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Abstract
Alterations in parietal and temporal white matter microstructure derived from diffusion tensor imag-

ing occur in preclinical and clinical Alzheimer's disease. Amyloid beta (Aβ) deposition and such white

matter alterations are two pathological hallmarks of Alzheimer's disease. However, the relationship

between these pathologies is not yet understood, partly since conventional diffusion MRI methods

cannot distinguish between cellular and extracellular processes. Thus, we studied Aβ-associated lon-

gitudinal diffusion MRI changes in Aβ-positive (N = 21) and Aβ-negative (N = 51) cognitively normal

elderly obtained from the Alzheimer's Disease Neuroimaging Initiative dataset using linear mixed

models. Aβ-positivity was based on Alzheimer's Disease Neuroimaging Initiative amyloid-PET recom-

mendations using a standardized uptake value ratio cut-off of 1.11. We used free-water imaging to

distinguish cellular and extracellular changes. We found that Aβ-positive subjects had increased base-

line right uncinate fasciculus free-water fraction (FW), associated with worse baseline Alzheimer's

disease assessment scale scores. Furthermore, Aβ-positive subjects showed faster decrease in

fractional anisotropy (FW-corrected) in the right uncinate fasciculus and faster age-dependent right

inferior longitudinal fasciculus FW increases over time. Right inferior longitudinal fasciculus FW

increases were associated with greater memory decline. Importantly, these results remained signifi-

cant after controlling for gray and white matter volume and hippocampal volume. This is the first

study to illustrate the influence of Aβ burden on early longitudinal (in addition to baseline) white mat-

ter changes in cognitively normal elderly individuals at-risk of Alzheimer's disease, thus underscoring

the importance of longitudinal studies in assessing microstructural alterations in individuals at risk of

Alzheimer's disease prior to symptoms onset.
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1 | INTRODUCTION

Extracellular deposits of amyloid beta (Aβ) protein are neuropathologi-

cal hallmarks of Alzheimer's disease (AD) and are elevated in approxi-

mately 30% of clinically normal adults (Rabinovici & Jagust, 2009;

Sojkova & Resnick, 2011). Aβ deposition can be measured using amy-

loid positron emission tomography (PET) imaging (Sojkova & Resnick,

2011) or cerebrospinal fluid markers Aβ42 assay (McKhann et al.,

2011). Asymptomatic individuals with significant Aβ deposition are

classified as being at-risk of AD (Jack Jr. & Vemuri, 2018; Sperling

Abbreviations: AD, Alzheimer's disease; ADAS, Alzheimer's disease assessment

scale; ADNI, Alzheimer's Disease Neuroimaging Initiative; Aβ, amyloid beta; DA,

axial diffusivity; DAt, tissue axial diffusivity; DR, radial diffusivity; DRt, tissue

radial diffusivity; DTI, diffusion tensor MRI; FA, fractional anisotropy; FAt, tissue
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et al., 2011). Recent models hypothesize that Aβ deposition is closely

followed in time by white matter microstructural abnormalities in the

at-risk cognitively normal elderly stage (Jack Jr. et al., 2013; Sachdev,

Zhuang, Braidy, & Wen, 2013). Supporting this hypothesis are diffusion

tensor MRI (DTI) studies in the asymptomatic elderly and mild cognitive

impairment, finding microstructural alterations in parietal and temporal

white matter fibers, including the uncinate fasciculus and parahippo-

campal cingulum (Englund, Brun, & Alling, 1988; Remy, Vayssiere,

Saint-Aubert, Barbeau, & Pariente, 2015; Rieckmann et al., 2016; Wang

et al., 2012). However, evidence has not been conclusive with some

illustrating reduced fractional anisotropy or white matter integrity in

the fornix and corpus callosum associated with Aβ burden (Chao et al.,

2013; Gold et al., 2014; Melah et al., 2016) while others report higher

fractional anisotropy and axial diffusivity in the hippocampal cingulum,

corpus callosum, and superior longitudinal fasciculus in cognitively nor-

mal older individuals (Adluru et al., 2014; Molinuevo et al., 2014;

Racine et al., 2014). Longitudinal assessments, ideally sampling individ-

uals at the same stage and subtype of AD, are thus needed to elucidate

such complex associations between Aβ burden and white matter

microstructure in the asymptomatic preclinical phase of AD.

Such high variability of DTI findings in the clinically normal elderly

could also be attributed to the lack of specificity of DTI measures to

various biological pathologies, such as axonal degeneration, demyelin-

ation, extracellular volume changes (Assaf & Pasternak, 2008), aging-

related brain atrophy (Ge et al., 2002), and inflammation possibly

related with Aβ deposition (Perez-Nievas et al., 2013). Recently, the

free-water (FW) imaging method has been developed to eliminate partial

volume with freely diffusing extracellular water molecules in diffusion-

weighted MRI (Pasternak, Sochen, Gur, Intrator, & Assaf, 2009; Paster-

nak, Westin, Dahlben, Bouix, & Kubicki, 2015). The method allows sepa-

rately identifying extracellular changes affecting the FW measure, from

cellular changes influencing the FW-corrected fractional anisotropy mea-

sure (FAt). Accordingly FW changes can be sensitive to extracellular

processes including atrophy, neuroinflammation and blood–brain barrier

permeability modulation (Ji et al., 2017; Pasternak et al., 2012; Perez-

Nievas et al., 2013), while FAt changes are more sensitive to alterations

in white matter microstructural organization (Lyall et al., 2017; Montal

et al., 2017; Pasternak et al., 2012, 2015).

Although cognitively normal elderly individuals exhibiting AD pathol-

ogies have been an important population for disease intervention and

understanding (Palmqvist et al., 2017; Rieckmann et al., 2016), a few

research gaps remain to be addressed. Little is known about the Aβ bur-

den influence on the temporal progression of white matter measures in

the asymptomatic preclinical phases of AD (Maier-Hein et al., 2015;

Metzler-Baddeley et al., 2012; Rieckmann et al., 2016; Sachdev et al.,

2013). Moreover, while we and others have indicated associations

between white matter microstructure and cognition in the cogni-

tively normal elderly (Hong et al., 2015; Lovden et al., 2014;

Vernooij et al., 2009), it is unclear if these correlations are driven

by at-risk asymptomatic elderly individuals. Understanding whether

aging modulates the interaction between Aβ burden and white

matter measures is another important un-answered gap toward

better understanding of AD progression.

To fill these gaps, the present study aimed to compare longitudi-

nal white matter measures in asymptomatic elderly, with and without

Aβ burden, from the Alzheimer's disease neuroimaging initiative

(ADNI) database. We used linear mixed modeling to assess the influ-

ence of Aβ burden on FW-corrected white matter microstructure and

FW. We hypothesize that participants with significant Aβ burden

(Aβ-positive) would show increased FW and reduced FAt in parietal

and temporal fibers compared with those without significant Aβ

burden (Aβ-negative) at baseline and/or over time. We also sought

to test whether these white matter abnormalities related to cogni-

tive decline at baseline and over time in at-risk cognitively normal

elderly individuals.

2 | METHODS

All imaging, demographical, and neuropsychological 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), posi-

tron 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). For complete information, see www.adni-info.org.

2.1 | Participants

Longitudinal data were obtained from the ADNI2 dataset. Eighty-four

cognitively normal older adults were first identified based on the

inclusion, exclusion, and diagnostic criteria in the ADNI2 procedures

manual (Alzheimer Disease Neuroimaging Initiative, 2008). Following

quality control, out of these 84 participants, 72 (43 Females; mean

age = 73.72 years, SD = 5.65 years at baseline, Table 1) cognitively

normal participants were included in our study. Based on the ADNI

criteria, cognitively normal individuals were required to be free of sub-

jective memory concerns, have a score within the normal range on the

WMS Logical Memory II (≥9 for 16 years of education and above),

have a mini-mental state examination score between 24 and 30, and a

clinical dementia rating of 0. Individual participants were chosen if

they underwent at least two time points of both neuroimaging and

neuropsychological assessments, which included: mini-mental state

examination, clinical dementia rating, Alzheimer's Disease Assessment

Scale (ADAS), and composite measures for executive function and

memory. They were also required to have a mini-mental state exami-

nation score of 26 or greater at every time point and maintained a sta-

ble diagnosis over at least two consecutive time points. It should be

noted that out of all the cognitively normal elderly participants in our

study, only five participants progressed to the mild cognitive impair-

ment stage at follow-up time points. Two of these subjects were Aβ

-positive at baseline while three were Aβ -negative. Importantly data

at the time point of conversion and time points following conversion

was not included in our study and analyses. Participants that did not

pass the motion criteria for T1 images and region-specific quality con-

trol for DTI images were excluded. To minimize the potential con-

founding effect of scanner sites/types, images obtained only from 3 T
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General Electric medical systems scanners were used. Furthermore,

site was included as a covariate. All ADNI participants provided

informed written consent approved by each sites' Institutional Review

Board.

2.2 | Amyloid beta PET imaging

Image data underwent a standardized preprocessing procedure at the

ADNI project to increase data uniformity. Participant-level amyloid

beta (Aβ) standardized uptake value ratios were calculated as the aver-

age of the uptake values of the frontal, angular/posterior cingulate,

lateral parietal, and temporal cortices divided by the mean uptake

values of the cerebellum, following a standardized pipeline (ADNI,

2011; Landau et al., 2013). Baseline Aβ positivity (+ve/−ve) was

derived using standardized uptake value ratio cut-off of 1.11 as

described previously (Landau et al., 2014). Of the 72 participants

included in our study, 21 were Aβ +ve.

2.3 | MR imaging acquisition

All participants underwent whole-brain MRI scans according to

ADNI protocol using the same type of 3 T GE Medical Systems

scanner across 14 sites. The T1-weighted accelerated sagittal

inversion-recovery spoiled gradient-recalled (IR-SPGR) sequence

comprised the following parameters: repetition time = 6.96 ms,

echo time = 2.8 ms, inversion time = 400 ms, flip angle = 11�,

matrix size = 256 × 256 and voxel size = 1.01 × 1.01 × 1.2 mm3.

Axial diffusion-weighted image data were acquired from all partici-

pants with a spin echo planar imaging sequence. Scan parameters

included: acquisition matrix = 256 × 256, voxel size = 1.4 × 1.4 ×

2.7 mm3, flip angle = 90�, number of slices = 59, 41 diffusion-

weighted images (b = 1,000 s/mm2) and 5 nondiffusion-weighted

images (b = 0 s/mm2). Repetition time varied across scanning sites,

but was approximately 12,500 to 13,000 ms.

2.4 | MR image preprocessing

Structural and diffusion images were preprocessed using FreeSurfer

(https://surfer.nmr.mgh.harvard.edu, software version 5.3). For each par-

ticipant's T1 images, automated segmentation and cortical parcellation

was carried out using the FreeSurfer “recon-all” processing stream

(Desikan et al., 2006; Fischl et al., 2002; Fischl, Salat et al., 2004; Fischl,

van der Kouwe et al., 2004), which included motion correction, removal

of nonbrain tissue, automated Talairach transformation, intensity correc-

tion, volumetric segmentation, and cortical surface reconstruction and

parcellation. The FreeSurfer gray matter volume estimations were done

in two different ways: (a) using FreeSurfer default automated settings

and (b) using manually edited brain and white matter masks. These cross-

sectionally processed images were subsequently run through the longitu-

dinal stream in FreeSurfer. In this step, an unbiased within-participant

template volume was created for each participant, and processing of all

time points was then carried out using common information from this

template, thus increasing sensitivity and robustness of the longitudinal

analysis (Reuter, Schmansky, Rosas, & Fischl, 2012). Hippocampal, gray

matter volume and white matter volume were extracted for each partici-

pant at each time point using the Freesurfer recon-all segmentation step.

For DTI image analyses, TRActs Constrained by UnderLying Anat-

omy (TRACULA), part of FreeSurfer version 5.3, was used to prepro-

cess the DTI data (including eddy-current compensation, motion

correction, registration, white matter mask creation, and tensor fitting)

and reconstruct 18 major white matter tracts of interest (Yendiki

et al., 2011). These 18 fibers comprise a representative labeling of all

important established white matter pathways in the brain as recog-

nized in previous literature. This is a novel algorithm for automated

global probabilistic tractography that estimates the posterior probabil-

ity of each pathway given the diffusion-weighted data. The posterior

probability is decomposed into a data likelihood term, which uses the

“ball-and-stick” model of diffusion (Behrens, Berg, Jbabdi, Rushworth, &

Woolrich, 2007), and a pathway prior term, which incorporates prior

anatomical knowledge on the pathways from a set of training partici-

pants. The segmentation labels required by TRACULA were obtained

by processing the T1-weighted images of the study participants as

described above. The longitudinal version of TRACULA was used for

our study, which computes the joint posterior probability of each path-

way given the diffusion MRI data and anatomical segmentations of multi-

ple time points at once. This has been shown to reduce noise, avoid bias

toward any specific time point, ensure spatial correspondence between

time points and improve both test–retest reliability and sensitivity to lon-

gitudinal white matter changes, when compared to reconstructing the

pathways at each time point independently (Storsve, Fjell, Yendiki, &

Walhovd, 2016; Yendiki, Reuter, Wilkens, Rosas, & Fischl, 2016).

From each of the reconstructed pathways, average tract-wise and

tract-position tensor-based fractional anisotropy (FA) was extracted

and subject to statistical analyses. The major 18 fibers included: corpus

callosum forceps major; corpus callosum forceps minor; left/right ante-

rior thalamic radiation; left/right cingulum angular bundle; left/right

cingulum cingulate gyrus; left/right corticospinal tract; left/right

inferior longitudinal fasciculus; left/right superior longitudinal fas-

ciculus parietal; left/right superior longitudinal fasciculus temporal;

left/right uncinate fasciculus.

TABLE 1 Demographic and cognitive characteristics between

cognitively normal elderly Aβ-positive and Aβ-negative participants

Aβ −ve
(N = 51)

Aβ +ve
(N = 21) p-value; T-score

Baseline age 72.21 (6.05) 73.71 (3.93) 0.22; −1.24

Gender 25/26 4/17 0.03; Fisher's
exact test

Right-handedness 46/5 19/2 1.00; Fisher's
exact test

Education years 16.78 (2.58) 15.33 (2.76) 0.046; 2.06

Baseline
amyloid burden

1.01 (0.05) 1.27 (0.16) <0.0001; −7.33

ADAS 7.37 (3.71) 9.42 (5.26) 0.114; −1.63

MMSE 29.00 (1.25) 28.90 (1.18) 0.76; 0.30

ADNI memory 1.20 (0.62) 1.02 (0.62) 0.27; 1.12

ADNI executive
function

0.85 (0.65) 0.63 (0.58) 0.18; 1.37

Aβ −ve, amyloid beta negative; Aβ +ve, amyloid beta positive; ADAS,
Alzheimer's disease assessment scale; MMSE, Mini-mental state examina-
tion; ADNI memory, composite memory score from the Alzheimer's disease
neuroimaging initiative; ADNI executive function, composite executive
function score from the Alzheimer's disease neuroimaging initiative.
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2.5 | Free-water imaging method

To carry out free-water correction on the diffusion-weighted data,

eddy-current corrected diffusion MRI data in the participant's native

space were fitted to the two-compartment FW model (Pasternak

et al., 2009, 2015). Specifically, the diffusion tensor was modeled into

a FW compartment and a tissue compartment. The FW compartment

represents freely diffusing extracellular water with a fixed diffusivity

of 3 × 10−3 mm2/s (the diffusion coefficient of the FW at body tem-

perature) and the fractional volume of this compartment in each voxel

forms the FW map. The tissue compartment is the signal following

elimination of FW. It accounts for water molecules in proximity to tis-

sue membranes and is thus thought to be more sensitive to axonal

and myelination changes (Metzler-Baddeley, O'Sullivan, Bells, Paster-

nak, & Jones, 2012). All diffusion maps were aligned to a standard

template and averaged across a white matter atlas (Johns Hopkins

University white matter atlas) to obtain the mean white matter

metrics. Additionally, FW-corrected fractional anisotropy (FAt) and

the fractional volume of FW were estimated at each position along

the tract. Subsequently, FA, FW, and FAt maps were averaged across

the fiber masks obtained from TRACULA for each of the 18 fibers.

2.6 | Statistical analysis

We performed statistical analyses using the linear mixed-effects

modeling (Cnaan, Laird, & Slasor, 1997) following our previous

approach, for example, (Ng, Lo, Lim, Chee, & Zhou, 2016). The details

of the statistical analyses are as follows.

2.6.1 | Longitudinal white matter and cognitive changes

First, the effect of age on longitudinal trajectory of average and fiber-

based white matter measures (FW and FAt) and cognition was

assessed using linear mixed-effects models (Equation (1)):

Y ij ¼ γ0:0 + γ0:1 Genderj
� �

+ γ0:2 Educationj
� �

+ γ0:3 Site2j

� �

+ γ0:4 Site3j

� �
+ … + γ0:15 Site14j

� �
+ γ0:16 Agej

� �

+ γ1:0 Timeij
� �

+ γ1:1 Agej*Timeij
� �

+ μ0j + μ1j Timeij
� �

+ rij
ð1Þ

where Yij is the diffusion MRI metric or cognitive score of interest for

individual j at time point i. The fixed effects of each explanatory vari-

able on Y were denoted by the specific γ0s and γ1s. In particular, γ1.0

and γ1.1 represent effects due to the longitudinal predictor time (years

since baseline visit) and its interaction (*) with baseline age (age at

baseline visit). μ0j and μ1j represent individual variability in intercepts

and longitudinal slopes (i.e., random effects) and rij represents the

residuals. Additionally, γ0. n, n = 3 to 15 represent the dummy coded

predictors of the 14 scan sites which along with gender and years of

education were entered as covariates of no interest.

This analysis was first conducted for the mean FA, FW, FAt, and

cognitive test scores (mini-mental state examination, ADAS, memory,

executive function). The analysis was then repeated for each of the

18 fibers obtained, that is, we built a separate linear mixed-effects

model per tract per diffusion MRI metric. For fiber-specific results, sig-

nificant time or age effects were reported at p < 0.05 following False

Discovery Rate (FDR) correction for multiple comparisons across

18 fibers and then at a lower uncorrected threshold of p < 0.05.

2.6.2 | Aβ moderation on longitudinal changes

Secondly, we evaluated the effect of Aβ burden on longitudinal white

matter and cognitive changes. We added Aβ burden as a binary variable

(Aβ +ve; Aβ -ve) into the linear mixed-effects model (Equation (2)):

Yij ¼ γ0:0 + γ0:1 Genderj
� �

+ γ0:2 Educationj
� �

+ γ0:3 Site2j

� �

+ γ0:4 Site3j

� �
+ … + γ0:15 Site14j

� �
+ γ0:16 Aβj

� �

+ γ0:17 Agej
� �

+ γ0:18 Agej*Aβj
� �

+ γ1:0 Timeij
� �

+ γ1:1 Agej*Timeij
� �

+ γ1:2 Aβj*Timeij
� �

+ γ1:3 Aβj*Agej*Timeij
� �

+ μ0j + μ1j Timeij
� �

+ rij

ð2Þ

where additional fixed effects were included to assess the influence

of Aβ burden and its synergistic effect with baseline age and longitudi-

nal time. We applied this model on the FW, Fat, and FA metrics of the

whole white matter as well as white matter fibers that showed a sig-

nificant time effect (Equation (1)). We also applied the same model on

ADAS, mini-mental state examination, memory and executive function

scores. All results were reported at FDR corrected for the number of

fibers tested and then at a lower threshold of uncorrected p < 0.05.

2.6.3 | Spatial degradation gradient analysis

To ascertain whether different parts of the fiber showed differential Aβ

burden effects on white matter measures, we conducted position-based

spatial analysis for any diffusion MRI metric in any fiber that showed a

significant Aβ burden effect. Specifically, along a given fiber, we carried

out a linear mixed-effects model (Equation (2)) at each position that over-

lapped across 75% of all the participants (in the native space).

2.6.4 | Brain-cognition associations

Finally, to investigate associations between white matter changes in

fibers that showed an Aβ-dependent baseline or longitudinal effects

and cognitive declines, we defined 2 sets of slopes reflecting longitudi-

nal changes in white matter measures (β1j.WhiteMatter) and cognition (β1j.

Cognition). Specifically, the predicted values of each dependent variable

(e.g., FW) at each time i and for each participant j was first computed

using Equation (1) (excluding rij). For each participant separately, the

predicted values were then regressed on time to obtain the participant-

specific slopes (e.g., if the participant had four time points, the regres-

sion was done on four predicted FW values). This yielded β1j.WhiteMatter,

and β1j.Cognition, reflecting the longitudinal change in white matter and

cognitive measures (ADAS, mini-mental state examination, memory,

and executive function), respectively, for each participant. We then car-

ried out linear regression analyses (Equation (3)) to test the association

between change in FW/FAt and change in cognition in fibers that

showed an effect of Aβ burden across all participants.

β1j:Cognition ¼ b0 + b1 Agej
� �

+ b2 β1j:WhiteMatter

� �
+ b3 β1j:WhiteMatter*Agej

� �

ð3Þ

We also conducted similar regression analyses (Equation (4)) to

test the association between baseline FW/FAt and baseline cognition,

using only data from each participant's first visit.

Cognition ¼ b0 + b1 Agej
� �

+ b2 WhiteMatterj
� �

+ b3 WhiteMatterj
*Agej

� �

ð4Þ

All statistical analyses were conducted using R 3.0.3 (R Core

Team, 2014) with RStudio (RStudio Team, 2012).
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We repeated all the above the statistical analysis for aging and Aβ

effect by including total gray and white matter volume as covariates

in Equations (1) and (2). Additionally, we also controlled for hippocam-

pal volume for the assessment of Aβ moderation effect on white mat-

ter microstructure by adding hippocampal volume as a covariate in

Equation (2) (Supporting Information Supplementary Methods).

3 | RESULTS

3.1 | Aging effect on longitudinal white matter
trajectory

3.1.1 | Aging-related alterations in white matter
extracellular free-water

For the whole-brain average white matter FW compartment, we found

an Age*Time interaction effect across all participants (p = 0.0177;

γ = 0.00045; Figure 1) and baseline age (p = 0.0000092; γ = 0.00648)

and time (p = 0.0017; γ = 0.00327) effects. Therefore, FW increased

over time, while older subjects had higher FW at baseline and steeper

FW increase over time.

For fiber-specific FW, eight fibers showed a time effect (Supporting

Information Table S1a). Specifically, the right anterior thalamic radiation,

right corticospinal tract and left uncinate fasciculus showed significant

Age*Time effects at p < 0.05 FDR-correction. Five additional fibers

including the right uncinate and inferior longitudinal fasciculus showed

trend level Age*Time effects (uncorrected p < 0.05).

All significant results above remained significant following

removal of scanner covariates and correction for total gray and white

matter volume (Supporting Information Table S1a).

3.1.2 | Aging-related alterations in white matter
microstructure

After FW-correction, there were no cross-sectional (age) or longitudinal

(time) effects for white matter average FAt. For fiber-specific FAt, the

right anterior thalamic radiation showed significant time effect that is,

longitudinal decrease, at p < 0.05 FDR-corrected and left cingulum

angular bundle and right uncinate fasciculus fibers showed a trend level

time effect (uncorrected p < 0.05; Supporting Information Table S1b).

Aging-associated changes in white matter uncorrected FA are sum-

marized in Supporting Information Results 1 and Supporting Informa-

tion Table S2. Time and Age*Time effects at uncorrected p < 0.05

were observed.

3.2 | The effect of Aβ burden on cross-sectional and
longitudinal white matter changes

For whole-brain white matter measures, we did not observe any

cross-sectional or longitudinal Aβ effects.

3.2.1 | Aβ burden effect on region-specific extracellular
free water

Right inferior longitudinal fasciculus (RILF) FW showed a significant

Aβ*Age*Time interaction (p = 0.0061; γ = 0.0031; FDR-corrected

p < 0.05). Therefore, in the RILF, Aβ +ve participants with older

FIGURE 1 Cognitively normal individuals show significant age and

time interaction for the average white matter free water. Cognitively

normal participants that were older at baseline showed greater
increases in FW over time. FW, free water [Color figure can be
viewed at wileyonlinelibrary.com]

FIGURE 2 Asymptomatic elderly individuals with high amyloid burden exhibit greater longitudinal free water increase in the right inferior longitudinal

fasciculus. Brain slice depicts corresponding reconstructed white matter fiber using TRACULA. The spaghetti plot on the left illustrates that cognitively
normal elderly participants that were older at baseline and possessed significant Aβ burden in the brain that is, Aβ +ve (red) showed a greater
longitudinal increase in the RILF FW over time compared to Aβ −ve participants (blue). The scatterplot on the right illustrates that the spatial
Aβ*Age*Time effect (beta value) was higher in the temporal than occipital RILF. Abbreviations: TRACULA, TRActs Constrained by UnderLying
Anatomy; FAt, tissue fractional anisotropy; Aβ, amyloid beta; RILF, right inferior longitudinal fasciculus
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baseline age showed a steeper FW increase over time than Aβ −ve

participants (Figure 2, left). This Aβ-related effect was significant even

after removal of scanner covariates and correction for total gray and

white matter volume (Supporting Information Table S3a). Spatial anal-

ysis indicated larger Aβ*Age*Time effect on FW in the temporal RILF

(Figure 2, right).

There was also a cross-sectional Aβ effect on baseline right unci-

nate fasciculus (RUNC) FW (uncorrected p = 0.0092; γ = 0.0195;

FDR-corrected p < 0.10), indicating that Aβ +ve participants had

greater RUNC FW at baseline than Aβ –ve participants (Figure 3, left).

Spatial analysis revealed higher FW across the entire RUNC in Aβ +ve

than Aβ –ve participants, especially in the temporal region of the

RUNC (Figure 3, right).

3.2.2 | Aβ burden effect on region-specific FAt

The RUNC FAt showed a significant longitudinal Aβ*Time effect

(p = 0.0038; γ = −0.0118; FDR-corrected p < 0.05), i.e., Aβ +ve

participants showed greater RUNC FAt reduction over time than

Aβ –ve participants (Figure 4, left). Spatial analysis of FAt revealed

larger Aβ*Time interactions in the temporal part of the RUNC

(Figure 4,right).

RUNC FAt also showed a significant cross-sectional Aβ*Age

effect (p = 0.0022; γ = −0.0064; FDR-corrected p < 0.05; Supporting

Information Table S3b), i.e., Aβ +ve participants who were older at

baseline had lower FAt than Aβ −ve participants.

All these results remained significant following removal of

scanner covariates and correction for total gray and white matter

volume (Supporting Information Table S3b). We also assessed the

influence of continuous Aβ burden on white matter fiber-based

measures using baseline AV45 Aβ SUVR values and found similar

Aβ-associated effects on white matter microstructure (Supporting

Information Results 2; Supporting Information Figure S1).

Aβ-associated changes in uncorrected FA are summarized in

the Supporting Information Results 2 (Supporting Information

Table S4). No longitudinal effect of Aβ burden was observed

for FA.

FIGURE 3 Cross-sectional amyloid beta effect on right uncinate fasciculus free water. Brain slices depict corresponding reconstructed white

matter fiber using TRACULA. The bar chart on the left illustrates that participants that were Aβ +ve (red) had higher RUNC FW at baseline. Error
bars represent ± 2 standard error. The scatterplot on the right illustrates that Aβ +ve participants (red) showed a higher FW than Aβ −ve
participants (blue) across all positions in the RUNC, especially in the temporal part of the RUNC. Abbreviations: TRACULA, TRActs Constrained
by UnderLying Anatomy; FW, free water; Aβ, amyloid beta; RUNC, right uncinate fasciculus

FIGURE 4 Asymptomatic elderly individuals with high amyloid burden exhibit greater longitudinal tissue fractional anisotropy decline in the right

uncinate fasciculus. Brain slice depicts corresponding reconstructed white matter fiber using TRACULA. The spaghetti plot on the left illustrates
that participants that possessed significant Aβ burden in the brain that is, Aβ +ve (red) showed a greater longitudinal reduction in the RUNC FAt
over time compared to Aβ −ve participants (blue). The scatterplot on the right illustrates that the spatial Aβ*Time effect (beta values) was greater
in the temporal than orbitofrontal RUNC. Abbreviations: TRACULA, TRActs Constrained by UnderLying Anatomy; FAt, tissue fractional
anisotropy; Aβ, amyloid beta; RUNC, right uncinate fasciculus
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3.2.3 | Aβ burden effect on hippocampal volume and its
potential influence on white matter trajectory

We also assessed the cross-sectional and longitudinal Aβ effect on

hippocampal volume, a region traversed by both uncinate fasciculus

(UNC) and inferior longitudinal fasciculus (ILF) fibers (Supporting

Information—Supplementary Methods). Right hippocampal volume,

but not left hippocampus, showed Aβ-associated reductions over time

(p = 0.0056; γ = −0.067) and at baseline (p = 0.012; γ = −0.314).

Total hippocampal volume showed a cross-sectional effect of Aβ bur-

den (p = 0.045; γ = −0.505) and longitudinal Aβ*Time effect

(p = 0.0071; γ = −0.1013). These Aβ-associated effects on total hip-

pocampal and right hippocampal volume remained significant follow-

ing correction for total gray and white matter volume. We also

assessed the influence of continuous Aβ burden on hippocampal vol-

ume using baseline AV45 Aβ SUVR values and observed largely similar

effects (Supporting Information Results 3).

Following the above observations, we tested the impact of Aβ

burden on white matter microstructure after controlling for hippo-

campal volume at each time point. Importantly, all main results of Aβ

burden on white matter trajectory at baseline and over time

remained significant after including total and right hippocampal vol-

ume (Supporting Information Results 4).

3.3 | Relationships between cognition, white matter
microstructure and Aβ burden

3.3.1 | Aging on cognition

Memory (p = 0.0000073; γ = −0.056), executive function (p = 0.000265;

γ = −0.0672), and ADAS (p = 0.000616; γ = 0.323) scores were sig-

nificantly associated with age at baseline. However, there was no

time effect on mini-mental state examination, ADAS, memory or

executive function scores.

3.3.2 | Effect of Aβ burden on cognition

We found no baseline or longitudinal effects of Aβ burden on mem-

ory, executive function, ADAS, or mini-mental state examination

scores.

3.3.3 | Higher baseline ADAS scores were associated with
higher baseline RUNC FW while decline in memory scores
was associated with increase in RILF FW

Linear regression analyses found that higher ADAS scores were asso-

ciated with greater RUNC FW at baseline (p = 0.005; b2 = 37.68;

Figure 5).

Longitudinally, the rate of change in RILF FW was associated with

change in memory score in an age-dependent manner (p = 0.0306;

b3 = −0.27; Supporting Information Figure S2), suggesting that older

participants with greater RILF FW increases over time showed faster

memory decline over time. Additionally, decline in hippocampal

volume over time was associated with decline in memory scores over

time (Supporting Information Results 5).

4 | DISCUSSION

A longitudinal assessment of white matter microstructural changes

using free-water imaging revealed differential trajectories between

cognitively normal elderly with high versus low Aβ burden. Most strik-

ingly, key AD-related fibers, such as the RUNC and RILF, showed Aβ

and age-associated baseline FW increases and Aβ-associated longitu-

dinal FW increases, respectively. Additionally, the RUNC showed Aβ-

associated longitudinal FAt decreases. These alterations were more

prominent in the temporal region of the RILF and RUNC. Some tem-

poral fibers also showed aging-related FW increases and FAt

decreases in the at-risk asymptomatic elderly. Our results highlight

that Aβ-associated alterations are evident even in the asymptomatic

elderly in white matter fibers known to play critical roles in AD. These

findings thus illustrate the potential use of FW-corrected microstruc-

tural alterations as biomarkers to indicate key differences in individ-

uals at risk of developing AD and shed more light on disease

pathophysiology and progression.

4.1 | Free-water correction helps differentiate
between Aβ-associated influence on extracellular and
tissue alterations

Our study used the FW-imaging method to assess the trajectory of

white matter changes in cognitively normal elderly individuals at-risk

of AD. In this regard, it is also important to reiterate that there were

no widespread Aβ-related effects on whole-brain white matter mea-

sures. Instead, early focal effects of Aβ burden on white matter micro-

structure decline were observed in our study population of at-risk

cognitively normal elderly individuals. Specifically, our investigation

found differential changes, especially in the RUNC that can be inter-

preted as occurring either due to cellular or extracellular changes.

While the RUNC showed Aβ-associated higher baseline FW, the RILF

showed age and Aβ-associated longitudinal FW increases. There are

many potential causes for extracellular changes, however the main

FIGURE 5 Baseline Alzheimer's disease assessment scale score is

associated with baseline right uncinate fasciculus free water. With
increase in baseline ADAS score there was an increase in RUNC FW
at baseline. Abbreviations: RUNC, right uncinate fasciculus; FW, free
water; ADAS, Alzheimer's disease assessment scale

VIPIN ET AL. 2071



causes comprise cellular density reduction, atrophy, and neuroinflam-

mation (Pasternak et al., 2012). An inflammatory response could be

supported by increased cytokine levels, microglial activation and upre-

gulation of inflammatory pathways in AD (Akiyama et al., 2000;

Morales, Guzman-Martinez, Cerda-Troncoso, Farias, & Maccioni, 2014).

Indeed, Aβ presence in the brain is thought to activate the inflammatory

cascade, which may lead to greater extracellular water and associated

water compartment changes (Guo, Yu, Grass, de Beer, & Kindy, 2002;

Perez-Nievas et al., 2013). We covary gray and white matter volume in

order to control for low cell density or low dendritic volume, which may

also explain FW changes (Pasternak et al., 2012). Our findings remained

significant after controlling for these variables.

We also found Aβ-related longitudinal RUNC FAt reduction. Spe-

cifically, regarding this finding's effect size, we observed a significantly

greater reduction of 0.05 in FAt value (i.e., 12.5% change) over the

4-year follow-up period in Aβ +ve individuals when compared to

Aβ −ve individuals. Since FAt changes originate from tissue itself, it

may be better associated with axonal and myelin sheath degeneration

(Pasternak et al., 2015). Indeed, reduced Aβ clearance and its influence

on blood brain barrier permeability is thought to impact white matter

microstructure in prodromal AD, especially in temporal regions such

as the hippocampus and parietal areas vulnerable to early Aβ deposi-

tion and structural damage (Buckner et al., 2009; Cho et al., 2016;

Huang et al., 2012; Iadecola, 2015; Montagne et al., 2015). Cumula-

tively, such processes may lead to altered homeostasis, inflammation

and eventually synaptic dysfunction and cognitive deficits, reflecting a

possible mechanism underlying the deleterious influence of high Aβ

burden (Iadecola, 2015). Our findings are also congruent with previous

studies illustrating distinct Aβ-related blood brain barrier and white

matter damage at baseline and over time in preclinical and prodromal

phases of AD (Iadecola, 2015; Montagne et al., 2015; Rieckmann

et al., 2016). These findings further underscore the importance of the

FW-correction method in differentiating tissue-associated from

neuroinflammation-associated changes to enable a more precise inter-

pretation of white matter alterations and their trajectory over time

(Lyall et al., 2017; Pasternak et al., 2015).

4.2 | White matter fibers implicated in Alzheimer's
disease show early signs of impairment in the at-risk
cognitively normal elderly

Our results highlighted the Aβ-associated effect on white matter

microstructure in RUNC and RILF fibers, known to play important

roles in AD development. The UNC links anterior temporal and para-

hippocampal regions with the medial orbitofrontal cortex, while the

ILF links the temporal to the occipital lobe (Remy et al., 2015; Voines-

kos et al., 2012). Notably, the ILF anteriorly joins the UNC and is con-

sidered an indirect pathway that relays information between occipital

and orbitofrontal regions (Ashtari, 2012). Associations between UNC

and ILF disruptions and cognitive dysfunction in both memory and

nonmemory domains have also been observed, reflecting the impor-

tant role played by these fibers in early disease stages (Kantarci et al.,

2011; Liu et al., 2011; Metzler-Baddeley, Hunt, et al., 2012; Voineskos

et al., 2012). Indeed, our findings of larger longitudinal Aβ-related

effects in temporal RUNC and RILF in the cognitively normal elderly

suggest that temporal areas appear to be affected early in Aβ +ve par-

ticipants. Default mode network regions including the temporal lobe

are considered primary sites for early Aβ deposition which might con-

tribute to Aβ-related changes in FW and FAt in white matter fibers

traversing these regions (Buckner et al., 2009; Palmqvist et al.,

2017). Moreover, recent findings posit a two-phase phenomenon

for diffusivity changes in the asymptomatic preclinical AD stage.

Similar to the longitudinal RILF FW trajectory illustrated in Aβ +ve

subjects in our study, this biphasic model highlights initial FW

decreases, followed by FW increases over time (Montal et al.,

2017), which might be atrophy-related. Importantly, evidence indi-

cates that Aβ deposition could influence such a trajectory (Racine

et al., 2014). Increases in Aβ may initially reduce interstitial extra-

neuronal spaces (lower FW). However, at later stages Aβ deposi-

tion likely influences degeneration and atrophy as illustrated by

our FAt reductions over time in Aβ-positive subjects, which then in

turn increase extracellular spaces (higher FW; Pasternak et al.,

2012). Thus, such a separation between tissue-related and extra-

cellular water related changes can help better to understand the

relationship between how changes in various DTI metrics relate to

specific protein aggregation related neuropathological changes at

various stages along the disease spectrum.

We also observed an Aβ-associated longitudinal decline in right

hippocampal gray matter volume only, which could partly influence

Aβ-related alterations in temporal RUNC and RILF as revealed in our

spatial analysis. Moreover, UNC and ILF damage could be related to

anterior medial temporal lobe gray matter atrophy and could begin in

the earliest stages of disease (Damoiseaux et al., 2009; Villain et al.,

2010). Indeed, Aβ-associated hippocampal gray matter volume reduc-

tion is thought to be a causal event in white matter FA reduction in

the UNC (Jack Jr. et al., 2014; Sachdev et al., 2013). Thus, a possible

temporal sequence of biomarker trajectory in the asymptomatic

elderly at-risk of AD could involve early Aβ deposition which then

drives early microstructural changes in the UNC and other related

fibers like the ILF, closely followed by gray matter atrophy and subse-

quent cognitive decline as disease sets in (Hong et al., 2015; Sachdev

et al., 2013).

Nevertheless, importantly, following hippocampal volume cor-

rection at each time point, Aβ-associated effects on both FW and

FAt remained significant. Thus, other factors such as neuroinflam-

mation, in addition to gray matter atrophy, may play a role in

microstructural alterations (Salat et al., 2010). While hippocampal

atrophy is a hallmark of AD, it is unlikely to be holistically represen-

tative of Aβ-associated effects. On the other hand, white matter

abnormalities, while subtle, are perhaps more informative since

they are observed in addition to and disparate from hippocampal

atrophy (Hong et al., 2015).

Although cognitive performance declined with increase in

baseline age (but not over time), only increase in RILF FW over

time and higher baseline age was associated with greater memory

decline, and higher ADAS scores were associated with higher

RUNC FW. This may suggest potential relationships between

Aβ burden, extracellular processes such as neuroinflammation,

and cognitive impairment in early disease stages (Hedden, Oh,

Younger, & Patel, 2013).
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4.3 | Limitations and future directions

While this study provides important insights into early white matter

microstructural alterations in the cognitively normal elderly participants

at-risk of AD, we did not have access to histological or pathological data,

and therefore cannot determine the exact cellular mechanisms that link

Aβ and white matter diffusion MRI measures. However, current Aβ mea-

surements are invasive (CSF or PET) and our findings shed light on how

FWmay be a safer potential biomarker for disease progression. Nonethe-

less, the association between alterations in diffusion parameters and Aβ

burden need further investigation and biological studies are required to

demonstrate the direct effects of neuropathological protein aggregation

on white matter microstructure. The FW-elimination approach is also

more accurate with multi-shell diffusion MRI data and future studies

should aim at the collection of such longitudinal data. Additionally, it is

also likely that some cognitively normal elderly individuals in our cohort,

despite having high Aβ burden and being at-risk of AD, may never

progress further along the disease spectrum. Thus, longer follow-up

acquisition of amyloid-PET, diffusion MRI and neuropsychological assess-

ments with larger sample sizes are imperative to provide greater insight

regarding the veracity of our findings and the association between longi-

tudinal white matter measures and cognition and the impact of Aβ

burden in individuals at-risk of AD. Moreover, despite using the linear

mixed-effects modeling model to take into account factors like age, our

study cannot entirely ensure that all asymptomatic individuals were at

the same disease stage or subtype. In this regard, studies with larger sam-

ples will enable us to use more principled statistical approaches such as

hierarchical linear modeling to assess more complex relationships

between white matter microstructure trajectories and various disease

markers in preclinical AD. Taking into account the effect size of Aβ-

related effects on white matter FAt and FW from our model, focusing on

specific focal effects such as those occurring in the UNC could be vital in

identifying subjects with faster disease progression in later years. Further-

more, future studies could assess the influence of AD pathology such as

Aβ burden on all tissue-related DTI metrics including tissue-based frac-

tional anisotropy, axial diffusivity and radial diffusivity simultaneously in a

multivariate approach. This could further shed light on joint patterns of

white matter microstructure changes induced by AD pathology.

In summary, our study demonstrates the associations of Aβ burden

with both cross-sectional and longitudinal white matter microstructural

measures in the at-risk cognitively normal elderly. Together with Aβ bur-

den, FW-corrected white matter measures may provide more detailed

insight regarding the regions showing early decline prior to symptom

onset and their interaction with factors involved in the progression to

mild cognitive impairment or AD. Collectively, our study underlines the

importance of longitudinally examining asymptomatic elderly individuals

to help decipher changes in the brain that could contribute to early

disease detection such that corrective measures can be taken before

irreversible damage occurs.
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