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Abstract
White matter degradation has been proposed as one possible explanation for age-related cognitive decline. In the present
study, we examined 2 main questions: 1) Do diffusion characteristics predict longitudinal change in cognition
independently or synergistically with amyloid status? 2) Are the effects of diffusion characteristics on longitudinal cognitive
change tract-specific or global in nature? Cognitive domains of executive function, episodic memory, and processing speed
were measured annually (mean follow-up = 3.93 ± 1.25 years). Diffusion tensor imaging and Pittsburgh Compound-B
positron emission tomography were performed at baseline in 265 clinically normal older adults (aged 63–90). Tract-specific
diffusion was measured as the mean fractional anisotropy (FA) for 9 major white matter tracts. Global diffusion was
measured as the mean FA across the 9 white matter tracts. Linear mixed models demonstrated independent, rather than
synergistic, effects of global FA and amyloid status on cognitive decline. After controlling for amyloid status, lower global FA
was associated with worse longitudinal performance in episodic memory and processing speed, but not executive function.
After accounting for global FA, none of the individual tracts predicted a significant change in cognitive performance. These
findings suggest that global, rather than tract-specific, diffusion characteristics predict longitudinal cognitive decline
independently of amyloid status.
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How does white matter degradation relate to cognitive decline
during aging? Numerous studies have demonstrated that
reduced white matter microstructure is associated with poorer
cognitive performance in clinically normal older adults (Davis
et al. 2009; Kennedy and Raz 2009; Brickman et al. 2012;
Madden et al. 2012; Gazes et al. 2016). However, there is little
consensus in the literature regarding the cognitive domains
impacted and whether the effects are global in nature or are
related to specific white matter tracts (for review see Bennett
and Madden 2014). Most of these studies have used cross-
sectional designs; however, longitudinal studies are necessary
for directly estimating the effects of white matter microstruc-
ture on cognition over time (Charlton et al. 2010; Lövdén et al.
2014; Ritchie et al. 2015; Köhncke et al. 2016; Fjell et al. 2017;
Scott et al. 2017). In the present study, we investigated the rela-
tionship between white matter diffusion characteristics and
longitudinal cognitive change in healthy older adults and in
individuals with preclinical Alzheimer’s disease, as defined by
elevated amyloid burden (Sperling et al. 2011; Dubois et al.
2016).

Microstructural alterations of white matter can be investi-
gated in vivo using diffusion tensor imaging (DTI; Basser et al.
1994; Le Bihan 2003). DTI studies of healthy older adults consis-
tently demonstrate widespread age-related changes in white
matter diffusion characteristics, as evidenced by lower frac-
tional anisotropy (FA) and higher diffusivity (Head et al. 2004;
Salat et al. 2005; Gunning-Dixon et al. 2009; Barrick et al. 2010;
Voineskos et al. 2012; Bennett and Madden 2014; Lövdén et al.
2014; Sexton et al. 2014; Cox et al. 2016; Rieckmann et al. 2016).
Amyloid burden has also been related to white matter micro-
structure (Chao et al. 2013; Gold et al. 2014; Molinuevo et al.
2014; Rieckmann et al. 2016), possibly due to toxicity to glial
cells that form the myelin sheath (Xu et al. 2001; Lee et al.
2004). Accelerated decline in white matter microstructure has
been observed in select tracts in preclinical Alzheimer’s dis-
ease, including the fornix, corpus callosum, and parahippocam-
pal cingulum (Chao et al. 2013; Gold et al. 2014; Molinuevo et al.
2014; Rieckmann et al. 2016), suggesting that amyloid pathology
may have a predilection for particular white matter tracts early
in the disease process.

Prior DTI studies have demonstrated that reduced white
matter microstructure (i.e., decreased FA, increased diffusivity)
is linked to poorer cognitive performance, and generally find
stronger relationships between white matter microstructure
and executive function and processing speed compared with
episodic memory (Madden et al. 2012). However, there is sub-
stantial variability across studies. For instance, some studies
demonstrate relationships with executive function (O’Sullivan
et al. 2001; Grieve et al. 2007; Perry et al. 2009; Zahr et al. 2009;
Ryan et al. 2011; Brickman et al. 2012; Cremers et al. 2016;
Hedden et al. 2016; Fjell et al. 2017), whereas others do not
(Burgmans et al. 2011; Laukka et al. 2013; Lövdén et al. 2014).
Some studies demonstrate relationships with processing speed
(Kennedy and Raz 2009; Penke et al. 2010; Kerchner et al. 2012;
Salami et al. 2012; Laukka et al. 2013; Lövdén et al. 2014;
Cremers et al. 2016; Hedden et al. 2016; Kuznetsova et al. 2016),
whereas others fail to find such relationships (Charlton et al.
2008; Perry et al. 2009; Ritchie et al. 2015). Similarly, several
studies find relationships with episodic memory (Persson et al.
2006; Kennedy and Raz 2009; Ziegler et al. 2010; Ryan et al.
2011; Lockhart et al. 2012; Voineskos et al. 2012; Bennett et al.
2015; Fjell et al. 2015; Ly et al. 2016), whereas others do not
(Penke et al. 2010; Salami et al. 2012; Borghesani et al. 2013;
Cremers et al. 2016). Some potential difficulties in interpreting

these findings include inconsistencies across studies in the
cognitive domains included for analysis, the specific tests used
to assess the different cognitive domains, and the selection of
white matter tracts examined.

A related debate in the literature concerns whether age-
related cognitive decline is due to alterations within specific
white matter tracts or to global white matter changes occurring
across the whole brain (Bennett and Madden 2014). Tract-
specific effects have been observed across several cognitive
domains (Kennedy and Raz 2009; Madden et al. 2009; Zahr et al.
2009; Ryan et al. 2011; Voineskos et al. 2012; Lövdén et al. 2014;
Bennett et al. 2015; Cremers et al. 2016; Lancaster et al. 2016; Ly
et al. 2016), however, there are inconsistencies across studies
regarding which tracts display significant relationships. In con-
trast, other researchers have found evidence in favor of a global
effect (Grieve et al. 2007; Penke et al. 2010; Haász et al. 2013;
Kuznetsova et al. 2016; Fjell et al. 2017), which is consistent
with the observation that white matter tracts generally show
high correlations with one another (Penke et al. 2010; Lövdén
et al. 2014; Cox et al. 2016). Discrepancies across studies may
relate to the selection of white matter tracts examined, the spe-
cific cognitive tests used, and whether studies separately con-
trol for global white matter when examining tract-specific
effects.

One challenge is that the majority of studies examining the
relationship between white matter diffusion characteristics
and cognition have been cross-sectional in design. An advan-
tage of longitudinal designs is that within-person change can
be directly examined. The few longitudinal studies addressing
this issue in clinically normal older adults have had relatively
short follow-up periods (Charlton et al. 2010; Lövdén et al. 2014;
Ritchie et al. 2015; Köhncke et al. 2016). Studies with longer and
more frequent follow-up periods are essential to better assess
the influence of diffusion characteristics on cognitive decline in
aging.

The present study asked 2 main questions. Given the poten-
tial impact of amyloid pathology on white matter microstruc-
ture (Chao et al. 2013; Gold et al. 2014; Molinuevo et al. 2014;
Rieckmann et al. 2016) and cognition (Hedden et al. 2013, 2016;
Jagust 2016; Mormino et al. 2017), the first question was: Do dif-
fusion characteristics predict longitudinal change in cognition
independently or synergistically with amyloid status? The sec-
ond question was: Are the effects of diffusion characteristics on
longitudinal cognitive change tract-specific or global in nature?
Here, we also examined whether tract-specific diffusion charac-
teristics predict longitudinal cognitive change independently or
synergistically with amyloid status. To address the question of
tract-specificity, we examined a large set of tract-specific rela-
tionships to each cognitive domain while controlling for global
white matter. This allowed us to examine the potential role of
specific white matter tracts over and above a global measure
of white matter. In the present study, we were motivated
from a clinical standpoint to examine the utility of diffusion
characteristics and amyloid pathology measured at baseline
to predict subsequent cognitive decline. Cognition was mea-
sured annually for up to 7 years (mean follow-up = 3.93 ± 1.25
years). We used factor scores to assess the cognitive domains
most often impacted by white matter diffusion characteris-
tics, namely, executive function, episodic memory, and
processing speed. Exploring these questions in a large, well-
characterized elderly sample enabled us to thoroughly
explore the impact of white matter microstructure on differ-
ent cognitive domains within normal aging and preclinical
Alzheimer’s disease.
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Materials and Methods
Participants

The present sample consisted of 265 clinically normal,
community-dwelling older adults from the Harvard Aging Brain
Study (HABS), an ongoing longitudinal study. Study protocols
were approved by the Partners Healthcare Institutional Review
Board. At study entry, all participants had a global Clinical
Dementia Rating (CDR) of zero (Morris 1993), less than 11 on the
Geriatric Depression Scale (Yesavage et al. 1983), 25 or greater
on the Mini-Mental State Examination (MMSE; Folstein et al.
1975), and performed within education-adjusted norms on
Wechsler Memory Scale-Revised Logical Memory delayed recall
(Wechsler 1987). Participants included in the present analyses
were required to have both diffusion-weighted imaging and
Pittsburgh Compound-B positron emission tomography (PiB-
PET) data. Baseline demographic information is presented in
Table 1 for the entire group and for dichotomized groups on the
basis of amyloid status.

Cognitive Measures

Participants underwent annual neuropsychological testing for
up to 7 years. Because HABS is an ongoing study and enroll-
ment was staggered, not all participants had the same number
of follow-up visits. At the time of the present analyses, cogni-
tive data were available for 265 participants at baseline, 262 at
the first follow-up, 250 at the second follow-up, 241 at the third
follow-up, 167 at the fourth follow-up, 101 at the fifth follow-
up, and 18 at the sixth follow-up. The mean neuropsychological
follow-up period was 3.93 years (SD = 1.25). We measured cog-
nitive change with a battery of neuropsychological and behav-
ioral tasks selected primarily to represent domains of executive
function, episodic memory, and processing speed. Executive
function was assessed by Wechsler Adult Intelligence Scale-III
Letter-Number Sequencing (the number of trials correctly com-
pleted; Wechsler 1997), phonemic fluency (the sum of the
words produced in response to the letters F, A, S, each over
60 s; Spreen and Benton 1977), and the Trail Making Test (time
to complete Form B minus Form A; Reitan 1958). Episodic

memory was assessed using the delayed recall score from the
Wechsler Memory Scale-Revised Logical Memory subtest
(Wechsler 1987), the free recall score from the Free and Cued
Selective Reminding Test (Grober et al. 2000), and the delayed
recall score from Six-Trial Selective Reminding test (Masur
et al. 1990). Processing speed was assessed by Wechsler Adult
Intelligence Scale-Revised Digit-Symbol Coding (number of
items completed; Wechsler 1981) and Trail Making Test (time
to complete Form A; Reitan 1958).

Confirmatory factor analyses were conducted using the
lavaan R package (Rosseel 2012) and used to construct longitu-
dinal factors for cognitive domains of executive function, epi-
sodic memory, and processing speed. The hypothesized factor
structure was modeled after a previously reported cross-
sectional analysis (Hedden et al. 2012) and adapted to include a
set of tasks (listed above) with repeated administration across
all annual neuropsychological visits (see Supplementary
Material).

Magnetic Resonance Imaging Diffusion-weighted
Imaging

Magnetic resonance imaging (MRI) was conducted at the
Athinoula A. Martinos Center for Biomedical Imaging at
Massachusetts General Hospital on a 3-Tesla Trio Tim scanner
(Siemens Medical Systems, Erlangen, Germany) with a 12-
channel phased-array head coil. Diffusion-weighted images
were acquired with a standard sequence with 30 diffusion
encoding gradient directions (repetition time [TR], 8040ms,
echo time [TE], 84ms, inversion time [TI], 2100ms, 2 × 2 ×
2mm voxels, 64 transverse slices, b-value, 700 s/mm2).
Processing of diffusion-weighted data was performed in FSL
v5.0.9 (The Oxford Centre for Functional MRI of the Brain
Software Library). First, diffusion images were corrected for
eddy current and motion distortions using FSL’s eddy tool
(FMRIB Software Library; Andersson and Sotiropoulos 2016).
The diffusion tensor model was then fitted at each voxel to
extract FA. Next, following tract-based spatial statistics (TBSS)
procedures (Smith et al. 2006), we created a subject-specific
template in the atlas space of the Montreal Neurological
Institute (MNI space; Montreal, Canada) using the most

Table 1 Baseline demographic information by amyloid status and mean diffusivity metrics

Overall (n = 265) Aβ− (n = 197) Aβ+ (n = 68) P-value

Age in years, mean standard deviation (SD) 73.72 (6.18) 73.16 (6.19) 75.32 (5.90) 0.01
Education in years, mean (SD) 15.76 (3.08) 15.69 (3.13) 15.97 (2.94) 0.51
Females, n (%) 155 (59) 113 (57) 42 (62) 0.66
PiB DVR FLR, mean (SD) 1.15 (0.20) 1.06 (0.05) 1.44 (0.18) <0.001
Aβ+, n (%) 26% — — —

Global FA, mean (SD) 0.561 (0.024) 0.561 (0.023) 0.561 (0.025) 0.96
ATR FA, mean (SD) 0.568 (0.028) 0.567 (0.028) 0.570 (0.029) 0.40
CB FA, mean (SD) 0.646 (0.032) 0.646 (0.033) 0.646 (0.032) 0.91
PHC FA, mean (SD) 0.674 (0.045) 0.673 (0.044) 0.677 (0.046) 0.59
CST FA, mean (SD) 0.651 (0.025) 0.651 (0.025) 0.653 (0.027) 0.56
IFOF FA, mean (SD) 0.550 (0.029) 0.550 (0.028) 0.549 (0.031) 0.91
ILF FA, mean (SD) 0.472 (0.024) 0.470 (0.023) 0.475 (0.027) 0.19
Fma FA, mean (SD) 0.637 (0.030) 0.639 (0.028) 0.631 (0.034) 0.11
Fmi FA, mean (SD) 0.532 (0.030) 0.532 (0.031) 0.531 (0.029) 0.79
SLF FA, mean (SD) 0.523 (0.030) 0.523 (0.029) 0.521 (0.034) 0.75

PiB DVR FLR, Pittsburgh Compound-B distribution volume ratio of frontal, lateral parietal and lateral temporal, and retrosplenial regions; FA, fractional anisotropy;

ATR, anterior thalamic radiation; CB, cingulum bundle; PHC, parahippocampal cingulum; CST, corticospinal tract; IFOF, inferior frontal occipital fasciculus; ILF, infe-

rior longitudinal fasciculus; Fma, forceps major; Fmi, forceps minor; SLF, superior longitudinal fasciculus.
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representative FA image from 272 clinically normal older adults
(from the HABS cohort) by applying linear (FLIRT) and non-
linear (FNIRT) registrations. The subject-specific template was
then skeletonized and thresholded at 0.3 to exclude predomi-
nantly non-white matter voxels. At this stage, each partici-
pant’s FA image was non-linearly registered to the template
(Avants et al. 2011) and the voxel with the highest FA value per-
pendicular to the skeleton was projected onto the mean skele-
ton using tbss_skeleton (Smith et al. 2006).

As depicted in Figure 1, we examined 9 white matter tracts,
including the anterior thalamic radiation (ATR), corticospinal
tract (CST), cingulum bundle (CB), parahippocampal cingulum
(PHC), forceps major (Fma), forceps minor (Fmi), inferior frontal
occipital fasciculus (IFOF), inferior longitudinal fasciculus (ILF),
and superior longitudinal fasciculus (SLF). We selected the
tracts most commonly examined in prior studies relating white
matter diffusion characteristics to cognition (e.g., Kennedy and
Raz 2009; Madden et al. 2012; Cremers et al. 2016; Gazes et al.
2016) and amyloid (Chao et al. 2013; Molinuevo et al. 2014;
Racine et al. 2014; Rieckmann et al. 2016). Although the fornix
has received considerable attention in aging and Alzheimer’s
disease, it was not included in the present analyses due to its
close proximity to cerebrospinal fluid, making it highly suscep-
tible to partial volume effects.

Regions of interest (ROIs) were defined for each tract using
the Johns Hopkins University (JHU) probabilistic white matter
atlas (Hua et al. 2008). Minor edits of the JHU ROIs were per-
formed manually to 1) correct for misregistration between the
ROIs and the subject-specific white matter skeleton and 2) cor-
rect for overlap between ROIs, so that tracts were distinct from
one another (i.e., non-overlapping). Because the ILF and IFOF
overlapped extensively with the uncinate fasciculus, the unci-
nate fasciculus was not included in the present analyses. For
the SLF ROI, we excluded the temporal portion of the tract
because it had a relatively low correlation with the rest of the
tract (r = 0.56). Mean FA from the skeleton was extracted from
each ROI. Since, we had no a priori hypotheses regarding later-
ality, mean FA for the left and right ROIs were averaged
together to reduce the number of comparisons. To compute a
measure of global white matter microstructure, all ROIs were
combined to form a single mask. Mean FA from the skeleton

was extracted from this aggregate mask and represented the
global measure of FA.

Because one of the goals of the study was to investigate
whether specific tracts predict cognitive change over and above
a global measure of white matter, we created 9 modified global
masks that contained all tracts except for the tract under inves-
tigation. This enabled us to conservatively examine the effects
of specific white matter tracts while controlling for the remain-
ing 8 tracts. Mean FA was extracted from the skeleton of each
of these modified global masks.

Pittsburgh Compound-B Positron Emission Tomography

Participants underwent baseline neocortical amyloid imaging
with PiB-PET. The acquisition protocol has been described in
detail previously (Hedden et al. 2012). Briefly, PiB-PET images
were acquired with an 8.5–15.0mCi bolus injection and imme-
diately followed by a 60-minute dynamic acquisition. PET data
preprocessing was performed using SPM12 (WellcomeTrust
Centre for Neuroimaging). A summary distribution volume
ratio (DVR) was calculated for each participant by averaging the
median PiB uptake value across voxels in frontal, lateral parie-
tal and temporal, and retrosplenial cortices (the FLR region).
The cerebellar cortex served as the reference region. A previ-
ously described Gaussian mixture modeling approach was used
to classify participants as amyloid positive or amyloid negative
(DVR cutoff value = 1.2; Mormino, Betensky, Hedden, Schultz,
Ward et al. 2014). This approach resulted in 197 individuals
classified as amyloid negative and 68 individuals classified as
amyloid positive. We also examined amyloid burden as a con-
tinuous variable to ensure that the selection of a cutoff value
did not dictate the results. The significant results reported
below were present both when the cutoff value was used and
when amyloid was treated as a continuous variable.

Statistical Analyses

Statistical analyses were performed using R, version 3.2.4.
Linear mixed models were used to examine the associations
between baseline diffusion characteristics and amyloid status
on longitudinal cognitive change (nlme package). Random
effects of intercept and slope for each participant were

Figure 1. A depiction of the 9 white matter tract regions of interest (ROIs) examined in the present study. (A) corticospinal tract (B) anterior thalamic radiation

(C) inferior longitudinal fasciculus (D) superior longitudinal fasciculus (E) cingulum bundle (F) inferior frontal occipital fasciculus (G) parahippocampal cingulum, and

(H) forceps minor is depicted in green and forceps major is depicted in pink. ROIs are displayed on the mean FA of the baseline sample (n = 265).
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modeled using maximum likelihood estimation. Time was
operationalized as years from baseline for each participant. All
models included the following covariates: age at baseline, sex,
years of education, and motion in the scanner. To facilitate
comparisons, continuous predictor variables were z-trans-
formed prior to model entry. The primary analyses used FA as
a measure of white matter microstructure. For completeness,
we report analyses using other diffusivity metrics (mean,
radial, and axial diffusivity) in the Supplementary Material
(Supplementary Tables 1–3). Supplemental analyses also exam-
ined the relationships between diffusion characteristics and
baseline cognition for comparison to prior cross-sectional stud-
ies (Supplementary Tables 4–7). When practice effects were
explicitly modeled in the main analyses, the estimates for the
effects of interest were essentially unchanged (Vivot et al.
2016); for simplicity, we report the results without the inclusion
of terms for practice effects. We used one-tailed significance
values because we had directional a priori predictions that
reduced white matter microstructure and increased amyloid
burden would negatively impact cognitive decline (Hedden
et al. 2013, 2016; Bennett and Madden 2014). Multiple compari-
sons were corrected as described below.

Do Diffusion Characteristics Predict Longitudinal Cognitive
Change Independently or Synergistically with Amyloid Status?
To address whether diffusion characteristics predict longitudi-
nal cognitive change independently (Model 1) or synergistically
(Model 2) with amyloid status, we examined the following mod-
els for each cognitive domain (i.e., executive function, episodic
memory, processing speed):

Model 1: Cognition ~ global FA × time + amyloid status ×
time + covariates × time

Model 2: Cognition ~ global FA × amyloid status × time +
covariates × time

Cognition = executive function, episodic memory, or proces-
sing speed

Covariates = age at baseline, sex, years of education, and
motion in the scanner

Time = time from baseline (years)
Note that the above models include all lower order effects.

To correct for multiple comparisons, a Bonferonni correction
was applied to account for testing 3 different cognitive domains
(P = 0.05/3 = 0.017).

Are the Effects of Diffusion Characteristics on Longitudinal
Cognitive Change Tract-specific or Global in Nature?
The second set of statistical analyses examined whether the
effects of diffusion characteristics on cognitive change are
tract-specific or global in nature. Because any tract-specific
effects observed in these analyses may simply represent a
proxy of the global effect (Penke et al. 2010; Bennett and
Madden 2014), we controlled for global FA in each of these
models (using the modified measure of global FA that does not
include the specific tract under investigation). Within this con-
text, we examined whether tract-specific diffusion characteris-
tics predict cognitive change independently (Model 3) or
synergistically (Model 4) with amyloid status with the following
models:

Model 3: Cognition ~ tract-specific FA × time + modified
global FA × time + amyloid status ×
time + covariates × time

Model 4: Cognition ~ tract-specific FA × amyloid status ×
time + modified global FA × amyloid
status × time + covariates × time

Cognition = executive function, episodic memory, or proces-
sing speed

Covariates = age at baseline, sex, years of education, and
motion in the scanner

Time = time from baseline (years)
Note that the above models include all lower order effects.

To correct for multiple comparisons in these analyses, a
Bonferonni correction was applied to account for the 9 white
matter tracts examined within each of the cognitive domains
(P = 0.05/9, corresponding to P = 0.006).

To better understand the global effect in relation to cogni-
tive change, follow-up analyses examined whether each of the
9 modified global FA measures predicted change in cognitive
performance (controlling for amyloid status). These analyses
allowed us to address whether any individual tract was having
an undue influence on the global measure of FA in relation to
cognitive decline. To examine this question, global FA was
replaced with each of the modified measures of global FA in
Model 1. Separate models were run for each modified measure
of global FA (Supplementary Table 8).

Results
Cross-Sectional Relationships Between Imaging
Markers

As summarized in Table 1, global and tract-specific measures
of FA at baseline did not differ between amyloid positive and
amyloid negative individuals. A partial correlation (controlling
for age and sex) between global FA and amyloid burden (used
here as a continuous variable) was not significant (r = 0.03, P =
0.61). The correlation remained non-significant when age and
sex were removed as covariates (r = −0.03, P = 0.64). As shown
in Table 2, FA of the 9 white matter tracts significantly corre-
lated with the modified measure of global FA (that excluded the
examined tract; correlations ranged from 0.49 to 0.86) and with
one another (correlations ranged from 0.23 to 0.77). Baseline
cognitive performance was significantly correlated across the
3 cognitive domains. The correlation between executive func-
tion and episodic memory was 0.39 (P < 0.001), the correlation
between executive function and processing speed was 0.51 (P <
0.001), and the correlation between episodic memory and pro-
cessing speed was 0.35 (P < 0.001).

Do Diffusion Characteristics Predict Longitudinal
Cognitive Change Independently or Synergistically with
Amyloid Status?

As depicted in Figure 2, global FA at baseline predicted a signifi-
cant longitudinal change in episodic memory (β = 0.032, SE =
0.011, t = 2.87, P = 0.002) and processing speed (β = 0.022, SE =
0.009, t = 2.45, P = 0.007), but not in executive function (β = 0.00,
SE = 0.008, t = 0.039, P = 0.485). In the case of episodic memory,
higher global FA was associated with improvement over time,
likely indicating a practice effect, whereas lower global FA was
associated with stable performance over time. With respect to
processing speed, lower global FA was associated with the stee-
pest decline in performance over time. Removing amyloid sta-
tus from these models did not alter the impact of global FA
on longitudinal cognitive change. To better understand the
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non-significant relationship between global FA and executive
function, post hoc analyses examined the relationship with the
individual tests that comprise the executive function factor
score. These analyses also yielded non-significant results (all
P > 0.51), suggesting that the null effect was present in all 3
tests. In terms of amyloid status, amyloid positivity was asso-
ciated with worse longitudinal performance in episodic mem-
ory (β = −0.158, SE = 0.023, t = −6.75, P < 0.001) and executive
function (β = −0.043, SE = 0.017, t = −2.61, P = 0.005). The asso-
ciation between amyloid status and processing speed did not
survive multiple comparison correction (β = −0.036, SE =
0.019, t = −1.94, P = 0.027). The three-way interaction between
global FA, amyloid status, and time did not predict a change
in any of the cognitive domains (all P > 0.232). With respect to
age, older age significantly predicted worse performance

across all 3 cognitive domains, including episodic memory (β =
−0.032, SE = 0.011, t = −2.94, P = 0.002), processing speed (β =
−0.034, SE = 0.009, t = −3.84, P < 0.001), and executive function
(β = −0.025, SE = 0.008, t = −3.20, P < 0.001). These findings sug-
gest that there remains a substantial age-associated influence
on cognitive decline that is not explained by global FA or amy-
loid status.

Are the Effects of Diffusion Characteristics
on Longitudinal Cognitive Change Tract-specific or
Global in Nature?

As summarized in Table 3, after statistically controlling for
global FA (using the modified measures of global FA) and amy-
loid status, as well as correcting for multiple comparisons,

Table 2 Correlations between the Modified Global FA and FA of specific tracts

Modified global ATR CB PHC CST IFOF ILF Fma Fmi SLF

ATR 0.70 —

CB 0.76 0.50 —

PHC 0.49 0.38 0.42 —

CST 0.66 0.66 0.44 0.49 —

IFOF 0.86 0.68 0.73 0.38 0.54 —

ILF 0.76 0.52 0.62 0.51 0.49 0.70 —

Fma 0.65 0.40 0.60 0.23 0.33 0.66 0.62 —

Fmi 0.75 0.54 0.69 0.34 0.43 0.77 0.62 0.63 —

SLF 0.84 0.63 0.68 0.45 0.69 0.77 0.69 0.57 0.66 —

All tracts were significantly associated with the modified global FA and one another, all P values < 0.001. The modified measure of global FA was used in these analy-

ses and refers to the sum of all tracts excluding the tract examined. FA, fractional anisotropy; ATR, anterior thalamic radiation; CB, cingulum bundle; PHC, parahippo-

campal cingulum; CST, corticospinal tract; IFOF, inferior frontal occipital fasciculus; ILF, inferior longitudinal fasciculus; Fma, forceps major; Fmi, forceps minor; SLF,

superior longitudinal fasciculus.

Figure 2. Longitudinal effects of global FA and amyloid status on cognitive change (controlling for one another). (A) Longitudinal effects of global FA on cognitive

change, controlling for amyloid status. Global FA at baseline was associated with longitudinal change in episodic memory (P = 0.002) and processing speed (P = 0.007),

but not in executive function (P = 0.485). (B) Longitudinal effects of amyloid status on cognitive change, controlling for global FA. Amyloid status at baseline was asso-

ciated with longitudinal change in executive function (P = 0.005) and episodic memory (P < 0.001). The association between amyloid status and processing speed did

not survive multiple comparison correction (P = 0.027). For ease of comparison with global FA, amyloid is depicted as a continuous variable. Shading represents 95%

confidence intervals. The green lines represent mean global FA (top row) or mean amyloid burden (bottom row) in the sample. The red and blue lines represent 1.5

standard deviations above/below the mean.
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none of the specific tracts predicted significant decline in any
of the 3 cognitive domains (executive function: all P > 0.010;
episodic memory: all P > 0.059; processing speed: all P > 0.018).
Removing amyloid status from these models did not signifi-
cantly alter the impact of tract-specific FA on cognitive change.
The interaction between FA for each tract and amyloid status
with time did not significantly predict a change in any of the
cognitive domains after controlling for the interaction between
the modified measure of global FA and amyloid status with
time and correcting for multiple comparisons (all P > 0.091).

To further confirm that no one tract was having an undue
influence on the relationship between global FA and cognitive
decline, follow-up analyses examined whether each of the 9
modified measures of global FA predicted a change in cogni-
tion. As summarized in Supplementary Table 8, these analyses
demonstrated the same pattern of findings as described above.
That is, all 9 modified measures of global FA significantly

predicted a change in episodic memory (all P < 0.004) and pro-
cessing speed (all P < 0.013), but not in executive function (all
P > 0.417).

Discussion
The present study addressed 2 main questions: 1) Do white
matter diffusion characteristics predict longitudinal cognitive
change independently or synergistically with amyloid status?
2) Are the effects of diffusion characteristics on longitudinal
cognitive change tract-specific or global in nature? Here, we
also examined whether tract-specific diffusion characteristics
predict longitudinal cognitive change independently or syner-
gistically with amyloid status. With respect to the first question,
we found that global white matter diffusion characteristics pre-
dicted a significant change in cognition independent of amyloid
status. Specifically, lower global FA was associated with worse epi-
sodic memory and processing speed over time, but not executive
function. In terms of the second question, analyses provided sup-
port for global, rather than tract-specific, effects of white matter
diffusion characteristics in relation to longitudinal cognition.

Our results add to a body of literature demonstrating a rela-
tionship between white matter diffusion characteristics and
cognition (Kennedy and Raz 2009; Vernooij et al. 2009; Bendlin
et al. 2011; Madden et al. 2012; Booth et al. 2013; Borghesani
et al. 2013; Jacobs et al. 2013; Bennett and Madden 2014), and
further suggest that this relationship is independent of amyloid
status. Longitudinal analyses demonstrated that global FA
measured at baseline was associated with change in episodic
memory and processing speed, but not in executive function.
In the case of episodic memory, higher global FA was associ-
ated with improvement over time, whereas lower global FA
was associated with stable performance over time, likely
reflecting a diminished practice effect. A diminished practice
effect may be a meaningful marker of an underlying neuro-
pathological process in clinically normal individuals (Mormino,
Betensky, Hedden, Schultz, Amariglio, et al. 2014; Hassenstab
et al. 2015; Mormino et al. 2016). With respect to processing
speed, lower global FA predicted the steepest decline in perfor-
mance over time. The annual rate of cognitive decline attributable
to global FA was approximately 0.03 and 0.02 standard deviations
per year for episodic memory and processing speed, respectively.
In comparison to the impact of age on cognitive decline, global FA
had a comparable effect on episodic memory and a 1.5 times
smaller effect on processing speed (based on comparisons of the
t-values). Reduced white matter microstructure may have a small
impact on cognitive decline, however this effect is nontrivial con-
sidering that it can be observed in clinically normal individuals
and represents only one of many age-related neurobiological
changes associated with cognitive decline.

Contrary to prior reports (Madden et al. 2012) and our cross-
sectional data (see Supplementary Material), we did not observe
a significant association between global (or tract-specific) FA
and longitudinal change in executive function. It is not entirely
clear why we did not observe such a relationship. Insufficient
variability in the executive function factor score over time is an
unlikely explanation, given that significant relationships were
observed with amyloid status and with age. It is also unlikely
that the measure of executive function was not sensitive to
variability in diffusion characteristics, given that a significant
relationship was observed in the cross-sectional analyses (see
Supplementary Material). Nonetheless, our observation of no
significant relationship between diffusion characteristics and
decline in executive function is more likely to be due to

Table 3 Summary of linear mixed models examining tract-specific
FA on cognitive change (controlling for modified global FA)

Region Estimate Standard error t-value P-value

Executive function
ATR 0.010 0.010 0.982 0.163
CB 0.026 0.011 2.326 0.010
PHC −0.006 0.009 −0.715 0.737
CST −0.003 0.010 −0.270 0.894
Fma 0.005 0.011 0.466 0.321
Fmi 0.007 0.012 0.587 0.279
IFOF 0.013 0.015 0.871 0.192
ILF −0.023 0.011 −2.089 0.518
SLF −0.012 0.014 −0.912 0.681

Episodic memory
ATR 0.009 0.014 0.603 0.273
CB 0.025 0.016 1.563 0.059
PHC −0.008 0.012 −0.608 0.772
CST −0.006 0.014 −0.450 0.826
Fma 0.005 0.015 0.346 0.365
Fmi 0.023 0.017 1.359 0.087
IFOF −0.013 0.021 −0.620 0.768
ILF −0.006 0.016 −0.406 0.842
SLF 0.012 0.019 0.636 0.263

Processing speed
ATR 0.021 0.012 1.820 0.035
CB 0.007 0.013 0.501 0.308
PHC −0.005 0.010 −0.517 0.803
CST −0.011 0.012 −0.919 0.679
Fma 0.015 0.012 1.173 0.121
Fmi 0.012 0.014 0.901 0.184
IFOF 0.036 0.017 2.109 0.018
ILF 0.004 0.013 0.310 0.379
SLF −0.036 0.015 −2.320 0.510

Each row summarizes the results from a separate linear mixed model that

examines the contribution of each tract over and above a global measure of

white matter microstructure to longitudinal cognitive change. All models con-

trol for age, sex, education, motion in the scanner, modified global FA, amyloid

status, and their interactions with time. The modified global FA does not

include the specific tract under investigation. After accounting for modified

global FA and multiple comparisons (P < 0.006), none of the individual tracts

predicted a significant change in cognitive performance. FA, fractional anisot-

ropy; ATR, anterior thalamic radiation; CB, cingulum bundle; PHC, parahippo-

campal cingulum; CST, coticospinal tract; IFOF, inferior frontal occipital

fasciculus; ILF, inferior longitudinal fasciculus; Fma, forceps major; Fmi, forceps

minor; SLF, superior longitudinal fasciculus.
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measurement issues rather than to biology. It remains possible
that the executive function tests used here lack the sensitivity
for detecting relationships between diffusion characteristics and
longitudinal change. Perhaps more challenging executive func-
tion measures would have demonstrated a longitudinal relation-
ship with diffusion characteristics. Additional longitudinal
studies are necessary to better understand the relationship
between white matter diffusion characteristics and cognitive
decline in healthy aging and in preclinical Alzheimer’s disease.

In our relatively large sample, amyloid burden was not asso-
ciated with measures of global or tract-specific white matter
microstructure, suggesting that these 2 processes may result
from separable neuropathological processes in clinically nor-
mal individuals. These findings are consistent with recent stud-
ies examining the cross-sectional relationships between
microstructural alterations and amyloid pathology (Kantarci
et al. 2014; Rieckmann et al. 2016), but not with others, which
have shown relationships between amyloid and specific tracts,
such as the fornix, parahippocampal cingulum, and corpus cal-
losum (Chao et al. 2013; Gold et al. 2014; Molinuevo et al. 2014;
Racine et al. 2014). It is possible that an association is more
likely to be observed when following individuals over time
(Rieckmann et al. 2016) or in later stages of the disease process
(Nowrangi et al. 2013). Future studies with longitudinal imaging
data will serve to further clarify this relationship.

With respect to the relationship between amyloid status
and cognition, our longitudinal analyses demonstrated signifi-
cant associations with episodic memory and executive func-
tion. These findings may appear at odds with prior suggestions
that amyloid status is preferentially associated with memory
performance (e.g., Pike et al. 2007; Hedden et al. 2012; Sperling
et al. 2013). However, amyloid’s association with episodic mem-
ory was approximately 2.5 times larger than its association
with executive function (based on a comparison of the t-val-
ues). These results are broadly consistent with a meta-analysis
that found the largest association between amyloid and epi-
sodic memory, but also observed a significant association with
amyloid for global function and executive function (Hedden
et al. 2013). These results are also consistent with several longi-
tudinal studies suggesting that amyloid negatively impacts
multiple cognitive domains (e.g., Storandt et al. 2009; Resnick
et al. 2010; Doraiswamy et al. 2012; Insel et al. 2016; Petersen
et al. 2016). Furthermore, our longitudinal results indicated that
the association of amyloid status with episodic memory was
also approximately 2.5 times the size of the independent asso-
ciation between white matter microstructure and episodic
memory (based on a comparison of the t-values). These results
suggest that both white matter microstructure and amyloid sta-
tus are predictive of subsequent change in episodic memory, but
to differing degrees. Hence, the co-occurrence of reduced white
matter microstructure and elevated amyloid burden may acceler-
ate memory decline in clinically normal individuals, thereby
shortening the preclinical phase of Alzheimer’s disease.

The second question addressed whether age-related cogni-
tive decline is due to alterations within specific white matter
tracts or to global white matter changes occurring across the
brain. Because advanced aging is associated with widespread
alterations in white matter diffusion characteristics (Head et al.
2004; Salat et al. 2005; Barrick et al. 2010; Voineskos et al. 2012;
Lövdén et al. 2014; Sexton et al. 2014; Cox et al. 2016;
Rieckmann et al. 2016), findings of specific white matter tracts
on cognitive decline may result from sampling this general
effect (Bennett and Madden 2014). To overcome this issue,
some studies have used factor analytic techniques, voxel-wise

analysis, or have controlled for global white matter in tract-
specific models. Results from these studies are mixed, with
some demonstrating tract-specific effects (Lövdén et al. 2014;
Bennett et al. 2015; Cremers et al. 2016) and others showing
global effects on cognition (Penke et al. 2010; Haász et al. 2013;
Ritchie et al. 2015; Kuznetsova et al. 2016). Our findings are con-
sistent with the latter. After controlling for global white matter
microstructure, we did not find a significant relationship
between any of the individual white matter tracts (as measured
by FA) and cognitive change. Further support for a global effect
comes from the finding that each of the 9 modified measures of
global FA significantly predicted change in domains of episodic
memory and processing speed, suggesting that iteratively
removing each tract from the measure of global FA did not
impact the relationship with cognitive decline. In supplemental
analyses, we also examined tract-specific effects without covary-
ing the modified measure of global FA. While a few significant
tract-specific relationships emerged, these relationships were not
consistent with those reported in the literature nor did they reveal
a clear pattern. An exception was the relationship between the
cingulum bundle and episodic memory (Table 9 in Supplemental
Material). Taken together, the findings reported here provide sup-
port for a relationship between global, rather than tract-specific
FA, and change in episodic memory and processing speed.

The discrepancy between our findings and prior studies
demonstrating tract-specific effects may be due to methodolog-
ical differences. For instance, not all studies reporting tract-
specific effects controlled for global white matter in statistical
models (e.g., Kennedy and Raz 2009; Perry et al. 2009; Ryan
et al. 2011). Another possible reason for discrepancies across
studies may relate to the age range examined. In the present
study, we focused on older adults between the ages of 63 and
90, whereas a prior study showing tract-specific effects over
and above a global measure included a broader age range of
participants (Cremers et al. 2016). The inclusion of younger par-
ticipants may increase the variation in both cognition and dif-
fusion measures to enable detection of what may be relatively
small relationships. Additional differences across studies
include the specific cognitive tests used and the white matter
tracts selected for analysis. For example, Bennett and collea-
gues (2015) reported a relationship between fornix microstruc-
ture and pattern separation, neither of which was examined in
the present study. While tasks targeting specific cognitive pro-
cesses may allow detection of relationships with tracts con-
nected to brain regions specific to those processes, such results
may not be generalizable to broader categories of cognition.

When examining the other diffusivity metrics (mean, radial,
and axial diffusivity), we consistently found a relationship
between the ATR and longitudinal decline in processing speed
(see Supplemental Material). This association was significant
for mean and axial diffusivity, and trend-level for radial diffu-
sivity. Based on previous studies, we would not have predicted
an association between the ATR and processing speed over and
above a global measure of white matter (Penke et al. 2010;
Lövdén et al. 2014), and thus this finding warrants replication.
Overall, the present findings provide weak support for tract-
specific effects on cognitive decline and appear to be more con-
sistent with the idea that widespread white matter alterations
are linked to change in cognitive performance across multiple
cognitive domains.

The finding that global, rather than tract-specific, white
matter relates to cognitive decline suggests that the cognitive
domains examined in the present study likely depend upon the
coordination of multiple brain regions. Thus, the present
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findings are in line with “disconnection” theories of cognitive
aging (O’Sullivan et al. 2001; Bartzokis et al. 2004; Andrews-
Hanna et al. 2007; Bennett and Madden 2014) and suggest that
reduced white matter microstructure across the brain may dis-
rupt communication between key cortical regions, thereby con-
tributing to cognitive decline. One inconsistency with this
interpretation is that we did not observe a significant relation-
ship between global FA and longitudinal change in executive
function, although we did observe a relationship with cross-
sectional measures of executive function (see Supplementary
Material). The global nature of the diffusion measure suggests
that any cognitive domain involving multiple cortical regions,
including executive function, should be affected by degradation
in this measure. As mentioned above, our observation of no
relationship with decline in executive function may be due to
measurement issues.

Strengths of this study include 1) the longitudinal design,
with annual testing for up to 7 years; 2) the assessment of mul-
tiple cognitive domains; 3) the relatively large sample size (n =
265), and 4) the large number of white matter tracts examined.
There were also several limitations. First, we used the average
FA value across each of the white matter tracts examined,
which may have obscured regionally specific effects. It is possi-
ble that examining more fine-grained segments of each tract
would allow for improved specificity; however, this would
come at the cost of increased multiple comparisons. A second
limitation is that our sample did not include individuals with
cognitive impairment at baseline. It may be that relationships
between specific white matter tracts and cognition are more
likely to be found with the wider range of performance
observed in individuals with mild cognitive impairment or
dementia. Third, although the fornix plays an important role in
episodic memory (Aggleton et al. 2016), we did not include this
tract in our analyses because of its close proximity to cerebro-
spinal fluid, making it highly susceptible to partial volume
effects. Fourth, in this study we applied TBSS, which projects
the maximal FA value onto the skeleton. While this approach
minimizes partial volume effects, one disadvantage of this
approach is that it is insensitive to the degradation of white
matter in the periphery of the tracts. Finally, participants
included in the present study are primarily highly educated
volunteers and may not be representative of the general
population.

To summarize, the present study provides additional sup-
port for the involvement of global white matter diffusion char-
acteristics in age-related cognitive decline that is separable
from amyloid status. These results highlight the need for a bet-
ter understanding of the ways in which white matter micro-
structural alterations can be prevented or ameliorated in both
normal aging and in preclinical Alzheimer’s disease. To the
extent that independent yet comorbid neuropathological
changes impact longitudinal cognition, the potential that white
matter diffusion characteristics can be modified through car-
diovascular and lifestyle interventions makes it a potentially
important target for mitigating cognitive decline.

Supplementary Material
Supplementary material is available at Cerebral Cortex online.
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