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Little is known about a longitudinal decline in white matter microstructure and its associations with cognition in preclinical dementia.
Longitudinal diffusion tensor imaging and neuropsychological testing were performed in 50 older adults who subsequently developed
mild cognitive impairment or dementia (subsequently impaired) and 200 cognitively normal controls. Rates of white matter micro-
structural decline were compared between groups using voxel-wise linear mixed-effects models. Associations between change in white
mattermicrostructure and cognitionwere examined. Subsequently impaired individuals had a faster decline in fractional anisotropy in
the right inferior fronto-occipital fasciculus and bilateral splenium of the corpus callosum. A decline in right inferior fronto-occipital
fasciculus fractional anisotropy was related to a decline in verbal memory, visuospatial ability, processing speed andmini-mental state
examination. A decline in bilateral splenium fractional anisotropy was related to a decline in verbal fluency, processing speed and
mini-mental state examination. Accelerated regional white matter microstructural decline is evident during the preclinical phase of
mild cognitive impairment/dementia and is related to domain-specific cognitive decline.
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Graphical Abstract

Introduction
Dementia is one of the leading causes of death and disability
worldwide, and it is projected to affect over 151 million indivi-
duals by 2050.1 Alzheimer’s disease is the most common cause
of dementia. Alzheimer’s disease is a progressive neurodegen-
erative disease with a long preclinical phase typically defined
by the accumulation of beta-amyloid (Aβ) and phosphorylated
tau with a subsequent acceleration of regional brain atrophy in
the absence of clinical symptoms.2–5 However, the nature of
longitudinal changes in white matter (WM) microstructure in
the preclinical phase of Alzheimer’s disease and other forms
of dementia has been less well characterized.

Network-based research on Alzheimer’s disease points to
patterns of disconnection of spatially dispersed but function-
ally connected regions of the brain, e.g. the default mode net-
work.6,7 Functional networks are supported by the cerebral
WM connecting the grey matter regions implicated in de-
mentia. It is therefore important to understand the spatial
pattern of structural alterations of WM in the preclinical
stages of dementia. Diffusion tensor imaging (DTI) is an im-
aging technique that is sensitive to the microstructural prop-
erties of cerebral WM.8 In the WM, axons, myelin sheaths
and neurofilaments restrict both direction and magnitude
of Brownian diffusion, leading to highly directional diffusion
moving in parallel with WM tracts. Fractional anisotropy
(FA) is used to quantify the degree of anisotropic diffusion
and mean diffusivity (MD) is used to quantify the magnitude
of total water diffusion within brain tissue.

Age-related decreases in FA and increases in MD have
been widely reported from both cross-sectional and longitu-
dinal studies and are thought to reflect microstructural dam-
age that is associated with cognitive decline.9–13 However,
while preclinical dementia is associated with declines in sev-
eral cognitive domains including episodic memory, executive
functioning, visuospatial functioning and processing
speed,14,15 few studies have examined the associations be-
tween changes in DTI metrics and changes in cognition in
preclinical dementia.16

DTI metrics have been shown to be a promising tool in de-
tecting microstructural changes related to cognitive impair-
ment and dementia, and in predicting subsequent
dementia. Compromised WM microstructure (lower FA,
higher MD) in Alzheimer’s disease when compared to cogni-
tively normal (CN) controls has been reported in the fornix,
splenium of the corpus callosum (SCC), inferior
fronto-occipital fasciculus (IFOF), and uncinate fascic-
ulus.17–19 Furthermore, global values of FA and MD ac-
quired in a large sample without dementia were related to
an increased risk in subsequent all-cause dementia and
Alzheimer’s disease.20 When looking at the tract-level, lower
FA in association tracts including the IFOF, uncinate fascic-
ulus and limbic tracts (parahippocampal part of the cingu-
lum and the fornix) was related to the risk of incident
dementia.20 However, longitudinal studies of alterations in
WM microstructure during the preclinical phase are needed
to fully understand the role of WM microstructural changes
in the development of cognitive impairment and dementia.
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Such studies are also critical to identify possible novel bio-
markers for clinical trials with an increased focus on the
asymptomatic preclinical stage of Alzheimer’s disease,
with the hope that interventions administered before neur-
onal damage and symptom onset may be more
effective.21,22

The aim of the present study was to characterize the lon-
gitudinal trajectories of microstructural WM changes in
preclinical mild cognitive impairment (MCI)/dementia
and to interrogate their relationship with cognitive decline.
To elucidate dementia-related regional changes in WM
microstructure prior to symptom onset, we investigated
voxel-wise differences in changes in FA and MD in indivi-
duals who later developed MCI or dementia versus those
who remained CN. We hypothesized that observed differ-
ences in rates of microstructural change would be identified
in regions previously implicated in dementia such as the
cingulum, corpus callosum and medial temporal lobe
WM. Furthermore, we assessed the associations between
localized rates of change in DTI metrics and rates of change
in cognition in domains that show a decline in the preclin-
ical phase of MCI/dementia.

Materials and methods
Participants
Participants were from the Baltimore Longitudinal Study of
Aging (BLSA), a prospective study of physical and psycho-
logical aging that started in 1958.23 Participants were
healthy at enrolment and those who were diagnosed over
time with either MCI (n= 30) or dementia (n= 20) were
matched based on baseline age, sex, race and follow-up
time from first DTI, in a 1:4 ratio with participants with nor-
mal cognitive status throughout follow-up (MatchIt24),
see Supplementary material and Supplementary Fig. 3 for
more information. The BLSA study is approved by the
Local Institutional Review Boards, and participants provided
written informed consent at each visit.

The BLSA population used in the present study consists of
community-dwelling volunteers 50 years of age and older
who participated in the neuroimaging substudy25 with con-
current neuropsychological testing and MRI data collected
from 2009 to 2018. The BLSA visit schedules have varied
over time depending on the age of the participant and over
the course of the present study are as follows: BLSA partici-
pants aged younger than 60 years are assessed every 4 years;
those aged 60–79 years are seen biennially, while BLSA parti-
cipants ≥80 years are seen annually. Baseline was defined as
the first DTI. For this study, participants were also free of sig-
nificant health conditions that could substantially affect brain
structure (i.e. closed head injury, brain surgery, malignant
cancer, meningiomas and cysts with brain tissue displace-
ment, seizure and bipolar disorders). If participants developed
these conditions during the follow-up interval; any visits after
the onset of a condition were removed.

Determination of cognitive status was performed through
established procedures. Clinical and neuropsychological
data from participants were reviewed at a consensus diagnos-
tic case conference if their combinedClinical Dementia Rating
(CDR) score26 was ≥0.5 or if they had .3 errors on the
Blessed Information-Memory-Concentration Test (BIMC27).
The CDR was administered at 1–2-year intervals in certain
BLSA substudies and to all participants scoring more than
three errors on the BIMC. Diagnoses of dementia and
Alzheimer’s disease, respectively, were based on criteria out-
lined in the Diagnostic and Statistical Manual of Mental
Disorders, third edition, revised28 and the National Institute
of Neurological and Communication Disorders and
Stroke—Alzheimer’s Disease and Related Disorders.29 MCI
was based on the Petersen criteria.30

Table 1 Participant characteristics stratified by
cognitive groups

Cognitively
normal

Subsequently
impaired P-value

N 200 50 —

Age, mean (SD) 80.68 (5.30) 81.90 (6.26) 0.163
Sex (males %) 113 (56.5) 31 (62.0) 0.587
Race (Whites %) 153 (76.5) 41 (82.0) 0.519
Education, mean (SD) 16.94 (2.59) 17.10 (2.96) 0.728
APOE ɛ4 (%) [# missing] 37 (18.9) [4] 10 (20.8) [2] 0.917
Hypertension (%) 76 (39.2) 20 (40.8) 0.963
Elevated cholesterol (%) 57 (28.5) 13 (27.1) 0.986
Diabetes (%) 14 (7.3) 4 (8.7) 0.494
Obese (%) 30 (15.0) 5 (10.0) 0.494
White matter lesion
volume cm3, mean
(SD)a

796.9 (1046.4) 791.9 (887.3) 0.974

Has longitudinal DTI (%) 135 (67.5) 33 (66.0) 0.973
Number of visits, n (%)
1 200 (100.0) 50 (100.0)
2 135 (67.5) 33 (66.0)
3 86 (43.0) 17 (34.0)
4 46 (23.0) 10 (20.0)
5 17 (8.5) 3 (6.0)
6 3 (1.5) 1 (2.0)

Total number of
longitudinal
datapoints

422 97

Follow-up, mean years
(SD)

3.38 (1.51) 3.05 (1.32) 0.381

Baseline cognitive function, mean z-score (SD)
Verbal memory 0.006 (0.928) −0.046 (1.095) 0.766
Executive function 0.032 (0.785) −0.158 (0.878) 0.183
Attention −0.004 (0.775) 0.012 (0.681) 0.889
Verbal fluency 0.064 (0.829) −0.237 (0.873) 0.031
Visuospatial ability 0.015 (0.987) −0.061 (0.987) 0.64
Processing speed 0.061 (1.021) −0.174 (0.87) 0.12
MMSE 0.011 (1.042) −0.061 (0.829) 0.604

Time between last DTI
and symptom onset,
mean years (SD)

— 2.23 (1.28) —

P-values were obtained from Welch’s t-tests for continuous variables and χ2-tests for
categorical variables.
aWhite matter lesion data were unavailable for nine participants (five CN and four SI).
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Table 1 provides the sample characteristics for both cogni-
tive status groups [50 subsequently impaired (SI) and 200
CN participants]. For the SI group, the last DTI scan in-
cluded in the analysis preceded the date of symptom onset.
Therewere no significant differences between cognitive groups
for any of the matching criteria including baseline age, sex,
race and length of follow-up from the first 3T DTI scan.
There were also no significant differences in years of educa-
tion, apolipoprotein E (APOE) ɛ4 status, baseline WM lesion
volume, and vascular risk factors including hypertension, ele-
vated cholesterol, diabetes mellitus or obesity.

DTI acquisition and preprocessing
MRI data were acquired on three different 3 Tesla (3T)
Philips Achieva scanners (Scanners 1 and 2 at the Kennedy
Krieger Institute and Scanner 3 at the National Institute on
Aging). The DTI acquisition was identical for Scanners 1
and 2 but was different for Scanner 3: DTI acquisition,
Scanners 1 and 2: number of gradients= 32, number of b0
images= 1, max b-factor= 700 s/mm2, repetition time
(TR)/echo time (TE)= 6801/75 ms, number of slices= 65,
voxel size= 0.83 mm× 0.83 mm× 2.2 mm, reconstruction
matrix= 256× 256, acquisition matrix= 96× 95, field of
view= 212× 212 mm, flip angle= 90°. DTI acquisition,
Scanner 3: number of gradients= 32, number of b0
images= 1, max b-factor= 700 s/mm2, TR/TE= 7454/
75 ms, number of slices= 70, voxel size= 0.81 mm×
0.81 mm× 2.2 mm, reconstruction matrix= 320× 320,
acquisition matrix= 116× 115, field of view= 260×
260 mm and flip angle= 90°. For all scanners, two separate
DTI scans were acquired for each participant and subse-
quently combined to generate images with a number of sig-
nal averages= 2 to improve the signal to noise ratio.31

Previous work has examined the reliability of diffusion
measures across scanners in the BLSA and found acceptable
levels of test–retest reliability.32

A general overview of the preprocessing steps is provided
here, with more detailed information provided in the
Supplementary material. DTI data were corrected for
physiological motion effects and eddy currents. Tensor fit-
ting was carried out using FMRIB Software Library
FMRIB’s Diffusion Toolbox using the ordinary least squares
method. Resultant FA and MD maps were selected for ana-
lysis. Quality control methods for DTI data in the BLSA have
been described previously.31,33 Baseline motion and motion
over time did not differ between groups, see Supplementary
material.

The tract-based spatial statistics (TBSS34) analysis utilized a
BLSA-specific FA template that was generated using advanced
normalization tools MultivariateTemplateConstruction235

and FA images from 60 (30 men, 30 women) CN BLSA par-
ticipants with a mean age of 69.9 years (range: 60–80
years). TBSS was used to generate a WM skeleton to facili-
tate voxel-wise analysis in WM tracts common to all parti-
cipants. See Supplementary Fig. 1 for details of the
processing pipeline.

WM lesion volumes
To ensure no group differences were present at baseline in
cerebral small vessel disease that could influence the results,
we performed a non-parametric t-test on total white matter
hyperintensities (WMHs) volume. There were no group dif-
ferences at baseline (see Table 1). Magnetization prepared
rapid radient echo (MPRAGE) (TR= 6.8 ms, TE= 3.2 ms,
flip angle= 8°, image matrix= 256× 256× 170, voxel size=
1 mm× 1 mm× 1.2 mm) and fluid-attenuated inversion
recovery (FLAIR) (TR= 11 s, TE= 68 ms, inversion time=
2800 ms, image matrix= 240× 240× 150, voxel size=
0.83 mm× 0.83 mm× 3 mm) scans were acquired on a 3 T
Philips Achieva scanners. MPRAGE scans were used to com-
pute anatomical labels and regional brain volumes with
multi-atlas region segmentation using an ensemble (MUSE)
of registration algorithms and parameters36. FLAIR scans
in conjunction with the MUSE segmented MPRAGE were
then used with a convolutional deep neural network
(DeepMRSeg) to segment the WM lesion volumes.37

Cognitive measures and domains
Composite scores were calculated for verbal memory, execu-
tive function, attention, visuospatial ability, verbal fluency
and processing speed. The BLSA neuropsychological test
battery has been described previously,33,38 and details are
provided in Supplementary Table 1. We also examined per-
formance on a widely used, easy-to-implement assessment of
general mental status and cognitive impairment, the mini-
mental state examination (MMSE).39 Cognitive domains
were determined using theoretical constructs based on
neuropsychological literature. This approach has been im-
plemented in many prior studies utilizing the BLSA
data.40–42

Statistical analyses
Differences in longitudinal WM microstructural
trajectories due to subsequent impairment
Voxel-wise analysis was performed in MATLAB (Natick,
Massachusetts: The MathWorks Inc.). To estimate group
differences in longitudinal change in WM microstructure,
linear mixed-effects (LME) models were implemented using
fitlme (https://www.mathworks.com/help/stats/fitlme.html)
with FA or MD as the dependent variable. The analysis
was restricted to voxels in the mean FA skeleton image.
Intercept and time (follow-up time in years from the first
3T DTI scan) were entered as random effects with unstruc-
tured covariance. Fixed effects included cognitive group
(SI/preclinical= 1, cognitively stable= 0), mean-centered
baseline age and sex, race, scanner, baseline motion (mean
FD), and two-way interactions of cognitive group, baseline
age, sex, and race with time, see Eq. (1). To control for the
effect of multiple comparisons, contrasts of interest (the
main effect of cognitive group and cognitive group× time
interaction) were examined using a P-value of ,0.005 and
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cluster size of 30 voxels or more and also using a more con-
servative correction approach, false discovery rate (FDR).43

For each cluster that met these requirements, the coordinates
of the peak voxel (defined as highest t-value) were used to de-
fine the location of the cluster by comparison with the Johns
Hopkins University International Consortium for Brain
Mapping-DTI-81 WM labels atlas.44 While the primary fo-
cus of this study was to assess group differences in longitu-
dinal change in DTI metrics, we also report baseline results
in Supplementary material.

FAij/MDij = b0i + b1 × Agei + b2 × Sexi + b3 × Racei
+ b4 × Cognitive Groupi + b5 ×Motioni
+ b6 × Scanneri + b7 × Timeij + b8

× (Agei × Timeij)+ b9 × (Sexi × Timeij)

+ b10 × (Racei × Timeij)+ b11

× (Cognitive Groupi × Timeij)+ eij (1)

Relationship between change in FA
and change in cognition
We first used LME models to examine cognitive change in
the SI relative to the CN group. The same LME models
were used to estimate group differences in longitudinal
change in cognition as were used for the DTI data, minus
the fixed effects for scanner and baseline motion (R 3.3.2,
nlme 3.1-139), see Eq. (2). Next, we assessed the amount
of between-person variability in preclinical longitudinal
change explained by the effect of interest (subsequent cog-
nitive group) for each outcome (cognition and DTI). The
amount of variance explained (R2) in the change trajectory
accounted for by the cognitive group is a measure of effect
size used in multilevel models45,46 and can provide an esti-
mate of how sensitive the outcome is in detecting differ-
ences in change over time due to preclinical disease, see
Supplementary material for additional information.

Cognitionij = b0i + b1 × Agei + b2 × Sexi + b3 × Racei
+ b4 × Cognitive Groupi + b5 × Timeij + b6

× (Agei × Timeij)+ b7 × (Sexi × Timeij)+ b8

× (Racei × Timeij)+ b9 × (Cognitive Groupi
× Timeij) + eij (2)

Finally, we examined the relationship between change in
FA and change in cognition, focusing on the three larger
uncorrected FA clusters that survived FDR correction. To
implement an unbiased slope estimates for FA and cogni-
tion, we performed simple LME models with intercept
and time entered as random effects with unstructured co-
variance. Then, partial correlations controlling for age,
sex, and race were used to assess the relationship between
change in mean FA from each cluster and change in
cognition. Partial correlations were performed using R
and pcor.test.47

Data availability
Data from the BLSA are available on request from the BLSA
website (http://blsa.nih.gov). All requests are reviewed by the
BLSA Data Sharing Proposal Review Committee and may
also be subject to approval from the National Institutes of
Health institutional review board.

Results
Faster rates of WM microstructural
change in the splenium and IFOF in
those with subsequent impairment
The cognitive group× time interaction revealed 10 clusters
where FA declined at faster rates over time in the SI group
compared with the CN group (Table 2). The largest areas of
decline were in the SCC and in the IFOF, see Fig. 1. Clusters
in these areas survived FDR correction for multiple compari-
sons, but this correction resulted in smaller, separate clusters.
For example, the largest cluster (right SCC, 728 voxels) be-
came three smaller clusters of 124 voxels, 107 voxels and
67 voxels (Table 2). Other areas showing faster declines in
FA were the superior cerebellar peduncle, postcentral gyrus
WM, middle/lateral occipital gyrus WM, cingulate gyrus
WM, genu of the corpus callosum and posterior corona radia-
ta. However, these clusters did not survive FDR correction.

Six clusters were found to show faster increases in MD
over time for the SI relative to the CN group and two clusters
showed faster increases in MD in the CN versus SI group
(Table 2). Of the six clusters showing a faster increase in
MD for the SI group, four were in the SCC and the remaining
two clusters were in the R. postcentral gyrus and L. posterior
thalamic radiation. The two clusters with faster increases in
MD in the CN group relative to the SI group were in the
R. posterior thalamic radiation and R. cerebellar WM.
None of the clusters showing a longitudinal change in MD
survived FDR correction.

Correlations between change in FA
and change in cognition
LME models controlling for age, sex, and race were per-
formed to cognitively characterize this DTI subsample of the
BLSA. Significantly faster rates of cognitive decline in SI com-
pared with CN participants were observed for memory, ex-
ecutive function and processing speed (see Table 3 and
Supplementary Fig. 2 and Table 3), but not for spatial ability
or attention. Effect sizes for the group differences in rates of
longitudinal change were estimated using an R2 statistic for
multilevel models in which the amount of residual variance
in between-person slopes captured by cognitive status was cal-
culated for cognitive and DTI measures. These showed that
the cognitive status grouping explained more between-person
variation in the longitudinal trajectories of FA (L.SCC, 76%;
R. SCC, 84%; right IFOF, 61%) when compared with the
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Figure 1 White matter clusters showing accelerated microstructural decline in the SI group. Line graphs show modelled
trajectories of a decline in FA for clusters in the right IFOF, right SCC and left SCC. The black panel shows axial slices where clusters with
accelerated FA decline were found for the SI group in the right IFOF (top) and bilateral SCC (bottom) highlighted in red and indicated by the yellow
ellipsoids.

Table 2 White matter clusters showing differences in the rates of change in FA and MD between SI and CN groups

FA Voxels t-value X Y Z FDRa

Splenium corpus callosum (R) 728b −5.34 21 −49 13 124, 107, 67
Splenium corpus callosum (L) 570b −5.69 −24 −58 14 118, 58, 53
Inferior fronto-occipital fasciculus (R) 161b −5.77 25 20 −7 42
Superior cerebellar peduncle (L) 55 −4.87 −7 −40 −26
Postcentral gyrus WM (R) 48 −4.60 30 −18 48
Postcentral gyrus WM (L) 47 −4.14 −24 −22 50
Middle/lateral occipital gyrus WM (L) 37 −4.44 −29 −79 −2
Cingulate gyrus WM (L) 31 −5.45 −10 −49 19
Genu corpus callosum (L) 31 −4.63 −9 31 −3
Posterior corona radiata (R) 30 −5.34 20 −52 27

MD Voxels t-value X Y Z FDRa

Splenium corpus callosum (R) 260 5.31 17 −45 15
Splenium corpus callosum (L) 133 4.36 −15 −44 23
Postcentral gyrus WM (R) 53 5.52 30 −17 46
Splenium corpus callosum (L) 43 4.62 −7 −34 25
Posterior thalamic radiation (L) 38 4.40 −28 −60 14
Posterior thalamic radiation (R) 38 −3.71 34 −36 14
Splenium corpus callosum (R) 35 3.57 15 −36 29
Cerebellar WM (R) 32 −3.55 23 −64 −48

The peak t-value is reported for each cluster. FA, fractional anisotropy; MD, mean diffusivity; R, right, L, left; FDR, false discovery rate correction; SI, subsequently impaired; CN,
cognitively normal.
aEffects that survived FDR correction were split into smaller clusters. Values represent the number of voxels in FDR clusters. Peak coordinates are from the BLSA FA template affine
aligned to MNI space. Analysis n= 250.
bClusters extracted for brain–behaviour correlations.
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longitudinal trajectories of the cognitive measures. Within the
cognitive domains examined, longitudinal trajectories for pro-
cessing speed (42%) and memory (25%) were the most sensi-
tive to subsequent cognitive status, see Table 3.

For the three cognitive domains that showed significantly
a faster decline in SI participants (processing speed, memory
and executive function), decline in processing speed was as-
sociated with decline in FA across all three regions showing
faster FA decline in the SI group (L. SCC, ρ= 0.169, P=
0.034, FDRp= 0.117; R. SCC, ρ= 0.180, P= 0.023,
FDRp= 0.058; R. IFOF, ρ= 0.265, P= 0.001, FDRp=
0.018; see Fig. 2, left panel). Decline in episodic memory
was associated with FA decline in the right IFOF (ρ=
0.182, P= 0.020, FDRp= 0.037, see Fig. 2, middle panel),
whereas no associations were found between decline in ex-
ecutive function and FA in the clusters examined, see
Table 4. Of the cognitive domains and MMSE that did not
show significantly faster decline for SI participants, decline
in MMSE was linked to decline in FA in all clusters, see
Fig. 2, right panel, and Table 4. Decline in verbal fluency
was associated with FA decline in bilateral SCC, and decline
in visuospatial ability with FA decline in the R. IFOF.

Discussion
Using a case–control subset of the BLSA,we found that faster
rates of WM microstructural degeneration are detectable

before clinical symptoms of MCI or dementia are apparent.
Longitudinal voxel-wise analyses identified several clusters
(bilateral SCC and right IFOF) where FA declined faster in
a sample of SI individuals compared with a control group
who remained CN. While several overlapping clusters were
found where MD was increasing faster in the SI group com-
pared with controls, these clusters did not remain significant
after FDR correction. Furthermore, rates of decline in WM
microstructure were associatedwith rates of decline in cogni-
tion in domains that did and did not show significant differ-
ences in rates of decline across groups.

The largest clusters to show a faster decline in FA in the SI
compared with CN group, and survive FDR correction, were
in the left and right SCC. This bilateral pattern of accelerated
change indicates that the splenium is susceptible to increased
microstructural decline in individuals on a trajectory to-
wardsMCI/dementia. Our results extend prior reports of at-
rophy and reduced microstructure of the SCC in MCI/
dementia compared with CN participants48 and in at risk
APOE e4 carriers who show a faster decline in FA in this
area.33 Here we have shown that such changes can be de-
tected in the preclinical stages before the onset of clinical
symptoms. The third largest cluster was in the IFOF. The
microstructure of the IFOF has been shown to decline faster
in Alzheimer’s disease patients comparedwithCN controls18

and show cross-sectional differences in DTI metrics between
preclinical early-onset Alzheimer’s disease (EOAD) partici-
pants and controls.49 The SCC contains commissural fibres
that connect association regions in the temporal and parietal
lobes, including the precuneus,50 while the IFOF contains fi-
bres connecting frontal and occipital lobes. Evidence sug-
gests that the precuneus and frontal lobe areas are among
the earliest regions to accumulate Aβ.51 Therefore, it is pos-
sible that microstructural decline is related to pathological
changes occurring in these regions during the preclinical
stage of dementia.

Although there were no group differences at baseline in
the amount of total WMH volume, a follow-up analysis
looking at group differences over time identified a significant
interaction (see Supplementary Table 4). WMH volume in-
creased over time in both groups, but the rate of accumula-
tion was faster in SI individuals. FA is lower in areas of
WMH, and it has long been known that these two metrics
are related. However, DTI is a more sensitive measure than
FLAIR for WM damage.52 Interestingly, WM damage in
the SCC, characterized byWMhyperintensities, has been as-
sociated with Alzheimer’s disease pathology53,54 and cogni-
tion in Alzheimer’s disease.55 Our results add longitudinal
evidence to this growing literature highlighting the import-
ant effects of dementia on the SCC.

We found no evidence of the faster microstructural decline
in limbic structures, including the fornix. This contrasts with
Cremers et al.20 who reported that lower baseline FA in lim-
bic tracts was related to an increased risk of dementia and
Ringman et al.49 who found cross-sectional evidence of low-
er FA in the fornix when comparing preclinical EOAD to
non-gene carrier family members. These differences may be

Table 3 Differences between SI and CN groups in
longitudinal rates of change in cognition and the three
main FA clusters showing group differences

Cognitive domain Beta P-value Effect size

Verbal memory −−−−−0.075* 0.044 24.93
Executive function −−−−−0.081* 0.039 18.53
Attention −0.059 0.079 7.21
Verbal fluency −0.056 0.079 11.06
Visuospatial ability −0.02 0.530 −11.06
Processing speed −−−−−0.119** ,0.001 41.73
MMSE −0.099 0.096 18.86

WM ROIa Beta P-value

Right SCC −−−−−0.284 ,0.001 84
Left SCC −0.254 ,0.001 75.59
Right IFOF −0.175 ,0.001 60.78

The linear mixed-effects model controlled for inter-individual differences in age, sex and
race. The results reported below for the FA clusters were derived from z-scored,
baseline anchored mean raw FA values extracted from the clusters. Here, the models
are identical for the cognitive and FA data (see the ‘Effect size calculations’ section in
Supplementary material). Effect size for differences in longitudinal trajectories between
SI and CN groups was determined using a R2 statistic for multilevel models in which the
residual variance in between-person slopes captured by including the effect of
subsequent impairment was estimated. MMSE, mini-mental state examination; SCC,
splenium of corpus callosum; IFOF, Inferior fronto-occipital fasciculus; SI, subsequently
impaired; CN cognitively normal.
aAll datapoints (subjects and visits) were utilized for the WM ROIs; however, similar
results were obtained in analyses based on matched sample sizes between models.
Analysis n= 250.
* and bold values indicate P≤ 0.05.
**Cognitive comparisons that survive FDR correction at P≤ 0.05.
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due to methodological differences as both previous studies
employedROIs rather than a TBSS approach. Another cross-
sectional study of preclinical EOAD participants compared
with CN controls used TBSS and found no difference in
DTI metrics in the fornix.56

Cognitively characterizing this DTI subsample of the
BLSA confirmed that the SI group had similar preclinical
cognitive profiles to other preclinical samples.14,57

Cognitive trajectories for three domains (verbal memory, ex-
ecutive function and processing speed) showed a faster de-
cline in SI individuals. The pattern for all cognitive
outcomes examined, apart from visuospatial ability, was
similar with trends towards a greater decline in the SI group.
The exception of visuospatial ability is interesting as our

recent publication of change-points in Alzheimer’s disease
in a larger BLSA preclinical sample with subsequent prob-
able Alzheimer’s disease found the earliest change-point in
cognition for these participants was visuospatial ability.15

There are three main differences between the current sample
and the one used in the change-point analysis that shed light
onwhy these results differ. The first is time to diagnosis. Here
we were restricted to data from visits that also contained
diffusion-weighted imaging. The BLSA collected cognitive
measures well before the collection of diffusion-weighted
images and as such the time to diagnosis from the first visit
with DTI data in the present sample is considerably shorter
{from 10 years [6.5 standard deviation (SD)] in Williams
et al.15 to 4 years (1.9 SD) here}. This also shifts baseline

Table 4 Associations between change in FA and change in cognition

Left splenium CC Right splenium CC Right IFOF

Pearson’s r P-value 95% CI Pearson’s r P-value 95% CI Pearson’s r P-value 95% CI

VM 0.106 0.183 −0.05,0.26 0.126 0.111 −0.03,0.28 0.182 0.021** 0.03,0.33
EF 0.043 0.606 −0.12,0.19 −0.038 0.649 −0.2,0.11 0.045 0.590 −0.12,0.2
ATT −0.002 0.98 −0.16,0.15 0.01 0.87 −0.14,0.17 −0.05 0.52 −0.2,0.1
VF 0.19 0.02* 0.04,0.33 0.23 0.003** 0.08,0.37 0.05 0.52 −0.1,0.2
VSA 0.069 0.386 −0.09,0.22 −0.01 0.9 −0.16,0.15 0.184 0.019** 0.03,0.33
PS 0.167 0.038* 0.01,0.32 0.179 0.025* 0.03,0.33 0.266 0.005** 0.11,0.4
MMSE 0.16 0.05* 0.003,0.3 0.185 0.02* 0.03,0.33 0.23 0.004** 0.08,0.37

Associations were determined by partial correlations controlling for age, sex and race. Partial correlations were performed between slopes for subjects with longitudinal data (n= 168).
Slopes for the FA clusters were derived from applying the simple linear mixed-effects model to z-scored, baseline anchored mean raw FA values extracted from the clusters of interest.
VM, verbal memory; EF, executive function; ATT, attention; VF, verbal fluency; VSA, visuospatial ability; PS, processing speed; SCC, splenium of corpus callosum; IFOF, inferior
fronto-occipital fasciculus.
* and bold values indicate P≤ 0.05.
**Survives FDR correction at P≤ 0.05.

Figure 2 Associations between change in FA and change in cognition. The figure shows the relationship between the rate of change in
the right IFOF and the rate of change in processing speed (left panel), verbal memory (middle panel) and MMSE (right panel). The effects of
baseline age, sex and race were removed from the estimated slopes for FA and cognition. Thus, the residuals are the estimated slopes of annual
change in z-scores removing effects of baseline age, sex, and race. Shaded areas indicate 95% confidence intervals.
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age in the current sample to an older mean age. Second, and
related to the first difference, is the smaller number of BLSA
participants with diffusion-weighted data that went on to de-
velop cognitive impairment (n= 165 inWilliams et al.15 ver-
sus n= 50 here). Finally, the inclusion of individuals with
MCI and all-cause dementia in the present study was neces-
sary to increase the sample size due to the more recent intro-
duction of DTI. Therefore, there was increased heterogeneity
in cognitive trajectories in the SI sample due to the inclusion
of both MCI and dementia end-points. These findings and
considerations suggest that the present sample has either
missed the ‘window’ for group differences in visuospatial
ability or obscured differences in this cognitive domain due
to the inclusion of different types of dementia.

Comparing the effect size (R2) for group membership
(proportion of explained variance in rates of change by
groupmembership), we found FA to yield considerably high-
er values compared with the cognitive outcomes. These find-
ings are not surprising as the cognitive data aremore variable
over time due to a greater number of factors influencing per-
formance. However, these findings suggest that regional
changes over time in DTI markers may provide a more ro-
bust marker of changes during preclinical dementia.

Associations between change in FA and change in cogni-
tion were observed for five cognitive domains. Of the three
domains that showed significant differences in decline by
group, a faster decline in FA in the R IFOF was associated
with the faster decline in verbal memory, and a faster decline
in FA in all three clusters was related to a faster decline in
processing speed. In addition, faster FA decline in all three
clusters was related to MMSE, while the splenium clusters
were linked to declines in verbal fluency and the R IFOF to
visuospatial ability. These results extend previous findings
in which regional differences in frontal lobeWMmicrostruc-
ture between Alzheimer’s disease and controls were also cor-
related with memory performance.57 While splenium FA
decline was not related to verbal memory, it was related to
verbal fluency, processing speed and MMSE. These results
are consistent with a previous cross-sectional report showing
FA in the splenium is associated with poorer cognition in
MCI/dementia patients as measured by the CDR scale.58

The finding that processing speed was related to FA decline
in all three clusters is perhaps less surprising given previous
reports of significant associations between WM microstruc-
ture in these areas and processing speed in CNolder adults.59

Results from this study should be considered in the context
of several limitations. BLSA participants in this sample are
highly educated, mostly white and relatively old, with a mean
baseline age of 80 years, which may limit generalizability.
Furthermore, the follow-up period was relatively short, and
while most participants hadmultiple DTI and cognitive assess-
ments, some only contributed cross-sectional data.
Longitudinal data collection requires a balance between the
need to maintain consistent imaging parameters and updating
acquisition methods to allow comparisons over time. As a re-
sult, the standard DTI acquisitions in the BLSA have been
held constant since the introduction of DTI into the BLSA

3 TMRI imaging protocol. It is possible that moremodern dif-
fusion imaging sequences would be more sensitive to changes
in WM structure related to changes in early preclinical stages
of dementia. However, the sample size and longitudinal power
are still improvements in previous studies of preclinical changes
in DTI. The SI sample included participants, who were CN at
the time of imaging but had research diagnoses of either MCI
or dementia as theirfinal cognitive status at the time of analysis.
While MCI is typically the prodromal stage of Alzheimer’s dis-
ease,60 it is possible that some MCI participants will remain
stable or develop non-Alzheimer’s disease pathologies. This
heterogeneity may increase variance in the SI group, leading
to an underestimation of the extent of localized WM micro-
structural damage in preclinical dementia. Unfortunately, there
were not enough participants in the samplewho also had amyl-
oid imaging to examine the role of Alzheimer’s disease path-
ology on WM microstructural damage, this should be
addressed in future works with larger sample sizes and the
availability of new plasma biomarkers. Moreover, future
work with larger samples of all-cause dementia and
Alzheimer’s disease cases separately may address this issue.
The study benefits from the statistical matching of SI to CN
participants with similar demographic features, allowing for
higher confidence that the differences found between groups
are indeed a result of the group differences in disease trajector-
ies. However, we cannot exclude the possibility that some indi-
viduals in the CN group will develop cognitive impairment
later, and it is possible that more robust differences may be
found in samples where the cause of dementia and
Alzheimer’s disease pathology is confirmed post-mortem.

In this study, longitudinal DTI data were used to character-
ize voxel-wise patterns of accelerated decline in WM micro-
structure and its relationship to cognition during the
preclinical phase of MCI/dementia. Group membership ex-
plained more variance in rates of change in regional brain
microstructure than it did in cognitive decline, suggesting
DTI may be a powerful indicator of future risk of developing
MCI/dementia. To find the optimal imaging markers of pre-
clinical dementia, future work should focus on elucidating
the joint associations and temporal relationships between
change in regional DTI metrics and changes in other markers
of dementia such as atrophy and Aβ accumulation in the pre-
clinical stage of Alzheimer’s disease.
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