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Reduced White Matter Integrity Is Related to Cognitive
Instability

Anders. M. Fjell, Lars. T. Westlye, Inge K. Amlien, and Kristine B. Walhovd
Center for the Study of Human Cognition, Department of Psychology, University of Oslo, 0317 Oslo, Norway

Increased performance variability has been demonstrated in several groups and conditions, including aging and cognitive decline.
Structural brain characteristics underlying this phenomenon have so far been elusive. However, there is reason to expect that disconnec-
tivity in associative pathways, whether caused by immature or degraded white matter (WM) tracts, will increase performance variability
by neural noise. The aim of this study was to test whether the quality of WM, measured by diffusion tensor imaging, is related to
performance variability in healthy adults. Intraindividual standard deviation of the reaction time (sdRT) across trials and median
reaction time (mRT) from 270 participants were obtained from a speeded continuous performance task (Eriksen flanker task) with two
conditions (congruent, incongruent). Tract-based spatial statistics was used to test the relationship with diffusion characteristics [frac-
tional anisotropy (FA), mean diffusion (MD), radial diffusion (RD), axial diffusion (AD)]. Robust relationships between sdRT and all
diffusion measures were found in most WM areas, independently of mRT, age, and sex. The effects were anatomically more widespread
in the congruent than the incongruent condition, covering almost 50% of the voxels for RD and MD, and >25% of the voxels for FA and
AD. Partial betas were in the range 0.45- 0.55, and the strength of the relationships increased significantly with age. For mRT, the effects
were smaller and unstable across condition. We concluded that performance variability is a likely consequence of individual differences

in WM integrity, and that it is a promising behavioral correlate of individual differences in WM microstructure.

Introduction

The significance of white matter (WM) integrity for cognitive
function is rooted in the spatial distribution of cognitive pro-
cesses in the brain, involving a complex interplay between mul-
tiple areas (Gldscher et al., 2010). Lower fiber integrity may cause
less stable flow of electrical currents in dendrites and axons, re-
sulting in neural noise, disruptions of the conduction of action
potentials, and possibly increased intraindividual variability
(IIV) in task performance (MacDonald et al., 2009). The rele-
vance of ITV as a measure of CNS instability has been demon-
strated in several groups and conditions, e.g., healthy aging,
cognitive decline, ADHD, Parkinson’s disease, and frontotempo-
ral dementia (Hultsch and MacDonald, 2004). It is suggested that
rapid changes in task performance from one moment to the next
reflect mechanisms such as fluctuations in the connectivity of
neuronal pathways (Kelly et al., 2008) and the efficacy of neu-
rotransmitter systems (Bdckman et al., 2006). MacDonald and
colleagues (2006, 2009) further proposed that disconnectivity in
associative pathways, whether caused by immature or degraded
white matter tracts, can increase variability by neural noise. This
would lead to less distinct cortical representations, poorer cogni-
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tive performance, and increased performance variability, sug-
gesting that lower WM integrity may be associated with IIV.
More than a dozen studies have reported relationships between
mental processing speed and diffusion tensor imaging (DTI)
(O’Sullivan et al., 2001; Madden et al., 2004, 2009; Schulte et al.,
2005; Deary et al., 2006; Grieve et al., 2007; Bucur et al., 2008;
Correia et al., 2008; Turken et al., 2008; Kennedy and Raz, 2009;
Vernooij et al., 2009), but data are lacking for IIV. Response
variability has been related to WM volume (Anstey et al., 2007;
Walhovd and Fjell, 2007; Ullén et al., 2008) and hyperintensities
(Bunce et al., 2007). However, it needs to be tested whether a
relationship between IIV and WM microstructure exists inde-
pendently of mean reaction time (RT), whether it is a stable trait
replicable across tasks, and whether it is modulated by a common
influence of age.

Thus, our aim was to test the relationship between IIV and
WM integrity. The main hypothesis was that IIV would be nega-
tively associated with diffusion anisotropy [fractional anisotropy
(FA)] and positively with amount of diffusion [mean diffusion
(MD), radial diffusion (RD), axial diffusion (AD)] in widespread
areas. Second, we wanted to test to what extent IV-WM relation-
ships were replicable across conditions with different cognitive
load. Since frontal lesions increase IIV (Stuss et al., 2003) and
attention failures may be an important source of increased IIV
(West et al., 2002), increased cognitive load may contribute to a
more anterior distribution of effects. The complex condition also
involves inhibitory processing, which further increases the de-
mands for involvement of prefrontal brain structures. Finally, we
tested whether the IIV-WM relationship changed with increas-
ing age. As WM microstructure is known to deteriorate substan-
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Table 1. Sample characteristics

Mean (SD)/frequency Correlation with age
N 270
Age (years) 48.6 (20-83)
Sex 154 females/116 males 0.03
Education 15.6 (2.7) —0.01
MMSE? 29.2(0.8) —0.25%
Full-scale 1Q 114.3 (9.0) 0.09
*p < 0.05.

"Available for 268 participants only.
?Available for participants 30 years of age only.

tially through the adult lifespan (Westlye et al.,, 2010), we
hypothesized that the relationship with IIV would increase in
strength with age.

Materials and Methods

Sample. The sample was drawn from the first wave of a longitudinal
research project at the Center for the Study of Human Cognition at the
University of Oslo called Cognition and Plasticity through the Life-Span.
The study was approved by the Regional Ethical Committee of Southern
Norway. The participants were recruited through newspaper ads and
among students and employees of the University of Oslo. Further details
regarding recruitment and enrolment were given previously (Fjell et al.,
2008; Westlye et al., 2009). Written informed consent was obtained from
all participants. Two hundred seventy healthy participants (57.0%
females), aged 20—83 years (mean, 48.6 years; SD, 16.9 years) were in-
cluded. There was no correlation between sex and age (Pearson’s r =
0.03, p > 0.60, with females coded as 0 and males as 1). All subjects were
right-handed native Norwegian speakers. Participants were screened us-
ing a standardized health interview on telephone before inclusion in the
study. History of self-reported neurological or psychiatric conditions
thought to affect normal cerebral functioning, including clinically signif-
icant stroke, traumatic brain injury, untreated hypertension, diabetes,
and use of psychoactive drugs within the last two years, were exclusion
criteria. Further, participants reporting worries concerning their cogni-
tive status, including memory function, were excluded. All participants
scored <16 on Beck Depression Inventory (Beck and Steer, 1987). Par-
ticipants >30 years of age were also tested with Mini Mental State Exam-
ination (MMSE) (Folstein et al., 1975; Bravo and Hébert, 1997) and all
scored =26. General cognitive abilities were assessed by Wechsler Abbre-
viated Scale of Intelligence (WASI) (Wechsler, 1999). All subjects scored
within normal IQ range (82-145). We believe that the participants were
healthy, but it is difficult to ascertain that none would be in the very early
stage of age-related neurodegenerative condition, as the progression of
such diseases as Alzheimer’s disease is very slow without clinical symp-
toms in the initial phases. Ideally, the participants should be followed for
several years to exclude the possibility of incipient disease.

All participants’ MR scans were examined by a specialist in neurora-
diology and all included participants had to be deemed free of significant
anomalies, including signs of vascular insults. A total of 285 participants
were enrolled in the study. After the initial health screening, 15 partici-
pants were excluded due to missing MRI data or motion artifacts, lack of
valid reaction time data, age (one participant exceeded 90 years, which
created a gap of missing data points on the continuous age scale), or after
radiological evaluation (two participants), yielding a final sample of 270
subjects. Sample characteristics are shown in Table 1.

Experimental task. We administered a modified version of the Eriksen
flanker task (Eriksen and Eriksen, 1974), described in detail previously
(Westlye et al., 2009), similar to the task used by Debener etal. (2005). An
illustration of the task is shown in Figure 1. The stimuli were horizontal
arrows (length, 1°), pointing either to the right or the left, and displayed
in a vertical stack 2.5° high. Subjects were instructed to respond as accu-
rately and quickly as possible by button press indicating which direction
the middle arrow was pointing. Each trial consisted of the following
stimuli. First, a fixation cross was presented for a random interval rang-
ing between 1200 and 1800 ms. Then the four flanker arrows were pre-
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sented for 80 ms before the target arrow was presented for 30 ms along
with the flanker arrows. The flanker arrows were presented before the
target to increase prepotent responding and to make the task more diffi-
cult. At presentation of the target, the task was to push one button if the
target was pointing to the left and another button if the target was point-
ing to the right. Based on the mean RT for the first 20 consecutive trials,
an individually adjusted RT criterion (10% above mean RT of the 20
initial trials) was set. After every subsequent third trial with either RT
exceeding this criterion or with response omission, a message occurred
on screen for 1 s instructing the participant to respond faster. This was
also implemented to increase the demand to respond swiftly and thus
increase task difficulty. Before the experiment, a training session of 20
trials was administered to familiarize the participant with the task.

On average, 7.7 instructions to respond faster were given during the
complete experiment (SD = 13.7). As one would expect, number of
instructions correlated with standard deviation of the RT (sdRT; r = 0.63
and 0.46 in the congruent and incongruent conditions, respectively).
That is, participants with a more variable response style would more
often exceed the individually adjusted RT threshold. The number of
instructions did not correlate with intellectual ability as quantified by
full-scale IQ from WASI (r = —0.00, p = 0.96), education (r = —0.01,
p = 0.92), or MMSE score (r = —0.01, p = 0.86), or with age when
median RT (mRT) was partialled out (r = 0.00, p = 0.98). The rational
for using this procedure was to increase the participants’ motivation for
rapid responses and to enhance their attentional investments in the task.
We expected that this would lead to somewhat lower sdRT, reduce vari-
ability due to random attentional drifts, and leave us with a measure of
variability more closely related to task-focused CNS function. Thus,
sdRT in this task may be more related to the ability to respond in a
constant and speedy manner, rather than naturally occurring trial-to-
trial variability.

Responses were obtained on a PST Serial Response Box and the exper-
imental procedures and responses were collected using E-prime software
(Psychological Software Tools). There were two experimental task con-
ditions: congruent and incongruent. In the congruent condition, all ar-
rows pointed in the same direction. In the incongruent condition, the
middle arrow pointed in the direction opposite of that of the flanker
arrows. The task included 416 trials with a short break halfway. The
probability of an incongruent trial was 50% in a randomized fashion.

This and similar tasks have been shown to produce the well described
congruency effect with higher RT and lower accuracy in the incongruent
compared with the congruent condition (Eriksen and Eriksen, 1974).
The congruency effect is probably reflecting response conflict induced in
the incongruent condition (Botvinick et al., 2001). Responses to in-
congruent stimuli reflect more complex cognitive processing, includ-
ing inhibitory processes and generally more top-down and controlled
attention than the much simpler responses to the congruent stimuli.
Differences in conscious attention and response strategies will likely also
influence the results. We report results both from the cognitively simple
congruent condition and from the more complex incongruent condition
to enable comparison of the relationship between ITV and WM micro-
structure across conditions of different complexity and different cogni-
tive demands.

Congruent and incongruent trials (208 each) were administered. For
statistical analyses, we excluded the first 10 trials and the 10 trials with the
fastest and slowest RTs, as it is difficult to decide whether extreme re-
sponses represent variations of the real cognitive processes under study,
or whether they result from random noise due to factors such as the
participant missing the button, having a single lapse of attention during
the course of a long speeded task, etc. Thus, a simple way of reducing the
possibility that such noise contaminate the data, without biasing the
results in either direction, is to exclude the extreme ends of the RT dis-
tribution for all participants. Further, trials after which the participants
made an error were excluded due to the possibility of posterror slowing
affecting the results. For the resulting trials, mRT and sdRT were calcu-
lated and used as measures of interest. Median RT was preferred to mean
RT since RT generally does not follow strict normal distribution but has
a thicker tail of slow compared with fast values. However, in the present
dataset, the correlation between the median and the mean RT was 0.995



18062 - J. Neurosci., December 7, 2011 - 31(49):18060 —18072

for the congruent and 0.989 for the incongru-
ent conditions, indicating that the practical im-
plications of choosing the one over the other
are negligible for the present data. The correla-
tion between mean RT across subjects per trial
and trial number was r = 0.04 (p = 0.51), in-
dicating that no clear linear drift in RT existed
throughout the course of the task session. This
is probably partly due to the training session
administered before the experiment, the feed-
back presented on screen in response to slow
RTs or response omissions (see above), and
task-related factors.

MR acquisition. Imaging data were collected
usinga 12-channel head coil ona 1.5 T Siemens
Avanto scanner (Siemens Medical Solutions)
at Rikshospitalet University Hospital, Oslo.
For diffusion-weighted imaging, a single-shot
twice-refocused spin echo EPI pulse sequence
with 30 diffusion-sensitized gradient direc-
tions was used (TR, 8200 ms; TE, 82 ms; b
value, 700 s/mm ?2; voxel size, 2.0 X 2.0 X 2.0
mm). This sequence was optimized to mini-
mize eddy current-induced image distortions
(Reese et al., 2003). The sequence was repeated
in two successive runs with 10 b = 0 in addition
to 30 diffusion-weighted images collected per
acquisition. Each volume consisted of 64 axial
slices. Total scanning time was 11 min, 21 s.

The two acquisitions were concatenated
during postprocessing to increase signal-to-
noise-ratio. All datasets were processed and an-
alyzed at the Neuroimaging Analysis Lab,
Center for the Study of Human Cognition,
University of Oslo, with additional use of com-
puting resources from the Titan High Perfor-

mance  Computing  facilities  (http://
hpc.uio.no/index.php/Titan) at the University
of Oslo.

MR analysis. Image analyses and tensor calcu-
lations were done using FSL (http://www.fmrib.
ox.ac.uk/fsl/index.html) (Smith et al., 2004;
Woolrich et al., 2009). Initially, each DTI volume
was affine registered to the T2-weighted b = 0
volume using FLIRT (Jenkinson and Smith,
2001). This corrected for motion between scans
and residual eddy— current distortions present in the diffusion-weighted vol-
umes. To preserve the orientational information after motion correction, we
reoriented each volume’s B matrix by applying the corresponding transfor-
mation matrix from the motion-correction procedure. After removal of
nonbrain tissue (Smith, 2002), least-square fits were performed to estimate
the FA and eigenvector and eigenvalue maps. We defined RD as the mean of
the second and third eigenvalue ((A, + A;)/2) and MD as the mean of all
three eigenvalues. Next, all individuals’ FA volumes were skeletonized and
transformed into a common space as used in tract-based spatial statistics
(TBSS) (Smith et al., 2006, 2007). Briefly, all volumes were nonlinearly
warped to the FMRIB58_FA template, which is supplied with FSL, by use of
local deformation procedures performed by FNIRT (Andersson et al.,
2007a,b), a nonlinear registration toolkit using a b-spline representation of
the registration warp field (Rueckert et al., 1999).

The common template used in the present study is a high-
resolution average of 58 FA volumes from healthy male and female
subjects aged 2050 years. It is expected that the amount of warping
needed to align each individual FA volume to this template would
commensurate with the distance in each participant’s age from the
age of the subject’s used to build the template. All warped FA volumes
were visually inspected for accuracy, which is especially pertinent
when analyzing life-span datasets with relatively large individual vari-
ability in brain size and architecture. We have previously shown that
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Schematic overview of the Flanker task.

Figure 1.

FNIRT performed the native-to-standard warping adequately across
age groups (Westlye et al., 2010).

Next, a mean FA volume of all subjects was generated and thinned to
create a mean FA skeleton representing the centers of all common tracts.
We binarized the mean skeleton at FA threshold >0.2 to reduce the
likelihood of partial voluming in the borders between tissue classes,
yielding a mask of 128,142 WM voxels. Individual FA values were warped
onto this mean skeleton mask by searching perpendicular from the skel-
eton for maximum FA values. Using maximum FA values from the cen-
ters of the tracts further minimizes confounding effects due to partial
voluming (Smith et al., 2006). The resulting tract invariant skeletons for
each participant were fed into voxelwise permutation-based cross-
subject statistics to test for age-related changes in WM integrity. Similar
warping and analyses were used on AD, RD, and MD data, yielding RD
and MD skeletons sampled from voxels with FA >0.20. Areas showing
evidence of white-matter hyperintensities (WMH) were not excluded in
the present study. The skeleton approach and the FA threshold used will
likely reduce possible confounds from WMH, yet we cannot exclude the
possibility that hyperintensities might have affected the FA values in
specific parts of the skeleton for some of the subjects, in particular in
periventricular areas in the oldest participants. This limitation should be
addressed in future studies by using specific MR sequences for WMH
segmentation.
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Statistics. Voxel-based DTI analyses were performed using permuta-
tion testing (Nichols and Holmes, 2002), as implemented in randomize,
part of ESL. We tested for linear effects of mRT on FA, RD, AD, and MD
with general linear models (GLM) while regressing out the effects of sex
and age, and we tested for effects of sdRT on the four DTI parameters
regressing out sex, age, and mRT. The research community has not es-
tablished a standard for calculating intraindividual trial-to-trial variabil -
ity, and several approaches exist, including intraindividual SD and
intraindividual coefficient of variation (Lovdén et al., 2007). In the
present study, intraindividual SD was used. mRT was used as covari-
ates in all analyses involving sdRT since a relationship between mRT
and sdRT is expected. Not controlling for mRT could yield the trivial
result of older participants with higher mRT also exhibiting higher
IIV (for a discussion of these and other issues related to quantification
of IV, see MacDonald et al., 2009). Threshold-free cluster enhance-
ment (Smith and Nichols, 2009) with default settings was used for
statistical inference, with 5000 permutations performed for each con-
trast. Statistical p value maps were thresholded at p < 0.05, corrected
for multiple comparisons across space. For each DTI parameter, val-
ues were extracted from significant skeleton voxels and plotted
against sdRT and mRT to illustrate the individual data points and to
provide a general measure of effect size. As these correlation analyses
were restricted to voxels where the various diffusion values were
known to be significantly related to IIV, these must not be regarded as
part of the hypothesis testing, but only as a convenient way of esti-
mating effect sizes for comparison with other studies. We used stan-
dardized partial betas from hierarchical liner regression analyses to
illustrate the strength of the relationship between the diffusion pa-
rameters and mRT with effects of age and sex regressed out, and
between the diffusion parameters and sdRT with effects of age, sex,
and mRT regressed out.

Finally, randomize was run for each diffusion parameter to explicitly
test whether the relationship between sdRT and diffusion parameters
changed with age. The age X sdRT interaction term was included in the
analyses, with sex, age, mRT, and sdRT used as covariates. Finally, the
sample was divided by the median age and the main effects were repli-
cated. This was to illustrate the result of the interaction analysis and to
replicate the results in more age-homogenous samples (for a more de-
tailed discussion of this point, see Hofer and Sliwinski, 2001).

Results

Description of task performance

Task performance accuracy in the congruent condition was high,
with mean correct responses to congruent trials of 95.4% (SD =
7.8), yielding a mean number of correct congruent trials of 198.3
(SD = 16.3) of a total of 208. After excluding the first 10 trials and
the 10 trials with the fastest and slowest RT's for each participant,
and all trials following an error response, the mean number of
trials entered into statistical analyses was 163.9 (SD = 27.5).
Mean mRT was 384 ms (SD = 68, skewness = 0.44, kurtosis =
1.30) and mean sdRT was 58 ms (SD = 21, skewness = 3.04,
kurtosis = 18.54).

As expected, mean number of correct responses in incongru-
ent trials was significantly lower (f,60) = 22.09, p < 10~ °"), with
a mean of 75.8% (SD = 16.71), a significantly higher mRT of
473.8 ms (SD = 77.2, skewness = —0.68, kurtosis = 3.46, z =
—14.18,p < 10 ~**), and lower sdRT of 51 ms (SD = 25, skew-
ness = 3.46, kurtosis = 20.9, z = —9.56. p << 10 ). This shows
that the experimental paradigm yields the expected effects. Spear-
man’s rho for mRT across conditions was 0.94, and 0.80 for sdRT.
The high coefficients show that both speed of processing and ITV
can be generalized across different conditions. Still, since the cor-
relation for sdRT was far from perfect, all subsequent analyses
were run for both conditions.
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Relationship with age

Neither mRT (congruent condition Mann—Whitney U test: z =
—0.66, n.s.; incongruent condition Mann—Whitney U test: z =
—0.76, n.s.) nor sdRT (congruent condition Mann—Whitney U
test: z = —0.88, n.s.; incongruent condition Mann—Whitney U
test: z= —0.66, n.s.) differed between females and males. Still, sex
was used as covariate in all subsequent analyses. Both mRT and
sdRT correlated with age (congruent condition mRT: r = 0.66,
p < 107%% incongruent condition mRT: r = 0.58, p < 10 *%
congruent condition sdRT: r = 0.35, p < 10 % incongruent
condition sdRT: r = 0.24, p < 10™*). sdRT and age did not
correlate significantly in the congruent condition when mRT was
controlled for (p = 0.06, p < 0.31), while a significant correlation
was seen in the incongruent condition (p = 0.22, p < 0.001). Still,
age was used as covariate together with sex for all analyses involv-
ing sdRT.

Relationships between mRT and sdRT from the congruent
condition and DTI parameters
Figure 2 shows the relationships between sdRT from the congru-
ent condition and the different DTI parameters as color-coded
overlays in the horizontal plane; scatterplots are shown in Figure
3. The results for mRT are shown in Figure 4. Effects sizes and the
spatial extensions of the overall effects are shown in Table 2.

Higher sdRT was significantly associated with all DT param-
eters in widespread areas, independently of age, sex, and mRT,
covering from 26% (AD) to almost 50% (MD) of the skeleton
voxels. The relationships with FA were negative, indicating that
higher sdRT was associated with lower FA, while the other rela-
tionships were positive, indicating that higher levels of sdRT were
related to higher degree of diffusion in all directions. No reverse
relationships were observed. The areas of effects included both
anterior and posterior sections and both dorsal and ventral areas.
The effects were seen throughout all major WM tracts. Some
regional variability across diffusion parameters was observed,
e.g., that the relationships between sdRT and AD were generally
weaker in occipital and posterior-most sections of the WM than
what was seen for RD and MD. To directly compare the distri-
bution of effects along the posterior-to-anterior axis across
conditions, demeaned (within condition) ¢ scores were plotted as
a function of MNI y-coordinates; the results are shown in Figure
5. As can be seen, there was no clear tendency for larger effects in
anterior versus posterior parts of the WM or vice versa. For MD,
the effects of sdRT on diffusion seemed smaller in the middle part
of the brain compared with more anterior and posterior areas,
while this tendency was much weaker for FA and AD, and not
present for RD. No formal statistical test was performed on the
distribution of ¢ values along the y-axis.

mRT was related to higher AD and MD in the congruent
condition, independent of age and sex, but not to FA or RD. mRT
was significantly related to AD in the body and genu of the corpus
callosum, as well as a portion of the left anterior thalamic radia-
tion and forceps minor. The relationships with MD were found in
the genu and body of corpus callosum. The effects were highly
localized, and comprised only 1.9% (AD) and 0.6% of the skele-
ton voxels.

Age interactions

To test whether the relationship between sdRT from the congru-
ent condition and diffusion parameters changed with age, voxel-
wise GLMs with an age X sdRT interaction term included as an
additional independent variable were run. The results are shown
in Figure 6. Age interactions were seen in large parts of the WM,
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Figure 2.  Effects of sdRT in the congruent condition on diffusion characteristics. Effects of 11V on diffusion characteristics, corrected for age, sex and mRT. The effects are corrected for multiple
comparisons across space by threshold-free cluster enhancement at p << 0.05. The results are smoothed to ease visualization of effects, and displayed on top of the white matter skeleton (red on green skeleton,
FA; copper on green skeleton, AD; blue on green skeleton, RD; green on red skeleton, MD). FA was negatively correlated with sdRT; the other diffusion measures were positively related.
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Figure3. Scatterplots of sdRTin the congruent condition and diffusion characteristics. The scatterplots are used toillustrate the raw data, and thus age, sex, and mRT are not used as covariates,
in contrast to the other statistical analyses. Four outliers were excluded from the analyses (sdRT = 3 SD from the mean). The diffusion characteristics represent mean values across all voxels identified
as statistically significant in the voxelwise skeleton analyses (fully corrected for multiple comparisons across space).
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Figure4. Relationship between mRT in the congruent condition and diffusion characteristics. Left, Effects of mRT on diffusion characteristics, corrected for age and sex. The effects are corrected
for multiple comparisons across space by threshold-free cluster enhancement at p << 0.05. The results are smoothed to ease visualization of effects, and displayed on top of the WM skeleton (copper
on green skeleton, AD; green on red skeleton, MD). No effects for FA or AD survived correction. Right, Scatterplots used to illustrate the raw data (in contrast to the other statistical analyses, age and
sexare not used as covariates). The diffusion characteristics represent mean values across all voxels identified as statistically significant in the voxelwise skeleton analyses (fully corrected for multiple
comparisons across space).
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Table 2. Size and spatial extension of effects

Congruent Incongruent
Partial 3 (¢t score) % voxels Partial 3 (t score) % voxels
sdRT
FA —0.53(—9.53) 275 —0.44(—6.37) 5.6
AD 0.55(12.68) 26.2 0.46 (8.07) 13
RD 0.49 (9.21) 49.0 0.38 (5.64) 214
MD 0.45(9.31) 49.8 0.37(5.93) 24
mRT
FA 0.34 (4.93) 21
AD 0.35(4.43) 19
RD —031(—4.43) 0.6
MD 0.31(3.97) 0.6

Toillustrate the strength of the effects, multiple regression analyses were run. The partial 3s for sdRT are controlled
for age, sex, and mRT; the partial 3s for mRT are controlled for age and sex. The partial 3 statistics for the congruent
condition are based on diffusion values from each voxel where a significant relationship of at least p << 0.001 (un-
corrected) between the RT measure and diffusion was found in the whole-skeleton analyses. For the incongruent
condition, the effects were too weak to survive such a conservative threshold, so a threshold of p << 0.01 was chosen
to illustrate the effects. Based on the same reasoning, a threshold of 0.05 (corrected) was chosen for the mRT
analyses. % voxels denotes the percentage of the voxels in the skeleton that showed a significant relationship of at
least p = 0.05, fully corrected for multiple comparisons across space.

covering 17.8% (FA), 25.6% (AD), 43.7% (MD), and 41.8%
(RD) of the skeleton voxels. The relationship between sdRT and
WM diffusion characteristics increased through the age span,
yielding very different slopes for the oldest versus the youngest
part of the sample.

Analyses of the extreme end of the sdRT distribution

As seen from the scatterplots in Figure 3, some heteroscedasticity
may exist in the IIV-WM diffusion models. To investigate the
extreme end of the sdRT distribution further, we chose the 5% of
the participants with the highest values (>92 ms) and compared
these with the rest of the sample on age, sex, education, MMSE
score, and full-scale IQ. Significant relationships between ITV and
mean DTI values from voxels within effect sites (all voxels with
p < 0.001; Table 2) were seen in both groups (age, sex, and mRT
as covariates), although they were substantially higher in the ex-
treme group compared with the rest (FA: partial B = —1.05 vs
—0.36; MD: partial B = 0.91 vs 0.24; AD: partial 8 = 0.83 vs 0.32;
RD: partial B = 1.00vs 0.27, all ps < 0.05). The groups differed in
age (extreme scorers 65.5 years vs normal scorers 47.7 years;
Mann-Whitney U test: z = 3.90, p < 10 ~*), but not on any other
of the tested variables (sex, education, MMSE score, and full-scale
IQ). This confirms the results of the age-interaction analyses,
where the relationships between IIV and DTI indices increase
with age.

Relationships between mRT and sdRT from the incongruent
condition and DTI parameters

Figure 7 shows the relationships between sdRT from the congru-
ent condition and the different DTI parameters as color-coded
overlays in the horizontal plane; scatterplots are shown in Figure
9. The results for mRT are shown in Figure 8.

Similar to the congruent condition, sdRT was negatively re-
lated to FA and positively to the other diffusion parameters, with
no reverse relationships observed. Also in accordance with the
results from the congruent condition, RD and MD showed the
effects with the largest spatial extent. The spatial extent of
the relationships were substantially smaller compared with the
congruent condition, but >20% of the skeleton voxels were still
significantly related to sdRT for both RD and MD. To directly
compare the distribution of effects along the posterior-to-
anterior axis across conditions, demeaned f scores were plotted as
afunction of MNI y-coordinates; results are shown in Figure 5. As
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evident from this figure, the distribution of effect along the lon-
gitudinal axis did not differ much across conditions. For FA, a
somewhat more anterior distribution of effects in the incongru-
ent compared with the congruent condition was seen, corre-
sponding to the results presented in Figure 7. For MD, this
pattern was reversed. No formal statistical tests were performed
to decide whether these minor differences were statistically
significant.

For mRT, the results in the incongruent condition were less
clear. In the TBSS analyses, a positive relationship between FA
and mRT was found in parts of the right WM in relatively inferior
areas spanning 2.1% of the skeleton voxels. However, when the
correlation was recomputed without controlling for age and sex,
a weak and not significant relationship was observed (Fig. 8).
Thus, the positive relationship was only seen when strong statis-
tical control for age and sex was imposed on the data. The same
pattern of inconsistencies was observed for RD, where a negative
relationship was seen in TBSS. Like FA, the relationship vanished
when age and sex were not used as covariates. These changes in
direction of the relationships as a function of covariates render
the mRT results in the incongruent condition hard to interpret.

Discussion

IIV was related to WM microstructure in large portions of the
brain. Interestingly, the relationships were weaker and less con-
sistent for speed of processing. Thus, measures of performance
variability could be an at least as relevant a cognitive correlate of
individual differences in WM integrity as information processing
speed per se. Substantial research has focused on mapping the
relationship between WM characteristics and speed of process-
ing, and the factors that mediate this relationship. However,
many cognitive tasks suitable for measuring processing speed can
also be used to obtain measures of intraindividual performance
variability. The present results suggest that performance variabil-
ity represents an important supplement to understand the cog-
nitive correlates of WM characteristics.

WM characteristics and information processing speed

Due to the spatial distribution of highly specialized brain areas
(Glascher et al., 2010) and that the main function of the myelin
sheet is to isolate the axons, thereby facilitating conduction of
action potentials over long distances, individual differences in
WM structure are expected to affect cognitive performance, e.g.,
processing speed (O’Sullivan et al., 2001; Madden et al., 2004,
2009; Schulte et al., 2005; Deary et al., 2006; Grieve et al., 2007;
Bucur et al., 2008; Correia et al., 2008; Turken et al., 2008; Ken-
nedy and Raz, 2009; Vernoojj et al., 2009). The present results
confirm a relationship between mRT from the congruent condi-
tion and DTI parameters, in that significant effects were seen for
AD and MD in the genu and middle sections (body) of the corpus
callosum, and in the left anterior thalamic radiation and forceps
minor for AD. Several studies report that various measures of
information processing speed are related to microstructural
characteristics of WM in the genu of corpus callosum (Bucur et
al., 2008; Madden et al., 2009), in agreement with the present
results from the congruent condition. However, the anatomical
locations and which DTI parameter shows the strongest effects
vary between studies, likely partly due to different cognitive tasks.
This was evident in the present study, where the relationship
between mRT and DTI was less clear in the incongruent con-
dition. Positive relationships for FA and negative for RD were
observed, but the direction changed when age and sex were not
included in the model. These results demonstrate that variations in
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possibly due to weakened functional con-
nectivity (Garrett et al., 2011). The au-
thors argued that greater BOLD
variability represents a greater ability to
transition between brain states. It can be
speculated that lower structural connec-
tivity yields lower functional connectivity,
causing a less sophisticated and less com-
plex neural system, lower brain functional
variability (i.e., BOLD), and ultimately
higher behavioral variability (sdRT).

An intriguing hypothesis is that the
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RD

WM correlates of individual differences
in cognitive functions change with age
(Madden et al., 2004). In the present
study, a clear age interaction was ob-
served for all DTI parameters, where the
relationship between IIV and WM mi-
crostructure increased with age. Weak
relationships existed in the youngest
half of the sample (<52 years), in con-
trast to stronger relationships in the
oldest part (=52 years). One interpreta-
tion of this finding is that increased IIV
is a result of decreases in WM integrity,
and that this relationship will be ob-
served mainly in groups of participants
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Incongruent
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Figure 5.

gradient can be seen between conditions.

the specific task used can substantially affect the results. More
research is needed before we understand which areas of the WM
can be singled out, which DTI parameters are the most rele-
vant, and which factors impact the relationships with speed.

WM characteristics and IIV

Increased performance variability could be an equally likely con-
sequence of lower WM integrity as slower processing speed, per
se. WM changes, including volumetric decline, demyelination,
hyperintensities, and FA, have been related to increased perfor-
mance variability in previous studies (Britton et al., 1991; Anstey
et al., 2007; Bunce et al., 2007; Walhovd and Fjell, 2007; Ullén et
al., 2008; Moy et al., 2011). A recent DTI study yielded inconclu-
sive results in that FA, but not other diffusion parameters, corre-
lated with ITV (Moy et al., 2011). However, mean RT was not
controlled for, and thus it is uncertain whether the effect could be
explained by increased IIV as a function of increased RT. The
present study establishes that relationships exist between all
indices of microstructure across the WM and performance vari-
ability in a large sample of healthy individuals, that the relation-
ship exists independently of processing speed, and that it
increases with increasing age, but that the cognitive task used
affects the results substantially.

The IIV-WM relationships support the theory that WM
structural disconnectivity causes increased neural noise and per-
formance variability (MacDonald et al., 2009). A recent study
argued that increased variability in aging at the behavioral level
may be caused by decreased variability in the BOLD response,

MNI y-coordinates

Posterior-to-anterior effects. Mean ¢ value in the skeleton at each integer MNI y-coordinate was calculated and fitted
by locally weighted scatterplot smoothing. As can be seen from the locally weighted scatterplot smoothing curves, the effects are
relatively similarly distributed in the posterior and anterior parts of the brain, and no clear difference in the posterior to anterior

where WM changes are observed. Thus,
in young participants with high levels of
WM integrity, weak relationships are
observed, while in elderly participants,
where individual differences in WM mi-
crostructural changes and sdRT may be
larger, a relationship will emerge. In a
previous study with an overlapping sample
of participants, we observed an increased estimated rate of change in
DTI parameters after 50—60 years of age (Westlye et al., 2010). This
means that the average participant in the oldest part of the sample is
more likely to experience WM microstructural changes at a rapid
pace than the average participant in the youngest part. It is possible
that such a mechanism is responsible for the increased IIV-WM
relationships with higher age, but this needs to be tested directly with
longitudinal data.

Effects of cognitive demand

Several studies indicate that IIV depends on factors such as
task, practice (Allaire and Marsiske, 2005), and timescale (Li et
al., 2004; Schmiedek et al., 2009). The inclusion of two condi-
tions yielded the opportunity to test whether the results varied
with degree of cognitive demands. The general tendencies
were replicated, with robust relationships between IIV and
WM diffusion across both conditions. However, the results
were anatomically much more widespread in the congruent
condition, affecting a higher percentage of the voxels. Thus,
the cognitive task used to calculate ITV influenced the results,
even though the main pattern of effects was similar. We spec-
ulated that higher attentional demands, including the more
inhibitory processing required in the incongruent condition,
could yield a relatively more anterior pattern of effects relative
to the less demanding congruent condition. Although not for-
mally statistically tested, the t value gradient plots in Figure 5
indicate no clear posterior—anterior difference in effects across
conditions.
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Figure6.  Ageinteractions. Left, Voxels showing a significant age X sdRT interaction on diffusion characteristics are displayed (age, sex, mRT, and sdRT were used as covariates). The effects are
corrected for multiple comparisons across space by threshold-free cluster enhancement at p << 0.05. The results are smoothed to ease visualization of effects, and displayed on top of the WM skeleton
(red on green skeleton, FA; copper on green skeleton, AD; blue on green skeleton, RD; green on red skeleton, MD). Right, Scatterplots illustrating the relationship between sdRT and diffusion
characteristics across all voxels showing a significant relationship between sdRT and diffusion (Fig. 2). As can be seen, weak relationships exist in the youngest half of the sample (age, <<52 years),
while stronger relationships are seen in the oldest half (age, =52 years).
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Figure 7.  Effects of sdRT in the incongruent condition on diffusion characteristics. Effects of IIV from the incongruent condition on diffusion characteristics, corrected for age, sex, and mRT,
corrected for multiple comparisons across space at p << 0.05. The results are smoothed to ease visualization of effects, and displayed on top of the WM skeleton (red on green skeleton, FA; copper
on green skeleton, AD; blue on green skeleton, RD; green on red skeleton, MD). FA was negatively correlated with sdRT; the other diffusion measures were positively related.
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Figure8. Relationship between mRTin the incongruent condition and diffusion characteristics. Left, Effects of mRT on diffusion characteristics, corrected for age and sex. The effects are corrected
for multiple comparisons across space by threshold-free cluster enhancement at p << 0.05. The results are smoothed to ease visualization of effects, and displayed on top of the WM skeleton (red on
green skeleton, FA; blue on green skeleton, RD). No effects for AD and MD survived correction. Right, Scatterplots used to illustrate the raw data (in contrast to the other statistical analyses, age and
sex were not used as covariates). The diffusion characteristics represent mean values across all voxels identified as statistically significant in the voxelwise skeleton analyses (fully corrected for
multiple comparisons across space). Note that a positive relationship between FA and mRT, and a negative relationship between RD and mRT, is seen when the influence of age and sex are regressed

out from mRT.
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Figure9. Scatterplots of sdRTin the incongruent condition and diffusion characteristics. Scatterplots illustrate the raw data, and thus age, sex, and mRT were not used as covariates, in contrast
to the other statistical analyses. Four outliers were excluded from the analyses (sdRT = 3 SD from the mean). The diffusion characteristics represent mean values across all voxels identified as
statistically significant in the voxelwise skeleton analyses (fully corrected for multiple comparisons across space).

Neurobiological underpinnings

DTI provides sensitive, but not very specific, indices of WM in-
tegrity. Four different DTI parameters were included, on the as-
sumption that even though these are partly interdependent, they
may yield complementary information. Axonal membranes are

likely to be the primary determinant of FA, while myelin can
modulate the degree of anisotropy in a given area of interest
(Beaulieu, 2009). A recent histopathological study of temporal
lobe epilepsy patients found axon membrane circumference to be
most closely related to FA, with a high correlation observed also
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for axonal packing (Concha et al., 2010). Animal studies show
that neurobiological events affect the diffusion parameters differ-
ently. In a classic series of studies, Song and colleagues showed
that incomplete myelination increased RD but not AD (Song et
al., 2002), while AD was more sensitive to axonal degeneration
(Song et al., 2003). Still, myelin is not necessary to cause aniso-
tropic diffusion, as evident in the brains of newborns. These con-
tain little myelin but still show 54% of adult FA (Provenzale et al.,
2007). The nonmyelinated olfactory nerve of the garfish has
higher anisotropy than the myelinated trigeminal and optical
nerves, possibly related to the smaller axonal diameter in the
former (Beaulieu, 2002). Also, lesions affect AD differently over
time (Concha et al., 2006). We found most widespread DTI-IIV
relationships for MD and RD. While low AD in the mouse model
described above (Song et al., 2002) was associated with axonal
injury, AD correlated positively with IIV. Studies have shown AD
increases in normal aging and Alzheimer’s disease (Agosta et al.,
2011; Madden et al., 2011). Positive relationships between AD
and IIV explain why FA was less strongly related to IIV than MD
or RD. Thus, the neurobiological characteristics more specifically
related to FA may be less specific characteristics for IIV than
degree of diffusivity along and across the principal axis of the
diffusion tensor. The combination of effects on the different DTI
parameters in the same voxels has also been used to draw specific
inferences about the neurobiological foundations (Burzynska et
al., 2010).

Conclusion

Relationships between performance variability and WM micro-
structure were found, indicating that cognitive variability may be
atleast as a relevant correlate of changes in WM microstructure as
general processing speed per se. Further, the associations were
found to increase with age, indicating that aging-related degen-
erative processes modulate the associations between IIV and WM
microstructure. A limitation is that IIV may correlate with WM
integrity due to shared variance with other brain correlates. This
will be important to disentangle in future studies.
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