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Abstract: Task-switching performance relies on a broadly distributed frontoparietal network and declines in
older adults. In this study, they investigated whether this age-related decline in task switching performance
was mediated by variability in global or regional white matter microstructural health. Seventy cognitively
intact adults (43–87 years) completed a cued-trials task switching paradigm. Microstructural white matter mea-
sures were derived using diffusion tensor imaging (DTI) analyses on the diffusion-weighted imaging (DWI)
sequence. Task switching performance decreased with increasing age and radial diffusivity (RaD), a measure
of white matter microstructure that is sensitive to myelin structure. RaD mediated the relationship between
age and task switching performance. However, the relationship between RaD and task switching performance
remained significant when controlling for age and was stronger in the presence of cardiovascular risk factors.
Variability in error and RT mixing cost were associated with RaD in global white matter and in frontoparietal
white matter tracts, respectively. These findings suggest that age-related increase in mixing cost may result
from both global and tract-specific disruption of cerebral white matter linked to the increased incidence of car-
diovascular risks in older adults. Hum Brain Mapp 38:1588–1603, 2017. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Cognitive control processes enable goal-directed behav-
ior by anticipating, detecting, and responding to important
changes in one’s environment. Cued-trials task switching
paradigms are often used to study cognitive control by
manipulating the need to flexibly and efficiently anticipate,
select, and implement action plans [see Karayanidis et al.,
2010; Karayanidis and Jamadar, 2014]. Typically, these
paradigms require rapid alternation between two or more
choice response tasks. Within such mixed-task blocks, switch
cost refers to the finding that performance is slower and
less accurate on switch trials (i.e., when the current trial
requires a change in task) than repeat trials. Moreover,
performance on repeat trials in these mixed-task blocks is
poorer compared with repeating the same task throughout
the entire block (i.e., in single-task blocks), a finding referred
to as mixing cost. In cued-trials paradigms, a cue provides
valid information about whether the upcoming target
requires a switch or repeat in task. Longer cue-target inter-
vals (CTIs) result in smaller switch cost and smaller mix-
ing cost, indicating the engagement of proactive control
processes that prepare the system to switch or repeat task
(e.g., task-set reconfiguration). However, a residual cost
remains and this is taken as evidence that, even when proac-
tive control processes are engaged, reactive control process-
es are required to resolve target-driven interference arising
from positive or negative priming processes [for review see
Kiesel et al., 2010].

Functional neuroimaging studies have shown that cogni-
tive control processes rely on broadly distributed frontopar-
ietal networks [e.g., Corbetta and Shulman, 2002; Dosenbach
et al., 2008]. In young adults, task switching performance is
associated with activity in frontoparietal networks, includ-
ing the dorsolateral and ventrolateral prefrontal cortex
(dlPFC, vlPFC), the supplementary and pre-supplementary
motor areas (SMA, pre-SMA), the anterior cingulate cortex
(ACC), and the superior and inferior lobules of the parietal
cortex [Badre and Wagner, 2006; Brass and von Cramon,
2004; Braver et al., 2003; Crone et al., 2006; Dove et al., 2000;
Ruge et al., 2005; Slagter et al., 2006; Wager et al., 2004; Wylie
et al., 2006; for reviews see Jamadar et al., 2015; Ruge et al.,
2013]. This distributed frontoparietal network that is robust-
ly associated with task switching in young adults appears to
be less stable in older adults. Specifically, older adults tend
to show less activation in task-specific regions but recruit-
ment of additional frontal regions that are not activated in
younger adults [DiGirolamo et al., 2001; Gold et al., 2010;
Milham et al., 2002]. In older adults, this pattern of reduced
activation in task-specific areas but greater frontal activation
is also found in tasks assessing episodic memory, working
memory and response inhibition [Cabeza et al., 2002]. In
some studies, this increased frontal activation has been
associated with improved performance and interpreted
as evidence of recruitment of compensatory processes in
order to preserve cognitive functioning [Davis et al., 2009;
Reuter-Lorenz and Cappell, 2008; Reuter-Lorenz and Park,

2014]. However, the relationship between increased frontal
activation and performance is not always straightforward
[see Li et al., 2015; Spreng et al., 2010]. These functional neu-
roimaging findings have informed the revised scaffolding
theory of aging and cognition [STAC-r; Reuter-Lorenz and
Park, 2014], which posits that older adults use compensatory
mechanisms (i.e., engagement of higher order task-unrelated
areas) to overcome inefficiencies in task-specific networks.
When switching between tasks, reduced efficiency of fronto-
parietal networks involved in anticipatory task-set prepara-
tion is likely to lead to increased target-driven interference.
Consequently, greater compensatory recruitment of other
frontal regions may be required to deal with the increased
need for interference control in older adults. Such changes in
the efficiency of frontoparietal networks may result from
deterioration of white matter pathways that subserve task-
relevant neural circuits. These white matter pathways can be
investigated in vivo using diffusion weighted imaging (DWI).

DWI is a magnetic resonance imaging (MRI) technique
that is sensitive to the movement of water molecules in bio-
logical tissue. Using diffusion tensor imaging (DTI) to fit a
mathematical model to DWI data, we can obtain measures
of the directional dependence and rate of water molecule
movement. The microstructural properties of the underlying
tissue is inferred from these measures [Basser and Jones,
2002; Beaulieu, 2002; Le Bihan et al., 2001]. The degree of dis-
placement (i.e., diffusion) of water molecules is directionally
dependent and is indicated by fractional anisotropy (FA), a
scalar value that describes the degree of anisotropy of a
diffusion process and varies between zero (i.e., isotropic or
random diffusion) and one (i.e., restricted diffusion along a
single direction). DTI also provides measures of the rate of
diffusion. Mean diffusivity (MD) is a measure of the overall
magnitude of water diffusion. Axial diffusivity (AxD) and
radial diffusivity (RaD) provide directional measures of prin-
cipal diffusivity and cross-sectional diffusivity along the
main white matter axonal orientation, respectively. In ani-
mal studies, these directional diffusivity measures have
been linked to white matter axonal structure and myelina-
tion. Specifically, axonal damage is associated with higher
AxD values, whereas demyelination is associated with
higher RaD values [Song et al., 2003; Sun et al., 2006]. At
higher diffusion gradients (i.e., b> 2,880 vs. b< 1,280), radial
diffusivity is the most sensitive DTI measure of white matter
change, especially to changes in myelin content [Wu et al.,
2011]. Hence, RaD is commonly interpreted as measuring
myelin integrity, making it especially relevant to aging
research. However, it is important to acknowledge that
factors not related to pathology, such as the presence of
crossing fibers and residual misalignment, can also impact
RaD [Wheeler-Kingshott and Cercignani, 2009].

In task switching studies, increasing age is associated with
a robust increase in mixing cost but less consistent effects on
switch cost [De Jong, 2001; Kramer et al., 1999, Expt 1; Kray,
2006; Mayr and Liebscher, 2001; Meiran et al., 2001, Expt 1;
Whitson et al., 2012]. Few studies have examined whether
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age-related changes in white matter microstructure impact
task switching performance. Madden et al. [2009] examined
whether the age-related decline in the rate of information
accrual in decision tasks [i.e., the drift rate parameter of the
diffusion model, Ratcliff, 1978; Ratcliff and McKoon, 2008] is
associated with FA changes in three white matter tracts.
Mean drift rate (i.e., averaged over switch and repeat trials)
was not correlated with FA in the superior longitudinal fas-
ciculus (SLF), a long tract that traverses along the superior
margin of the insula in an arc and projects predominantly
from dorsal prefrontal regions to parietal, temporal and
occipital cortices. However, FA in the genu and the splenium
of the corpus callosum was positively correlated with mean
drift rate, independently of age. Moreover, FA in these tracts
accounted for a significant proportion of the age-related vari-
ance in drift rate. This age-related reduction in FA was driven
almost entirely by changes in RaD, however, the direct influ-
ence of RaD on drift rate was not reported. Interestingly,
switch cost (i.e., the difference in drift rate for switch vs.
repeat trials) was not associated with any white matter micro-
structure measure. In a later study, Gold et al. [2010] found
that decreased FA in SLF and pericallosal frontal white matter
mediated the age-related decline in general RT switch cost
(i.e., poorer performance on mixed-task vs. single-task
blocks—a measure very similar to mixing cost). Consistent
with the STAC-r model of cognitive aging, these findings sug-
gest that reduced white matter efficiency in areas associated
with the frontoparietal control network contribute to the age-
related decrease in task switching performance. However,
these studies targeted only a small number of white matter
tracts and did not control for variability in whole brain white
matter. Therefore, it is not possible to determine whether the
age-related deficits in task switching performance resulted
from a specific deterioration in these frontoparietal tracts or
from global changes in white matter microstructure. More-
over, these studies did not specifically examine mixing cost,
despite the fact that it shows the most robust age effect on
task switching performance [e.g., Whitson et al., 2012].

Animal studies have shown that RaD is more sensitive
than other DTI measures to demyelination [e.g., Wu et al.,
2011], a process strongly implicated in age-related brain dete-
rioration [Bartzokis et al., 2012; Kemper, 1994; Marner et al.,
2003; Minati et al., 2007; Sullivan and Pfefferbaum, 2006].
Age-related changes in white matter microstructure are con-
sistently larger for RaD than for FA [Bennett et al., 2010; Bha-
gat and Beaulieu, 2004; Borghesani et al., 2013; Burzynska
et al., 2010; Davis et al., 2009; Ha�asz et al., 2013]. Yet, RaD is
not frequently reported in studies that investigate the rela-
tionship between white matter health and age-related cogni-
tive decline. The few studies do report RaD have found it to
be more sensitive than other DTI measures to cognitive per-
formance in older adults [Borghesani et al., 2013; Ha�asz et al.,
2013]. Jolly et al. [2016] showed that, compared with cortical
atrophy, white matter hyperintensities and other DTI mea-
sures, RaD was the strongest predictor of scores on the Mon-
treal Cognitive Assessment [MoCA; Nasreddine et al., 2005].

Moreover, whole brain RaD was a better predictor of MoCA
scores than RaD in any one of the 18 white matter tracts
extracted based on the probabilistic white matter tract atlas
from the John Hopkins University [Hua et al., 2008]. In fact,
the relationship between MoCA scores and RaD in each indi-
vidual white matter tract did not remain significant when
controlling for whole brain RaD [Jolly et al., 2016]. This is not
surprising as the MoCA is a global cognitive screening tool
that assesses memory, attention and executive functions.

In this study, we examine whether age-related decline in
task switching performance is associated with RaD in fronto-
parietal white matter pathways, over and above any global
brain changes. We use a cued-trials task switching paradigm
that has been previously shown to produce a robust residual
mixing cost but a small switch cost under prepared task con-
ditions in highly practiced older adults [Whitson et al., 2012,
see also Karayanidis et al., 2011]. If variability in mixing cost
is specifically linked to white matter changes in frontoparietal
networks, we expect that task switching performance will be
more strongly associated with RaD in frontoparietal path-
ways and this relationship will remain significant when con-
trolling for global RaD changes in cerebral white matter.
Alternatively, as older adults often recruit additional brain
regions than young adults when completing demanding cog-
nitive tasks [Cabeza et al., 2002; Gold et al., 2010; Spreng et al.,
2010], global white matter microstructural changes may be
stronger predictors of decline in task switching performance
than changes in any specific tract. We further hypothesize
that the age effect on mixing cost will be reduced or eliminat-
ed when controlling for RaD in either frontoparietal networks
or overall cerebral white matter, indicating that variability in
white matter microstructure rather than age per se is responsi-
ble for cognitive control variability in older adults. In contrast,
we expect that, consistent with a mediating role of white
matter microstructure on task switching performance, the
relationship between mixing cost and RaD in frontoparietal
tracts will remain significant after controlling for age. Finally,
we have previously shown that the relationship between
brain white matter health and both global cognitive perfor-
mance [Jolly et al., 2016] and brain arterial pulsatility [Jolly
et al., 2013] is greater in the presence of cardiovascular risk
factors. Therefore, we predict that the association between
task switching performance and white matter RaD will be
greater in adults with cardiovascular risk factors.

MATERIALS AND METHODS

Participants1

Seventy adults (aged 43–87 years; mean 66.79 6 SD 9.54)
participated in this study. Thirty-five participants were

1This study uses data collected as part of a larger testing protocol.
We have already reported data examining the relationship between
white matter measures and (1) brain blood pulsatility [Jolly et al.,
2013], and (2) a cognitive screening task [Jolly et al., 2016].
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recruited from the Hunter Medical Research Institute
(HMRI) Volunteer Register and had no history of neurologi-
cal disorder. The remaining were recruited from the case list
of a general neurology clinic at the John Hunter Hospital
where they had been investigated by a neurologist (CL, MP)
for possible mild stroke or a transient ischemic attack in the
past 12 months. These participants were selected based on
visual inspection of their pre-existing clinical MRI scan to
exclude cases with radiographical evidence of cortical or
subcortical infarcts, marked cortical atrophy consistent with
Alzheimer’s pathology or a pattern of white matter patholo-
gy suggestive of multiple sclerosis. Participants from the
two sources were pooled to create a sample that varied in
degree of white matter pathology in the absence of a current
neurological diagnosis. Participants gave written informed
consent and received AU$60 for participation (Hunter New
England Human Research Ethics Committee: 10/03/17/
5.04). Five participants were excluded from the analysis of
task switching data: four had an error rate exceeding 30%
despite substantial task practice and one failed to complete
testing. The remaining 65 participants scored within the
high average range on full-scale IQ [WASI; Wechsler, 1999]
and working memory [Digit-Span subtest from WAIS-IV;
Wechsler, 2008] and low average range on episodic memory
[Logical Memory subtest I and 2 from WMS-III; Wechsler,
1997]. More than half the participants (57%) reported having
one or more vascular risk factors for which they were being
medically treated, while 38% reported two or more risk fac-
tors (see Table I). This study was embedded within a
broader project, which involved a comprehensive neuropsy-
chological assessment focusing on memory and executive
function, as well as a stop-signal task to assess inhibition
processes.

Stimuli and Tasks

The cued-trials task switching paradigm [Fig. 1, see also
Whitson et al., 2012] comprised two simple choice tasks: a let-
ter classification task (i.e., vowel: A E I U or consonant: G K M
R) and a number classification task (i.e., odd: 3 5 7 9 or even: 2
4 6 8; both Times New Roman, 60 3 60 pixels). Each task was
mapped to a color scheme (hot or cold) and each choice to a
left or right index finger response. An example of color-task
and response-task mappings are shown in Figure 1.

A grey outline of a square box (120 3 120 pixels) was
continually presented on a black background in the center
of a computer monitor. Each trial began with the presenta-
tion of the task cue (cross) followed by the target stimulus
(cue-target interval: CTI 5 1,000 ms). The target was pre-
sented until response onset or 5,000 ms had elapsed. The
next trial began 600 ms after the response (response-target
interval: 1,600 ms). Incorrect responses were followed by
an error feedback tone.

The target consisted of two characters. One character was
selected from the relevant task (e.g., a letter when the letter
task was relevant). On 50% of trials, the other character was

selected from the irrelevant task (e.g., a number when the letter
task was relevant). These trials are referred to as incongruent
trials because the relevant and irrelevant characters were
incongruently mapped to response hand. For example, using
the mapping in Figure 1, if the letter task was relevant and the
letter was a consonant (e.g., K mapped to a right hand
response), the other character would be an odd number (e.g., 5
mapped to a left hand response). On the remaining trials, the
other character was a non-alphanumeric symbol (i.e., %, #, and
?) that was not mapped to any response; these are referred to
as neutral trials. The letter-number pairs for incongruent targets
and letter-symbol or number-symbol pairs for neutral targets
were randomly selected from the full set of paired exemplars,
with the restriction that the same exemplar could not be
repeated on successive trials. Thus, the full stimulus set includ-
ed 128 stimuli, 64 of which could have been preceded by two

TABLE I. Mean (standard deviation) for age, full-scale

IQ, digit-span, logical memory I and 2, Montreal

cognitive assessment (MoCA), cerebral volume, WMH,

mean fractional anisotropy (FA), mean diffusivity (MD),

as well as axial (AxD), and radial diffusivities (RaD)

along with the clinical profile of participants

Measure Mean (SD) Range

N 5 65 (33M/32F)
Age (years) 66.42 (9.38) 43–82
Full-scale IQ 112.85 (14.27) 83–141
Working Memory

(scaled)
10.80 (2.94) 3–19

Logical Memory I
(scaled)

9.72 (3.01) 2–17

Logical Memory II
(scaled)

9.16 (3.03) 1–16

MoCA 26.31 (2.78) 18–30
Cerebral volume

(% ICV)
73.84 (4.67) 63.26–84.58

WMH (% ICV) 0.426 (0.658) 0.029–3.745
FA 0.396 (0.018) 0.323–0.437
MD 0.582 (0.029) 0.534–0.659
AxD 0.838 (0.029) 0.787–0.915
RaD 0.455 (0.029) 0.406–0.532
Clinical profile Yes No
Vascular risk

factors present
37 (57%) 22M/15F 28 (43%) 11M/17F

Hypertension 24 (37%) 13M/11F
Hypercholesterolemia 21 (32%) 9M/12F
Atrial fibrillation 10 (15%) 7M/3F
Diabetes 6 (9%) 2M/4F
Smoking 3 (5%) 3M/0F
Obesity 6 (9%) 5M/1F
Two vascular risk

factors present
18 (28%) 8M/10F

Three vascular risk
factors present

6 (9%) 3M/3F

Four vascular risk
factors present

1 (2%) 1M/0F

% ICV, percentage of intracranial volume.
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of the four cues (i.e., cue for number or letter), thereby forming
256 cue-target associations. Response mapping was counter-
balanced across participants.

On informative cue blocks, the cue was presented in a
hot or a cold color that validly indicated the task to be
performed on the upcoming target. The target was
presented in black, in order to encourage participants to
use the cue to prepare for the upcoming task. On non-
informative cue blocks, the cue was black, and the color of
the target validly indicated the task to be performed. Cue
color (for informative blocks) or target color (for non-
informative blocks) was never repeated on successive trials
in order to eliminate any confounding effect of cue identi-
ty repetition [Logan and Bundesen, 2003]. For both cue
types, mixed-task blocks included 50% repeat trials (i.e.,
the current trial required performance of the same task as
the preceding trial, e.g., trial n 2 1 5 letter, trial n 5 letter)
and 50% switch trials (i.e., the current trial required a
change in task, e.g., n 2 1 5 letter, n 5 number) presented
in pseudorandom order. Only informative cues were used
on single-task blocks that required repeating the same task
on all trials. To differentiate between repeat trials in
single-task and mixed-task blocks, we refer to them as
all-repeat and mixed-repeat trials, respectively.

Procedure

Participants completed three testing sessions spaced
roughly 14 days apart. The first session included neuropsy-
chological testing and training on the task switching para-
digm. During training, response mapping for each task was
explained, initially with neutral stimuli and then with mixed
blocks of neutral and incongruent stimuli. Responses were
made using buttons attached to the armrests. The second
session included refresher training followed by behavioral
and EEG data collection while completing the task switching
paradigm followed by the stop-signal task. The third session
included the brain imaging protocol.

Task switching training included a total of 360 trials of
single-task and mixed-task blocks spread over the two ses-
sions. The task switching paradigm consisted of ten blocks of
70 trials, comprising two single-task blocks with informative
cues and eight mixed-task blocks, that is, four with informa-
tive and four with non-informative cues. This yielded 140
trials for each trial type: all-repeat, informative mixed-repeat,
informative switch, non-informative repeat, and non-informative
switch. Within each trial type, targets were approximately
equally distributed across task (letter, number) and target
type (neutral, incongruent). Participants were instructed to
respond as quickly and as accurately as possible. Following
each block, average RT and accuracy feedback was displayed
and participants were encouraged to monitor and improve
their performance.

Imaging Protocols

Imaging was completed at the John Hunter Hospital, New-
castle on a 3T Siemens Verio scanner using a 32-channel head
coil. T1-weighted images were acquired in the sagittal plan
using ultrafast gradient echo 3D sequence (MPRAGE) with
1 mm isotropic voxel resolution (repetition time 5 1,500 ms;
echo time5 2.57 ms; inversion time 5 900 ms; flip angle 5 98;
slice thickness 5 1 mm with no gap; TA 53 min 29 s). A 3D
Fluid Attenuated Inversion Recovery (FLAIR) sequence with
1 mm isotropic voxels was acquired in the sagittal plane using
a phase encoding acceleration factor of 2 (TR 5 5,000 ms;
TE 5 395 ms; TI 5 1,800 ms; 160 slices with slice
thickness 5 1 mm, TA 5 5 min 52 s). Diffusion weighted
images (DWI) were acquired in the axial plane using a twice
refocused spin echo sequence with a phase encoding accelera-
tion factor of 3 (128 3 128 matrix; TR 5 11,200 ms; TE 5 111
ms; 55 slices with a slice thickness 5 2.2 mm; TA 5 13 min
6 s). Diffusion was measured in 64 non-collinear directions
with a b-value of 3,000 mm2/s along with a non-diffusion
weighted (b 5 0) image.

Fiber tracking

Whole-brain fiber tracking was performed using the MRtrix
software package (Brain Research Institute, Melbourne,
Australia, http://www.brain.org.au/software/). Constrained
spherical deconvolution [CSD, Tournier et al., 2007] was used

Figure 1.

Schematic of the cued-trials task switching paradigm. See Methods

for more detail.
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to model multiple fiber orientations, with a maximum harmon-
ic order lmax 5 8 being employed on these data. Probabilistic
tracking was then performed using information from the
derived fiber orientation distributions [Behrens et al., 2003].
Whole-brain tracking was achieved by randomly seeding
throughout a white matter mask based on segmentation of the
T1-weighted image. This white matter mask was created using
the recon-all function from FreeSurfer’s automated cortical
reconstruction process (http://surfer.nmr.mgh.harvard.edu/).
The mask included cerebral white matter and excluded sub-
tentorial regions. For each participant, their white matter mask
was resampled into diffusion space by means of an affine reg-
istration with 12 degrees of freedom (dof). For tractography
procedures, individual streamlines were discarded if they had
a track length less than 10 mm or extended beyond the white
matter mask. A total of 8,000,000 streamlines were generated
for each participant to enable track density imaging [TDI; Cala-
mante et al., 2010]. TDI was used to reconstruct white matter
tracts with increased resolution by taking advantage of long-
range information contained in the diffusion MRI fiber-tracks.
A threshold on the whole-brain TDI of 0.02% was used to
remove any voxels that contained grey matter or suffered
partial volume effects, resulting in a complete tractogram of
the cerebral white matter.

In addition, 18 white matter tracts were extracted using
the probabilistic white matter tract atlas from the John Hop-
kins University [Hua et al., 2008], including the anterior tha-
lamic radiation (ATR), forceps minor (CCFmi) and forceps
major (CCFma) of the corpus callosum, corticospinal tract
(CST), cingulum of the cingulate gyrus (CgCin) and the hip-
pocampus (CgHi), inferior fronto-occipital fasciculus (IFO),
inferior longitudinal fasciculus (ILF), superior longitudinal
fasciculus (SLF), and the uncinate fasciculus (UNC). With
the exception of the corpus callosum, the remaining tracts
were reconstructed in both left and right hemispheres. These
white matter tracts were aligned in standard space (Eve
atlas) and resampled into each participant’s native space via
a non-linear registration procedure [FNIRT; Andersson
et al., 2007], which is part of the FMRIB software Library
[FSL; Smith et al., 2004]. Using the resampled tracts, we fur-
ther isolated each tract by constraining them based on the
results from the whole-brain tractography and the resulting
volume was used to calculate our tract-based DTI measures.

Quantifying measures of white matter

radial diffusivity

Each participant’s diffusion tensor was calculated using
DTIfit within the FMRIB diffusion toolbox. Three eigenvec-
tors that define the diffusion ellipsoid were calculated in
each voxel from the diffusion tensor. These eigenvectors
correspond to three eigenvalues, representing the magni-
tude of diffusivity in the three principal directions. Voxel-
wise maps of radial diffusivity (RaD) were calculated by
taking the average of the second and third eigenvalue.
Mean RaD was calculated for overall cerebral white matter
as well as for each of the 18 white matter tracts. Since each

white matter tract was included in the estimation of overall
white matter, this could lead to a potential confound when
investigating the relationship between task switching per-
formance and RaD in specific tracts versus global white mat-
ter RaD. To avoid this, we created a separate control mask
for each tract, so that the relationship between RaD and task
switching performance could be examined after partialling
out RaD in the remaining white matter (i.e., after excluding
voxels relating to that tract). This was achieved by creating a
unique overall white matter image that was used as a base-
line image for each tract and consisted of the overall white
matter RaD voxel-wise map after removing the voxels per-
taining to the specific tract. These were used as control varia-
bles in partial correlations.

Data Analysis

The first two trials of every block and trials faster than 200
ms or slower than the participant’s mean RT 1 3 SD were
excluded from analyses. On average, 4.37% of trials were
thus removed. Mean RT and error rate were computed for
the remaining trials, and broken down by trial type (all-
repeat, mixed-repeat, switch), target congruence (neutral, incon-
gruent), and cue type (informative, non-informative). Mixing
cost was calculated by subtracting performance on all-repeat
from mixed-repeat trials. Switch cost was calculated by
subtracting performance on mixed-repeat trials from switch
trials. For accuracy scores, mixing cost and switch cost mea-
sures were inversed so that higher values represent poorer
performance cost for both accuracy and RT.

For the informative cue condition, mixing cost and switch
cost effects of trial type and target congruence on error rate and
RT were investigated using repeated measures Analysis of Var-
iance (ANOVA) with Greenhouse–Geisser correction for viola-
tions of the assumption of sphericity, as needed. Two planned
comparisons defined mixing cost and switch cost. The effect of
advance preparation on switch cost in mixed-task blocks was
examined using a cue type 3 trial type 3 target congruence
repeated measures ANOVA. We examined the influence of age
and white matter microstructure on task switching perfor-
mance using Analysis of Covariance (ANCOVA) initially with
age alone and then with both age and RaD as covariates.

Pearson correlations were used to measure the association
between measures of task switching performance and white
matter RaD across the whole brain and in separate tracts. All
correlations were conducted with one-tailed a 5 0.05, as we
expected higher white matter RaD to be associated with
poorer task switching performance. Type 1 error rate was con-
trolled by using a conservative Bonferroni family-wise error
rate correction, where the level of significance (a) was set to
0.05/10 (i.e., three trial types and two cost measures across
two levels of target congruence for each family of 18 tracts).
Finally, to investigate whether task switching performance
was differentially sensitive to RaD within specific white mat-
ter tracts, we used partial correlations to control for variance
associated with overall white matter RaD.
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RESULTS

Prepared Mixing Cost and

Switch Cost Performance

Figure 2a,b shows mean RT and error rate for neutral and
incongruent targets in each trial type. Both Trial Type and Con-
gruence had significant main effects on RT (F(2,128) 5 76.28,
P< 0.001, F(1,64) 5 166.35, P< 0.001, respectively), and error
rate (F(2,128) 5 32.82, P< 0.001, F(1,64) 5 44.02, P< 0.001,
respectively), indicating slower RT and more errors for more
difficult trials. The Trial Type x Congruence interaction was
also significant for both RT (F(2,128) 5 40.79, P< 0.001) and
error rate (F(2,128) 5 40.17, P< 0.001).

As shown in Figure 2c, RT showed a large mixing cost
(319 ms, F(1,64) 5 69.00, P< 0.001) and a smaller but still
highly significant switch cost (86 ms, F(1,64) 5 27.40,
P< 0.001). RT mixing cost was significantly larger for incon-
gruent than neutral targets (F(1,64) 5 47.59, P< 0.001), but
RT switch cost did not differ with Congruence (P> 0.942).
A similar pattern was found for error rate (Fig. 2d); both
mixing cost (F(1,64) 5 27.40, P< 0.001) and switch cost
(F(1,64) 5 18.89, P< 0.001) were significantly greater for
incongruent than neutral targets (F(1,64) 5 31.99, P< 0.001,
F(1,64) 5 8.573, P 5 0.004, respectively).

Age effects on mixing cost and switch cost

Age was a significant covariate on both mean RT

(F(1,63) 5 5.54, P 5 0.022) and error rate (F(1,63) 5 8.76,

P< 0.001), indicating that increasing age was associated

with slower RT and higher error rate. The effect of age

on mean RT did not vary as a function of Trial Type,

Congruence or their interaction (all P> 0.663). Thus, the

age-related increase in RT was ubiquitous, affecting all

trial types and congruence conditions. In contrast, for

error rate, age significantly interacted with Trial Type

(F(2,126) 5 8.03, P< 0.001). Specifically, increasing age

was associated with a larger error mixing cost

(F(1,63) 5 5.30, P 5 0.025) as well as a larger error switch

cost (F(1,63) 5 9.17, P 5 0.004). Further, a significant Con-

gruence 3 Age interaction (F(1,63) 5 5.35, P 5 0.024) indi-

cated that the age effect on error rate was larger for

incongruent than for neutral targets. There was also a sig-

nificant Trial Type 3 Congruence 3 Age interaction for

error rate (F(2,126) 5 3.49, P 5 0.046). Simple effects analy-

ses showed that error switch cost increased with age for

both incongruent and neutral trials, whereas the effect

of age on error mixing cost was significant for incongruent

trials only.

Figure 2.

Task switching behavioral performance. Mean RT (A) and error rate (B) for each trial type

(all-repeat, mixed-repeat and switch) depicted for neutral and incongruent targets. Mixing and

switch costs for (C) RT and (D) error rate.
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Global white matter RaD effects on mixing
cost and switch cost

The inclusion of global white matter RaD as an additional
covariate into the above analyses removed the main effects of
Age on both RT and error rate2 across all levels of Trial Type
and Congruence (all P> 0.608). Thus, controlling for RaD
removed all age effects on task switching performance. Inter-
estingly, even after accounting for the variability explained
by age, increased RaD was still associated with higher RT and
error rate (F(1,62) 5 13.71, P< 0.001, F(1,62) 5 18.40, P< 0.001,
respectively; see Table II). Furthermore, this effect of RaD on
both RT and error rate varied across Trial Type (F(2,124) 5

8.06, P< 0.001; F(2,124) 5 13.96, P< 0.001), impacting espe-
cially on RT and error mixing costs (F(1,62) 5 7.26, P 5 0.009;
F(1,62) 5 13.85, P< 0.001, respectively). As seen in Figure 3,
higher mixing cost for both RT and error rate was associated
with higher RaD. In contrast, switch cost for either measure
did not vary with RaD (P> 0.075).

As shown in Figure 3, the effect of RaD on error mixing
cost also varied with Congruence (RaD 3 Mixing Cost 3

Congruence: F(1,62) 5 10.91, P 5 0.002). Simple effects anal-
yses showed that the interaction between RaD and error
mixing cost was stronger for incongruent than for neutral
targets (F(1,62) 5 15.06, P< 0.001; F(1,62) 5 5.18, P 5 0.026).

Pearson correlations between RaD and task switching per-
formance produced results consistent with the above covari-
ate analyses. As seen in Table II, higher total white matter

RaD was significantly correlated with higher RT and higher
error rate for almost all trial types, and these correlations
remained significant even when controlling for age. RaD
was associated with higher error mixing cost for incongruent
targets and with higher RT mixing cost for neutral targets.

Effect of advance preparation on switch cost

On mixed-task blocks, responding was significantly slower
with non-informative cues than with informative cues
(F(1,64) 5 74.95, P< 0.001). This effect of Cue Type was signifi-
cantly larger for incongruent targets than for neutral targets
(F(1,64) 5 70.13, P< 0.001). Error rate showed no main effect of
Cue Type or interaction between Cue Type and Trial Type or
Congruence. The effect of Cue Type did not vary as a function
of Age or RaD and therefore will not be discussed further.

In summary, increasing age was associated with an increase
in error rate and RT during task switching. Error rate was par-
ticularly sensitive to aging, with an age-related increase in both
error mixing and switch costs. However, all age effects were
eliminated when including RaD as an additional covariate.
This indicates that the effect of age on task switching perfor-
mance is better accounted by variability in white matter RaD.
The effect of RaD was most evident for mixed-repeat trials, as
indicated by strong correlations between RaD and error mix-
ing cost for incongruent targets and RT mixing cost for neutral
targets. Importantly, the relationship between RaD and task
switching performance remained significant when controlling
for variability related to age. This pattern of findings suggests
that global white matter RaD rather than age per se is a better
predictor of task switching performance, and most specifically
mixing cost. Hitherto, we have used a measure of RaD across
whole brain white matter. Below, we test the hypothesis that
white matter changes in specific frontoparietal tracts will more
strongly predict task switching performance than global white
matter changes.

Global versus tract specific effect of white matter

microstructure on task switching

In order to determine whether changes in task switching
performance were associated with microstructural changes
in specific white matter tracts, we examined mean RaD
across 18 prominent white matter tracts. With the exception
of the left and right CgHi, RaD in each white matter tract
showed a moderate to strong positive correlation with age
(all r> 0.408, all P< 0.001)3. RaD in all 16 remaining white
matter tracts was strongly correlated with overall white mat-
ter RaD (all r> 0.724, all P< 0.001). These 16 white matter

TABLE II. Correlations between total white matter RaD

and task switching performance

Target

Trial type Incongruent Neutral

Error rate
All-repeat 0.424** –
Mixed-repeat 0.532*** 0.408**
Switch 0.574*** 0.501***
Mixing cost 0.503*** 0.351*
Switch cost – 0.368*

Reaction time
All-repeat 0.511*** 0.526***
Mixed-repeat 0.416** 0.499***
Switch 0.462*** 0.506***
Mixing cost – 0.415**
Switch cost – –

Associations that remained significant after controlling for age are
shaded.
Abbreviations: RaD, radial diffusivity; RT, response time. * P< 0.05,
** P< 0.01, *** P< 0.001 (after Bonferroni correction of a/10).

2RaD was more strongly associated with task switching performance
than any of the other DTI measures. However, the same (albeit some-
what weaker) pattern of correlations were found between FA and
task switching performance.

3The fact that only CgH tracts did not show a significant relationship
may be due to its size. CgH has a very small volume and therefore
fewer number of voxels across which to take measurement (less than
half the volume of any of the other tracts investigated). Small varia-
tion in tract reconstruction between individuals would therefore
have a greater impact on this small tract, which may explain why the
association with age was not as robust.
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tracts showed robust correlations with RT for all trial
types (i.e., a 5 0.05/10; 0.322< r< 0.605, all P< 0.004) and
15 also correlated with error mixing cost (a 5 0.05/10;
0.346< r< 0.511, all P< 0.0024). The fact that task switching
performance is associated with variability in RaD in most
white matter tracts as well as across the whole brain suggest
that task switching decline in older adults may be driven by
global changes in RaD.

To determine whether RaD variability in any specific
white matter tract had a greater effect on task switching
performance compared with global white matter RaD, we
re-ran the above analyses for each tract using partial corre-
lations to control for RaD in the remaining white matter
(i.e., global white matter after excluding white matter
related to that particular tract). Three white matter tracts
in the left hemisphere produced significant correlations
with task switching performance that could not be
accounted for by changes in overall white matter RaD: the
left inferior fronto-occipital fasciculus (IFO) which con-
nects the orbital and lateral frontal cortices to occipital cor-
tex, the left inferior longitudinal fasciculus (ILF) which
connects the occipital and temporal lobes, and the left
superior longitudinal fasciculus (SLF) which connects peri-
sylvian frontal, parietal, and temporal cortices.

As shown in Table III, before partialling out overall
white matter RaD, these three white matter tracts pro-
duced moderately strong correlations with both RT and
error rate for most trial types and for mixing cost, with
less consistent effects on switch cost. Including both over-
all white matter RaD and age as partial variables con-
firmed that RaD for each of these tracts explained a
significant amount of variance in RT for all trial types and
mixing cost (with the exception of SLF for all-repeat trials).
In contrast, this was not the case for error rate, suggesting
that variability in error rate is best accounted for by
overall white matter RaD. Thus, RT and RT mixing cost
variability were sensitive to changes in RaD in three left-
lateralized white matter tracts (IFO, ILF, and SLF).

These tracts show considerable spatial overlap. In fact,
nearly half of the volume of the left IFO is located in white

matter regions that also contain fibers belonging to the
other two tracts (ILF and SLF). Specifically, 42% of IFO
volume overlapped with IFL and 5% with SLF. Similarly,
59% of ILF volume overlapped with IFO and 9% with SLF.
The SLF showed less overlap: 4% of its volume overlapped
with IFO and 6% with ILF.

Given the extensive spatial overlap between IFO and
ILF, the above analyses do not allow us to ascertain
whether both of these tracts are equally important for task
switching. To determine the distinct contribution of each
tract to task switching performance, we compared perfor-
mance to RaD in voxels unique to each tract. This was
achieved by creating a mask that was based on the over-
lapping regions of both tracts. This overlapping region
could be analyzed or removed from the individual tracts
to analyze areas unique to that tract. We compared voxels
specific to IFO (IFO-only) or to IFL (IFL-only) versus vox-
els common to both tracts (IFO and IFL). As shown in
Table IV, RaD in voxels specific to the left IFO and voxels
that spatially overlapped left IFO and left ILF accounted
for significantly more variance in RT for each trial type
and RT mixing cost than could be explained by global
white matter RaD. However, RaD in left ILF-only was no
longer significantly associated with RT for any of the trial
types or mixing cost after accounting for the global white
matter RaD. Therefore, these findings suggest that left IFO
is specifically associated with task switching performance
whereas the involvement of the ILF appears likely to be
due to areas of spatial overlap with IFO.

Finally, as RaD in the left SLF and IFO were the strongest
predictors of mixing cost, we performed mediation analyses
to determine how much variance could be accounted for by
changes in global white matter RaD. Global white matter
RaD accounted for approximately 91% of the variance
between RaD in the left SLF and error mixing cost (z 5 2.31,
P 5 0.011, one-tailed), but only approximately 44% of the
variance for RT mixing cost (z 5 0.71, P> 0.2, one-tailed). A
very similar pattern of results was found for the left IFO,
with global white matter RaD accounting for approximately
92% (z 5 2.34, P 5 0.011, one-tailed), and approximately 53%

Figure 3.

Relationship between white matter RaD with mixing cost for RT (A) and error rate (B) for neutral

and incongruent target types. Solid fit lines represent neutral target types; dashed fit lines represent

incongruent target types.
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(z 5 0.87, P> 0.15, one-tailed) of the variance in error and RT
mixing cost, respectively. These results confirm that the
tract-specific effect of RaD on mixing cost is exclusive to RT.
In other words, RaD in these specific white matter tracts
accounted for approximately twice the variance in RT mix-
ing cost than can be explained by global white matter RaD.

Presence of Cardiovascular Risk Factors

As seen above, task switching performance was associated
with age-independent changes in white matter microstruc-
ture. As cardiovascular risk factors have been associated with
subclinical pathological changes to white matter, we next
examined whether the presence of cardiovascular risk factors
influenced the relationship between white matter microstruc-
ture and task switching performance. Participants were
divided into two groups: a CV-risk group (i.e., at least one
reported cardiovascular risk factor, n 5 37) and a No-risk
group (i.e., no reported cardiovascular risk factors, n 5 28;
see Table I). The CV-risk group was significantly older
(M 5 69.76, SD 5 8.39) and had significantly higher white
matter RaD (M 5 0.47, SD 5 0.03) than the No-risk group
(M 5 62.00, SD 5 8.89; M 5 0.44, SD 5 0.02, respectively; inde-
pendent samples t-tests, all P< 0.001).

We performed a 2 group (CV-risk, No-risk) 3 2 trial types
(all-repeat, mixed-repeat) 3 2 target type (incongruent, neu-
tral) GML to examine whether mixing cost effects on RT and
error rate were impacted by the presence of cardiovascular
risk factors. The main effect of group was significant for
both RT and error rate (F(1,63) 5 16.96, P< 0.001, F(1,63) 5

9.45, P 5 0.003, respectively). The No-risk group responded
faster (802 6 235 ms) and committed fewer errors (2.3% 6

4.6%) than the CV-risk group (1,076 6 438 ms, 6.6% 6 11%).
Both RT and error mixing cost was larger for the CV-risk
than the No-risk group (F(1,63) 5 7.06, P 5 0.010;
F(1,63) 5 7.41, P 5 0.008, respectively). For error rate, the size

of the congruence effect, especially for repeat trials in the
mixed-task block, also differed between groups (group x tar-
get type: F(1,63) 5 5.75, P 5 0.019; group x mixing x target
type: (F(1,63) 5 3.52, P 5 0.065). Specifically, the CV-risk
group showed a larger error mixing cost for incongruent
than neutral targets. In summary, participants who reported
at least one CV risk factor were slower and more error
prone, and had larger mixing cost than participants who
reported no CV risk factor.

As participants in the CV-risk group were significantly
older and had significantly higher RaD compared with
participants in the No-CV-risk group, it is important to
determine whether age and RaD differences could account
for group differences in task switching performance. To
test this, we reran the above GLM analyses with age and
global white matter RaD as covariates. With both covari-
ates in the model, all group effects on error rate were elim-
inated and there was only an attenuated main effect of
group on RT (F(1,61) 5 6.82, P 5 0.011). In conclusion, the
differences in task switching performance between CV-risk
and No-risk groups appear to be accounted for by group
differences in whole brain RaD4.

DISCUSSION

In this study, we used a cued-trials task switching para-
digm to investigate whether age-related decline in

TABLE III. Correlations between task switching performance and RaD in IFO, ILF, and SLF

Incongruent target Neutral target

IFO-left ILF-left SLF-left IFO-left ILF-left SLF-left

Error rate
All-repeat 0.467*** 0.452*** 0.457*** 0.331* 0.367* 0.340*
Mixed-repeat 0.551*** 0.530*** 0.559*** 0.418** 0.363** 0.407**
Switch 0.590*** 0.562*** 0.582*** 0.515*** 0.469*** 0.521***
Mixing cost 0.515*** 0.495*** 0.527*** 0.357* – 0.342*
Switch cost – – – 0.382** 0.394** 0.431**

Reaction time
All-repeat 0.578*** 0.588*** 0.484*** 0.610*** 0.618*** 0.510***
Mixed-repeat 0.493*** 0.501*** 0.470*** 0.583*** 0.571*** 0.547***
Switch 0.512*** 0.515*** 0.521*** 0.578*** 0.569*** 0.571***
Mixing cost 0.357* 0.362* 0.375* 0.487*** 0.464*** 0.493***
Switch cost – – – – – –

Shaded areas show those correlations that remained significant after partialling out overall white matter RaD.
aAbbreviations: RaD, radial diffusivity; IFO, inferior fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus; SLF, superior
longitudinal fasciculus. * P< 0.05, ** P< 0.01, *** P< 0.001 (after family-wise Bonferroni correction of a/10).

4To examine the impact of risk factor severity, we reran the analyses
with three groups: no CV risk, one CV risk factor (n 5 12), two or
more CV risk factors (n 5 25). The effect of global white matter RaD
was greater in the presence of two or more CV risk factors. However,
as the number of participants per group was small, differences
between the one CV and two or more CV factors are not reported
separately.
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cognitive control ability can be attributed to whole brain
or tract-specific variability in white matter microstructural
health. The most robust age effect in the task switching
paradigm, the increase in mixing cost, was shown to be
explained by variability in the microstructure of white
matter at both global and tract-specific levels. Specifically,
error mixing cost was most strongly related to variability
in global white matter microstructure, whereas RT mixing
cost was related to variability in prominent frontoparietal
white matter tracts. Hence, task switching performance in
older adults was influenced by variability in both tract-
specific and global white matter microstructure. These
results are consistent with earlier evidence that frontopar-
ietal white matter is important for task switching in older
adults [Gold et al., 2010; Madden et al., 2009]. Importantly,
here we show that not all tract-specific effects remain sig-
nificant when controlling for global changes in white mat-
ter microstructure. This finding points to the need to
control for global deterioration in white matter when seek-
ing to identify the effects of tract-specific deterioration on
measures of cognitive aging [see also Salthouse et al.,
2015]. A second important finding is that the relationship
between mixing cost performance and white matter micro-
structure is more robust in the presence of cardiovascular
risk factors. Taken together, these findings suggest that the
robust increase in mixing cost often reported in older
adults may in fact be due to the increased incidence of car-
diovascular risks with increasing age and their impact on
white matter health. These findings suggest that prevent-
able and treatable risk factors can at least partly account
for age-related decline in cognitive control processes. They
also highlight the importance of controlling the presence
of cardiovascular risk factors when establishing normative
patterns of cognitive aging. We discuss these findings in
more detail below.

White Matter Microstructure Changes

Mediate Age Effects on Task Switching

Consistent with previous studies, increasing age was asso-
ciated with slower and more error prone performance on

the cued-trials task switching paradigm. While age affected
both mixing cost and switch cost, age effects were most pro-
nounced for mixing cost, especially for incongruent targets
that had a high level of interference. These results are consis-
tent with previous work showing that the age-related
increase in mixing cost is largest in tasks that involve stimu-
lus and/or response level ambiguity [e.g., De Jong, 2001;
Kray and Lindenberger, 2000; Meiran et al., 2001]. Interest-
ingly, global white matter health mediated the effect of age
on task switching performance. Therefore, the very robust
effect of age on mixing cost [e.g., Kramer et al., 1999, Expt 1;
Kray, 2006; Mayr and Liebscher, 2001; Meiran et al., 2001;
Whitson et al., 2012] appears to result from the increased
incidence of white matter microstructural changes among
older adults, rather than represent a corollary of age per se.

Consistent with the above conclusion, the presence of
cardiovascular risks impacted the relationship between
aging and both cognitive and white matter decline. There
is extensive evidence that cardiovascular health affects
cognitive functioning and neural structure [Raz and
Rodrigue, 2006; Salat, 2011]. For instance, cardiovascular
risk factors are associated with poorer cognitive function-
ing [Cukierman et al., 2005; Elias et al., 2006; Harrington
et al., 2000; Kivipelto et al., 2001; Swan et al., 1998; Tilvis
et al., 2004] and increased risk of dementia [Chao et al.,
2010; Whitmer et al., 2005]. Likewise, hypertension is asso-
ciated with reduced white matter volume [Raz et al., 2003,
2005; Strassburger et al., 1997], increased white matter
hyperintensities [Breteler et al., 1994; Goldstein et al., 2005;
Murray et al., 2005; Raz et al., 2007] and changes in white
matter microstructure [Burgmans et al., 2010; Hannesdottir
et al., 2009; Huang et al., 2006; Kennedy and Raz, 2009;
Leritz et al., 2010].

In the present study, participants who reported the pres-
ence of one or more cardiovascular risk factor performed
more poorly on task switching and had poorer white mat-
ter health than participants without cardiovascular risk
factors. Although cardiovascular risk factors were more
prevalent in older adults, cardiovascular risk factors con-
tinued to be associated with poorer task switching perfor-
mance even after controlling for age. In contrast, the effect
of cardiovascular risk factors on task switching

TABLE IV. Correlation between RT on task switching paradigm and RaD in white matter specific to IFO, specific to

ILF (i.e., after removing voxels that overlap) as well as in the overlapping IFO and ILF voxels that remained signifi-

cant after correcting for multiple comparisons, overall white matter RaD (shaded)

Incongruent target Neutral target

IFO-only ILF-only IFO and ILF IFO-only ILF-only IFO and ILF

All-repeat 0.546*** 0.501*** 0.585*** 0.567*** 0.504*** 0.621***
Mixed-repeat 0.463*** 0.422** 0.492*** 0.551*** 0.458*** 0.574***
Switch 0.492*** 0.450*** 0.495*** 0.555*** 0.478*** 0.556***
Mixing-cost 0.333* 0.302 0.353* 0.466*** 0.369* 0.468***

aAbbreviations: RaD, radial diffusivity; IFO, inferior fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus. * P< 0.05, **
P< 0.01, *** P< 0.001 (after Bonferroni correction of a/10).
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performance was removed after controlling for whole
brain RaD. Similarly, controlling for RaD eliminated the
effect of age on task switching performance, whereas con-
trolling for age did not diminish the effect of RaD on task
switching.

Recent work highlights that white matter deterioration
in older adults may have a vascular origin. In the same
cohort as the present study, Jolly et al. [2013] showed that
decline in white matter microstructure was associated
with increased brain arterial pulsatility, and that this rela-
tionship was stronger in the presence of cardiovascular
risk factors. Fabiani et al. [2014] reported that arterial
health in older adults was associated with reduced grey
and white matter volumes and cognitive performance.
Together, these findings suggest that poorer task switching
performance in older adults may reflect changes in white
matter microstructure that emerge because of the increas-
ing prevalence of cardiovascular risk factors. Future work
needs to examine the relative impact of different cardiovas-
cular risk factors on cognitive and white matter changes,
and whether these effects are prevented or reversed with
optimal treatment regimes.

Effects of frontoparietal Versus Global White

Matter Microstructural Changes on Task

Switching Performance

Previous DTI studies [Gold et al., 2010; Madden et al.,
2009] showed that white matter microstructure in fronto-
parietal regions was related to task switching performance,
with weaker associations present in the genu and bilateral
pericallosal frontal regions. However, these studies did not
establish the spatial specificity of these effects when con-
trolling for change in global brain white matter [Salthouse
et al., 2015]. In the present study, we extend these findings
by showing that (a) when controlling for age, diffuse (global)
and regional (tract-specific) changes in white matter are
sensitive to distinct aspects of task switching performance,
and (b) not all regional changes survive correction for global
brain white matter changes. Only three of the 16 white
matter tracts that were significantly correlated with task
switching performance survived after correcting for global
white matter.

The three anterior–posterior white matter tracts that sur-
vived after controlling for global white matter RaD were all
associated with RT mixing cost; all correlations with error
mixing cost failed to reach significance after correction.
Moreover, after controlling for spatial overlap between two
of these tracts, the relationship between RT mixing cost and
RaD was localized to two left frontoparietal tracts (IFO and
SLF). Both the IFO and SLF are long association tracts that
connect frontal and parietal cortices [Ashtari et al., 2007; Jel-
lison et al., 2004; Martino et al., 2010], making this finding
consistent with neuroimaging evidence that distributed
frontoparietal neural networks underpin effective task
switching [Badre and Wagner, 2006; Brass and von Cramon,

2004; Braver et al., 2003; Dove et al., 2000; Reynolds et al.,
2004; see Jamadar et al., 2015]. Thus, degradation of fronto-
parietal white matter appears to underlie the robust age
effect on RT mixing cost supporting the notion that white
matter forms the “backbone” of the frontoparietal cognitive
control network [Corbetta and Shulman, 2002; Dosenbach
et al., 2008]. Interestingly, the IFO tract has additional occipi-
tal connections and has been previously reported to be
specifically associated with set-shifting in the Trail Making
Task [Perry et al., 2009]. Future work needs to examine
the directionality and specificity of these frontoparietal and
other anterior–posterior tract effects.

Interestingly, while RT mixing cost varied with RaD
within frontoparietal tracts, error mixing cost was sensitive
to global white matter RaD. The RT effects have been pre-
viously reported by Gold et al. [2010] and Madden et al.
[2009]. However, these studies did not report effects on
error rate or control for global white matter decline. It is
also possible that our older adults sample which included
participants with cardiovascular risk factors is more repre-
sentative of the typical aging population and more sensi-
tive to differential global and regional white matter
changes than the more homogenous healthy older samples
typically used in aging studies.

Further systematic work is needed to replicate the novel
dissociation between global vs. frontoparietal white matter
RaD and error versus RT mixing cost, respectively. It
appears that response speed is sensitive to subtle changes in
frontoparietal networks even under highly practiced task
conditions. In contrast, response accuracy appears sensitive
to more white matter diffuse changes arising from the sus-
tained presence of cardiovascular risk factors. If this is the
case, studies using healthy older samples may not have suf-
ficient variability in white matter disruption to produce
noticeable impairments to cognitive control (as evidenced
by increase in error rate). Aging-related increase in RT is a
most robust phenomenon [Salthouse, 2000] and older adults
show a preference for accurate versus speeded performance
[Ratcliff and McKoon, 2008; Whitson et al., 2012, 2014].
Thus, RT effects may be more ubiquitous, whereas error
effects can be masked by changes in speed-accuracy trade-
off and emerge only when these compensatory processes
fail. This explanation is consistent with our earlier findings
in this sample. In Jolly et al. [2016], global white matter
microstructure was strongly associated with performance in
the Montreal Cognitive Assessment (MoCA) and better
accounted for MoCA performance than white matter in any
regional tract, especially in the presence of CV risk factors.
Moreover, increased arterial pulsatility, a measure of CV
health, was more strongly associated with global than
regional white matter health [Jolly et al., 2013]. Thus,
increasingly broad changes to white matter microstructure,
as a result of presence of CV risk factors, may produce
broad-based cognitive decline (detected by broad screening
tests), but also impact specific high level cognitive control
processes when compensatory mechanisms are no longer
efficient.
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Relevance of Findings to Models

of Cognitive Aging

In line with the revised scaffolding theory of cognitive
aging [STAC-r; Reuter-Lorenz and Park, 2014], the present
findings show that reduced integrity in frontoparietal
regions that are associated with task switching performance
can account for the age-related increase in mixing cost that is
robustly reported in the literature. Disruption of these task-
specific networks would necessitate compensatory recruit-
ment of non-task-specific regions. However, when the local-
ized frontoparietal changes are accompanied by reduced
global white matter integrity, the efficiency of such compen-
satory scaffolding may be compromised. In the context of
task switching, aging has been shown to reduce efficiency of
proactive control processes involved in anticipatory task-set
reconfiguration and increase engagement of reactive control
processes involved in interference control [e.g., Karayanidis
et al., 2011]. Disruption of frontoparietal control networks is
likely to reduce the efficiency of proactive control, resulting
in greater target-driven interference and consequently great-
er reliance on compensatory processes. However, global
white matter decline may reduce the efficiency of this com-
pensatory implementation of reactive control processes.
This interpretation is consistent with functional neuroimag-
ing studies which show that older adults tend to show more
spatially extended cortical activation compared with youn-
ger adults [Cabeza et al., 2002; Spreng et al., 2010] and that
increased connectivity in prefrontal areas is associated with
better task performance in older adults [Hakun et al., 2015].

Radial Diffusivity Versus Other Measures

of White Matter Microstructure

Finally, in the present study, we showed that the relation-
ship between task switching performance and white matter
microstructure was most pronounced for RaD, compared
with FA that is more frequently reported in DTI studies. As
FA and RaD are sensitive to distinct diffusion properties (i.e.,
anisotropy vs. cross-sectional water movement), our findings
suggest that particular properties of white matter may be
uniquely related to aging-related changes in cognition. It has
been previously argued that AxD and RaD measures are
unable to distinguish between axon- and myelin-related pro-
cesses [Wheeler-Kingshott and Cercignani, 2009]. However,
recent evidence suggests that RaD is sensitive to myelin prop-
erties of white matter [e.g., Janve et al., 2013] and that this sen-
sitivity may vary at different diffusion gradients [Counsell
et al., 2006; Hui et al., 2010]. For instance, Wu et al. [2011]
showed that diffusion gradient values similar to those used in
the present study (i.e., b> 2,880 mm2/s) are more sensitive to
demyelination than lower gradients. These findings suggest
that age effects on white matter microstructure may be largely
due to demyelination processes and point to the importance
of customizing DWI protocols to the specific mechanisms

likely to produce variability in white matter microstructure in
different age groups [Jones et al., 2013].

CONCLUSION

Advancing age is typically associated with decline in
higher order cognitive control functions. Here we report
novel evidence that age-related decline in task switching
performance is mediated by variability in the white matter
architecture of the aging brain that may result from the pres-
ence of cardiovascular risk factors. Importantly, we show
that the robust age-related increase in mixing cost can be
linked to disruption of white matter organization at both
global brain and tract-specific pathways. Specifically, degra-
dation of frontoparietal white matter microstructure was
linked to increased RT mixing cost, whereas error mixing
cost varied with whole brain white matter organization.
These white matter effects were most strongly evident in
radial diffusivity, probably reflecting demyelination linked
to changes in the cardiovascular system.
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