceptualized as occurring earlier on the continuum from normal

aging to dementia than our subtle cognitive impairment participants

whowerediagnosedwith incidentMCI for inclusion inouroriginal clus-

ter analysis.16 One studydid not find significant differences inDTImet-

rics SCD/SCI46 whereas others have reported DTI changes in SCD/SCI

that are intermediate between CU andMCI44,50 or are more similar to

amnestic MCI than CU.51 We used rigorous methods to establish that

our SCI subtype did not represent false positives16 and also previously

showed that this subtype has thinning in entorhinal and parahippocam-

pal cortex,17 so it is not clear whywe did not see reducedDTI-FA.

Our findings extend previous research of WM changes in MCI by

assessing WMH and DTI differences in empirically derived incident

MCI cognitive phenotypes. A significant strength of this study is that

weassessedWMchanges just asparticipants are transitioning fromCU

to MCI, which differs from previous studies of WM changes in preva-

lent MCI in whom the WM pathology may have progressed more for

some individuals than others. Hence, it is unlikely that our results are

solely due to disease duration given that all imaging was performed

at the first visit at which an MCI diagnosis was made. Weaknesses of

the study include potential selection bias given the subset of individu-

als from our original sample who had imaging data at the same visit at

which the diagnosis of incidentMCIwasmade (imaging is offered to all

participants regardless of diagnosis), a very limited number of partici-

pantswithDTI data, participantswho are largely of northern European

descent, and lack of amyloid status.

In conclusion, we found that amnestic and dysexecutive incident

MCI subtypes have different patterns of elevated WMH, and amnes-

tic, dysnomic, and dysexecutive MCI subtypes have widespread WM

degeneration in long association and commissural fibers. These results

add to our understanding of underlying brain changes just as individu-

als are developing the cognitive symptomsofMCI andmay aid in better

prognosis and treatment strategies.
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