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Becoming Consistent: Developmental Reductions in
Intraindividual Variability in Reaction Time Are Related to
White Matter Integrity
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Cognitive development is known to involve improvements in accuracy, capacity, and processing speed. Less is known about the role of
performance consistency, and there has been virtually no empirical examination of the neural underpinnings of within-person variability
in development. In a sample of 92 healthy children and adolescents aged 8 –19 years, we aimed to characterize age-related changes in
trial-to-trial intraindividual variability (IIV) of reaction time (RT) and to test whether IIV is related to white matter (WM) integrity as
indexed by diffusion tensor imaging. IIV was quantified as the SD of correct RTs in a speeded arrow flanker task, and Tract-Based Spatial
Statistics was used to test relationships with diffusion characteristics. Large age-related reductions in IIV in both simple congruent trials
and more complex incongruent trials were found. Independently of sex, age, and median RT (mRT), lower IIV was associated with higher
fractional anisotropy and lower overall diffusivity. Effects were seen for IIV in one or both trial types in the corticospinal tract, the left
superior longitudinal fasciculus, the uncinate fasciculus, the forceps minor, and in the genu and splenium of the corpus callosum. There
were no significant associations between mRT and any of the diffusion indices. The findings support the proposition that developmental
reductions in IIV reflect maturation of WM connectivity and highlight the importance of considering within-person variability in theories
of cognitive development and its neurobiological foundation.

Introduction
Investigations of the neural mechanisms underlying behavioral
change are fundamental to the understanding of cognitive devel-
opment in childhood and adolescence. Cognitive development is
typically described in terms of improvements in accuracy, capac-
ity, or processing speed and is operationalized as mean level of
performance across multiple measurements (e.g., Waber et al.,
2007). Less is known about the role of within-person variability in
development. Within persons, variability has been operationalized
in two ways: across tasks, referred to as intraindividual differences or
dispersion, and across trials or sessions of the same task, referred to as
intraindividual variability (IIV) or inconsistency (Hultsch et al.,
2002; Li et al., 2004a; MacDonald et al., 2009).

The preponderance of data on within-person variability
concerns IIV of reaction time (RT) in older adults, with stud-
ies showing age-related increases in performance variability
and concomitant impairments in various cognitive functions
(Lindenberger and von Oertzen, 2006; MacDonald et al.,

2009). IIV across the life span is characterized by a U-shaped
function, such that childhood and senescence are associated
with stronger inconsistency (Li et al., 2009, 2004b; Williams et al.,
2005, 2007). Whereas differences in processing speed have been
theorized to underlie many of the cognitive differences between
children and adults (Fry and Hale, 1996), studies focused on
developmental IIV changes are lacking.

A growing number of studies link IIV to structural brain char-
acteristics in adults, and a key role of white matter (WM) altera-
tions in increased IIV in aging is suggested (Anstey et al., 2007;
Bunce et al., 2007; Walhovd and Fjell, 2007; Ullen et al., 2008).
Importantly, two recent diffusion tensor imaging (DTI) studies
(Fjell et al., 2011; Moy et al., 2011) found relationships between
performance variability and the quality of WM and that the
strength of these associations increased in older adults. DTI is a
neuroimaging technique that is sensitive to the self-diffusion of
water molecules and provides quantitative measures of WM mi-
crostructural integrity and connectivity (Basser and Jones, 2002;
Beaulieu, 2002; Le Bihan, 2003). Various indices can be derived
from the estimated diffusion tensor, including fractional anisot-
ropy (FA), which indexes degree of net directionality in diffusion,
and mean diffusivity (MD), reflecting average magnitude of dif-
fusion. Additionally, diffusion along [axial diffusivity (AD)] and
across [radial diffusivity (RD)] the main axis of the diffusion
tensor can be estimated. Developmental changes in diffusion in-
dices have consistently been reported in the form of FA increases
and overall diffusivity decrease, with prolonged maturation of
association tracts compared with projection and commissural
tracts (Tamnes et al., 2010a; Westlye et al., 2010; Lebel and Beau-
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lieu, 2011). The developing brain facilitates and constrains the
potential for cognitive and behavioral plasticity, but there has
been virtually no examination of the neural underpinnings of
performance consistency in development.

The aims of the current study were to (1) characterize devel-
opmental changes in IIV in healthy children and adolescents and
(2) test the relationships between IIV and WM integrity in devel-
opment. We hypothesized that IIV would decrease along with
MD decrease and FA increase.

Materials and Methods
Participants. The sample was drawn from the first wave of an ongoing
longitudinal project at the Center for the Study of Human Cognition,
University of Oslo, called Neurocognitive Development (Østby et al.,
2009; Tamnes et al., 2010a). The study was approved by the Regional
Ethical Committee of South Norway. Children and adolescents were
recruited though newspaper ads and local schools. Written informed
consent was obtained from all participants older than 12 years of age and
from a parent of participants under 18 years of age. Oral informed con-
sent was given by participants under 12 years of age. Parents and partic-
ipants aged 16 –19 years were screened with separate standardized health
interviews to ascertain eligibility. Participants were required to be right
handed; be fluent Norwegian speakers; have normal or corrected-to-
normal vision and hearing; not have a history of injury or disease known
to affect CNS function, including neurological or psychiatric illness or
serious head trauma; not be under psychiatric treatment; not use psycho-
active drugs known to affect CNS functioning; not have had complicated
or premature birth; and not have magnetic resonance imaging (MRI)
contraindications. Additionally, all scans were evaluated by a neuroradi-
ologist and required to be deemed free of significant injuries or condi-
tions. One hundred fifteen participants satisfied these criteria. Seven
participants were excluded because of incomplete or inadequate quality
MRI data, and seven participants were excluded because of missing be-
havioral data. Nine subjects were excluded because of behavioral cri-
teria defined in the flanker task as described below. This yielded a final
sample of 92 participants (48 females) aged 8.3–19.7 years (mean,
14.3; SD, 3.4). The mean ages for females and males were14.3 years
(SD, 3.5) and 14.4 years (SD, 3.3), respectively, not significantly dif-
ferent. The mean IQ for the sample, as assessed by the Wechsler
Abbreviated Scale of Intelligence (WASI) (Wechsler, 1999), was 108.8
(SD, 9.9; range, 91–132).

Experimental task. We administered a speeded version of the flanker
task (Eriksen and Eriksen, 1974), similar to the task used by Debener et al.
(2005), Westlye et al. (2009), and Fjell et al. (2011). An illustration of the
task is shown in Figure 1. The stimuli were five white horizontal arrows of
length approximately 1°, pointing either to the left or to the right, dis-
played in a vertical stack approximately 2.5° high on a black background.
Participants were to respond as accurately and quickly as possible by
button presses indicating which direction the middle arrow was pointing.
Each trial consisted of the following stimuli. First, a fixation cross was
presented at the center of the screen for a random interval ranging be-
tween 1200 and 1800 ms. Then, the four horizontal flanker arrows were

presented for 80 ms above and below the screen center, before the middle
target arrow was presented for 60 ms along with the flanker arrows.
Finally, a black screen was presented for up to 1440 ms. The flanker
arrows were presented before the target to increase prepotent responding
and task difficulty. At the 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 pointing to the right. Based on the mean RT for the 20 first
consecutive trials, an individually adjusted RT criterion was set (mean
RT � 1.15). After every subsequent third trial with either RT exceeding
this criterion or omission of response, a feedback was presented on the
screen for 1 s instructing the participant to try to respond faster. This was
implemented to increase the demand to respond quickly and thus also
increase task difficulty.

There were two experimental task conditions, congruent and in-
congruent. In the congruent condition, the flanker arrows pointed in
the same direction as the target arrow. In the incongruent condition,
the flanker arrows pointed in the opposite direction of the target
arrow. The probability of an incongruent trial was 50% in a random-
ized fashion. The task included 416 trials with a short break halfway.
Before the experimental trials began, participants completed two practice
blocks of 12 trials each. In the first practice block, both the flankers and
the target arrow were presented for slightly longer intervals (150 and 90
ms, respectively), whereas in the second block, the intervals were the
same as in the experimental trials. The experimental procedure was ad-
ministered using E-prime software (Schneider et al., 2002), and re-
sponses were obtained on a PST Serial Response Box.

This and similar tasks have been shown to produce the well described
congruency effect, with a higher RT and lower accuracy in the incongru-
ent compared with the congruent condition (Eriksen and Eriksen, 1974).
The congruency effect probably reflects response conflict induced in the
incongruent condition (Botvinick et al., 2001). Responses to incongruent
stimuli reflect more complex cognitive processing, including inhibitory
processes, top-down controlled attention, and possibly different re-
sponse strategies, than the cognitively simpler responses to the congruent
stimuli. Data from the two conditions are therefore analyzed separately.

Behavioral exclusion criteria were used in the flanker task to exclude
participants with suboptimal motivation or task focus. First, no partici-
pants with �80% accuracy in the congruent trials were included. Second,
participants with a nonsignificant congruency effect on RT in correct
trials were excluded (independent sample t tests, incongruent RT � con-
gruent RT, p � 0.05). The first criterion led to the exclusion of eight
participants, and one more was excluded on the basis of the second
criterion. Six of the eight participants excluded because of the accu-
racy criterion would also have been excluded because of the RT crite-
rion alone. In summary, nine participants were excluded on the basis
of the behavioral criteria. All data reported are based on the remain-
ing 92 participants.

RT was recorded from each of the 416 trials. For statistical analyses, we
excluded the 10 trials with the fastest and the slowest RTs for each par-
ticipant. This was done as it is difficult to decide whether extreme re-
sponses represent variations in cognitive processes, or whether they
result from random noise caused by factors such as the participant miss-

Figure 1. Schematic illustration of the flanker task.
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ing the button, having a single lapse of attention during the course of the
task, etc. Excluding the extreme ends of the RT distribution is a simple
way of reducing the possibility that such noise contaminates the data,
without biasing the results in either direction. Furthermore, trials follow-
ing an error response were excluded, because of the phenomenon of
posterror slowing possibly affecting the results. For the resulting correct
trials, median RT (mRT) and the SD of the RT (sdRT) were calculated
and used as the main measures of interest. mRT was used instead of mean
because RT generally does not follow strict normal distribution but has a
thicker tail of slow compared with fast
responses.

DTI acquisition. Imaging data were collected
using a 12-channel head coil on a 1.5 T Siemens
Avanto scanner (Siemens Medical Solutions).
The pulse sequence used for diffusion-
weighted imaging was a single-shot, twice-
refocused spin echo echoplanar imaging pulse
sequence with 30 diffusion-sensitized gradient
directions and the following parameters: repe-
tition time/echo time, 8200 ms/82 ms; b value,
700 s/mm 2; voxel size, 2.0 � 2.0 � 2.0 mm; 64
axial slices. This sequence is optimized to min-
imize eddy current-induced image distortions
(Reese et al., 2003). The sequence was repeated
in two successive runs with 10 b � 0 and 30
diffusion-weighted images collected per acqui-
sition. The total scanning time was 11 min,
21 s. The two acquisitions were combined dur-
ing postprocessing to increase the signal-to-
noise ratio. All acquisitions were visually
inspected for imaging artifacts (e.g., attribut-
able to subject motion, susceptibility artifacts,
etc.).

DTI analysis. Image analyses and tensor calcula-
tions were done using FSL (www.fmrib.ox.ac.uk/
fsl/index.html) (Smith et al., 2004; Woolrich et al.,
2009). First, each DTI volume was affine registered
to the T2-weighted b � 0 volume using FLIRT
(FMRIB’s Linear Image Registration Tool) (Jen-
kinson and Smith, 2001). This corrected for
motion between scans and residual
eddy– current distortions present in the
diffusion-weighted images. To preserve the
orientation information after motion correc-
tion, we reoriented each volume’s B matrix by
applying the corresponding transformational matrix from the motion-
correction procedure. After removal of nonbrain tissue (Smith, 2002), least-
square fits were performed to estimate the FA, eigenvector, and eigenvalue
maps. MD was defined as the mean of all three eigenvalues [(�1 � �2

� �3)/3], AD as the principal diffusion eigenvalue (�1), and RD as the
mean of the second and third eigenvalues [(�2 � �3)/2].

Next, all individuals’ FA volumes were skeletonized and transformed
into a common space as used in Tract-Based Spatial Statistics (Smith et
al., 2006, 2007). Briefly, all volumes were nonlinearly warped to the
FMRIB58_FA template supplied with FSL, by use of local deformation
procedures performed by FMRIB’s Non-Linear Image Registration Tool
(FNIRT) (www.fmrib.ox.ac.uk/fsl/fnirt/index.html), a nonlinear regis-
tration 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 20–50 years. All warped FA volumes were visually
inspected for accuracy, which is especially pertinent when analyzing datasets
with broad age ranges with relatively large interindividual variability in brain
size and architecture. We have previously shown that FNIRT performed the
native-to-standard warping adequately across age groups, including chil-
dren and adolescents (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 thresholded and bina-
rized the mean skeleton at FA �0.20 to reduce the likelihood of partial

voluming in the borders between tissue classes, yielding a mask of
133,704 WM voxels. Individual FA values were warped onto this mean
skeleton mask by searching perpendicular from the skeleton for maxi-
mum FA values. Using maximum FA values from the centers of the tracts
further minimizes confounding effects attributable to partial voluming
(Smith et al., 2006). The resulting tract invariant skeletons for each par-
ticipant were fed into voxelwise permutation-based cross-subject statis-
tics. Similar warping and analyses were used on MD, AD, and RD data
sampled from voxels with FA �0.20.

Last, binary masks based on probabilistic WM atlases (Wakana et al.,
2004; Mori et al., 2005; Hua et al., 2008) were created with a probability
threshold of 5%, chosen to accommodate interindividual variation in
WM architecture. Eight major WM tracts in each hemisphere [anterior
thalamic radiation (ATR), cingulum gyrus, cingulum hippocampus
gyrus, corticospinal tract (CST), inferior fronto-occipital fasciculus, in-
ferior longitudinal fasciculus, superior longitudinal fasciculus (SLF), un-
cinate fasciculus (UF)] and two commissural tracts (forceps minor,
forceps major) were chosen as regions of interest (ROIs), in addition to
three ROIs in the corpus callosum (CC; genu, body, splenium). Voxels
intersecting both the FA skeleton and the ROIs were used for tract-wise
analyses.

Statistical analyses. Several approaches exist for calculating intraindi-
vidual trial-to-trial variability, including intraindividual SD and intrain-
dividual coefficient of variation (SD/M) (Lövden et al., 2007). In the
present study, sdRT based on correct congruent and correct incongruent

Figure 2. Scatterplots of mRT and sdRT in congruent and incongruent trials against age. The correlation coefficients from the
partial correlations, controlling for the effects of sex, are shown.

Table 1. Task performance in speeded arrow flanker task

Congruent trials Incongruent trials

Mean SD Minimum Maximum Mean SD Minimum Maximum

Accuracy (%) 95.8 4.4 81.3 100 74.8 14.9 32.2 100
Includedcorrecttrials(n) 162.8 21.1 107 196 128.1 38.5 35 200
RTmeancorrecttrials(ms) 398.4 81.4 266.7 654.6 482.0 72.3 359.0 724.3
RTmediancorrecttrials(ms) 389.0 80.3 260 638 479.9 66.1 386 686
RT SD correct trials 77.0 28.1 29.5 151.4 66.8 29.3 27.2 152.3
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trials was used, as this allowed us to test the effects of IIV both with and
without covarying for mRT. Initial analyses of the behavioral data were
performed with descriptive statistics separately for the congruent and the
incongruent trials, and independent sample t tests were used to test for
possible sex differences in task performance. Next, analyses on the rela-
tionships between accuracy, mRT, sdRT, and intellectual ability scores
were done using partial correlations, controlling for the effects of sex and
age. Third, to test for relationships between task performance and age, we
performed partial correlations, controlling for the effects of sex. The
analyses on the relationships between sdRT and intellectual abilities and
age, respectively, were repeated while additionally controlling for the
effects of mRT.

Voxelwise DTI analyses were performed using nonparametric
permutation-based testing (Nichols and Holmes, 2002) as implemented
in Randomise in FSL. First, we tested for linear effects of mRT on FA,
MD, AD, and RD across the WM skeleton with general linear models
(GLM) while using sex and age as covariates. Second, we tested for effects
of sdRT on the four diffusion parameters while including sex, age, and
mRT as covariates. mRT was used as a covariate in the analyses of the
effects of sdRT because a correlation between mRT and sdRT is expected.
Threshold-free cluster enhancement (TFCE) (Smith and Nichols, 2009)
was used to avoid defining arbitrary cluster-forming thresholds and
smoothing levels. The data were tested against an empirical null distri-
bution generated by 10,000 permutations for each contrast, thus provid-
ing statistical maps fully corrected for multiple comparisons across space.
Corrected p � 0.05 was considered significant. To illustrate the strength
of the relationships between mRT and sdRT, respectively, and the diffu-
sion parameters, we performed partial correlations with averaged DTI
indices in ROIs described above. In the partial correlations with mRT, we
partialed out sex and age, whereas in the correlations with sdRT, sex, age,
and mRT were controlled for.

Results
Task performance
Descriptive statistics on task performance in the congruent and
incongruent conditions are shown in Table 1. For the RT mea-
sures, only correct responses were included. As expected, accu-
racy on incongruent trials was lower than on congruent trials,
and mean and median RT were longer (Table 1). This indicates
that the experimental paradigm yielded the expected effects for
the included participants. There was also a difference in sdRT in
the two conditions, with lower sdRT in incongruent trials. There
were no significant sex differences for any of the task perfor-
mance measures.

For the congruent trials, partial correlations with accuracy,
controlling for sex and age, showed a negative association for
sdRT (r � �0.40; p � 10�5) but no significant association for
mRT (r � 0.16; p � 0.135). For the incongruent trials, the reverse
was found, with no significant association for sdRT (r � �0.11;
p � 0.320) but a significant positive association for mRT (r �
0.58; p � 10�9). Partial correlations between mRT and sdRT,
controlling for the effects of sex and age, showed a strong positive
relationship for congruent trials (r � 0.63; p � 10�11) and a
moderate association for incongruent trials (r � 0.35; p � 10�4).

Relationships with intellectual abilities
To test for relationships between mRT and sdRT and general
cognitive function, we performed partial correlations with intel-
lectual abilities as indexed by the average of z-transformed raw
performance scores on the four WASI tests (vocabulary, similar-

Figure 3. Overview of effects of intraindividual variability on diffusion indices. IIV was quantified as sdRT for each participant and related to diffusion anisotropy (FA) and degree of diffusion (MD,
AD, RD). Sex, age, and mRT were used as covariates in the analyses. The results are corrected for multiple comparisons across space by TFCE at p � 0.05 and are shown in selected sagittal, coronal,
and horizontal views for both congruent and incongruent trials. The effects are thickened to ease visualization and are displayed on top of the green WM skeleton and the standard MNI152 T1
template. Copper, FA; blue, MD; red, AD; pink, RD. sdRT was negatively related to FA in both conditions; positively related to MD, AD, and RD in the congruent condition; and positively related to RD
in the incongruent condition. All images are shown in radiological convention.
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ities, matrix reasoning, block design), controlling for the effects
of sex and age. mRT showed no relationship with intellectual
abilities in the congruent (r � �0.04; p � 0.692) or the incon-
gruent (r � �0.02; p � 0.831) condition, whereas sdRT showed
a small nonsignificant negative association in both the congruent
(r � �0.14; p � 0.185) and the incongruent (r � �0.15; p �
0.158) conditions. Similar associations between sdRT and intel-
lectual abilities were observed when additionally controlling for
the effects of mRT (congruent trials: r � �0.15, p � 0.168; in-
congruent trials: r � �0.15, p � 0.156).

Relationships with age
The relationships between task performance and age were tested
by partial correlations, controlling for the effects of sex. The per-
centage of correct congruent trials was positively related to age
(r � 0.53; p � 10�8), whereas correct incongruent trials was not

(r � 0.06; p � 0.577). mRT showed strong negative relationships
with age in both the congruent (r � �0.63; p � 10�11) and the
incongruent (r � �0.66; p � 10�12) conditions. For sdRT, we
found even stronger negative associations with age in both the
congruent (r � �0.69; p � 10�14) and the incongruent (r �
�0.73; p � 10�16) conditions. Scatterplots of mRT and sdRT in
the two conditions by age are shown in Figure 2. When control-
ling for mRT in addition to sex, sdRT was still negatively corre-
lated with age in both the congruent (r � �0.41; p � 10�5) and
the incongruent (r � �0.52; p � 10�7) condition.

Relationships with DTI parameters
We tested for linear effects of mRT and sdRT, respectively, on
DTI indices on a voxel-by-voxel basis with GLMs. Sex and age
were included as covariates in all analyses, and mRT was included
as an additional covariate in all analyses involving sdRT. There

Figure 4. Effects of intraindividual variability on diffusion parameters in the congruent condition. Effects of sdRT in congruent trials on diffusion anisotropy (FA) and degree of diffusion (MD, AD,
RD) are shown slice by slice in the horizontal plane. Sex, age, and mRT were used as covariates, and the results are corrected for multiple comparisons across space. sdRT was negatively related to FA
and positively related to MD, AD, and RD. All images are shown in radiological convention.
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were no significant associations between mRT and FA, MD, AD,
or RD in either the congruent or the incongruent condition. In
contrast, lower sdRT was significantly associated with higher FA
in both conditions; lower MD, AD, and RD in the congruent
condition; and lower RD in the incongruent condition. An over-
view of the significant relationships between sdRT in both con-
ditions and the DTI parameters is shown in three views in Figure
3. The same results, slice by slice, in the horizontal plane for nine
slices for each DTI parameter are shown in Figures 4 and 5 for the
congruent and the incongruent conditions, respectively. The re-
sults are described in more detail below.

For the congruent trials, lower sdRT was associated with
higher FA and lower MD, AD, and RD. No significant effects were
observed in the opposite directions. For FA, significant associa-
tions were found in 1.98% (2649 of the total 133,704) of the WM
skeleton voxels. The areas of effects included central sections in
the left hemisphere around the CST and the SLF and a small
region around the right CST. Note, however, that the uncor-
rected results did not show evidence of strong asymmetry (see
also ROI analyses below). For MD, associations were found in
4.27% (5712 voxels) of the skeleton voxels, and the areas of effects
were more widespread, including mainly posterior sections in the
left hemisphere and anterior sections in the right hemisphere. For
AD, 5.18% (6922 voxels) of the skeleton voxels showed signifi-
cant associations with sdRT. The effects were located in frontal
sections in both hemispheres and in both frontal and posterior
sections in and extending from the CC. RD was associated with
sdRT in 0.37% (497 voxels) of the skeleton voxels in a central
section in the right hemisphere, mainly around the CST.

For the incongruent trials, lower sdRT was associated with
higher FA and lower RD. No significant effects were observed
on MD or AD or in the opposite directions on FA or RD. For
FA, associations were found in 4.38% (5854 voxels) of the WM
skeleton voxels. As for the congruent trials, the areas of effects
encompassed central sections around the CST and the SLF;

however, the significant effects in the incongruent trials were
bilateral. For RD, 1.75% (2341 voxels) of the skeleton voxels
showed significant associations with sdRT. The areas of effects
were thus more extensive than on RD for the congruent trials
and were mainly in central areas in the left hemisphere.

To illustrate the strength of the relationships between IIV and
WM integrity, we performed partial correlations between sdRT
and the mean DTI values in the ROIs, controlling for the effects of
sex, age, and mRT. The results are presented in Table 2. Briefly,
the strongest associations between sdRT and the tract-wise DTI
indices were seen for selected diffusion parameters in one or both
conditions bilaterally in the CST and the UF, in the left SLF, in
forceps minor, and in the genu and splenium of the CC. The
effect sizes of these associations were of small to moderate mag-
nitude. Scatterplots illustrating the raw data for selected areas are
presented in Figure 6 for the congruent trials and in Figure 7 for
the incongruent trials. For comparison purposes, we also per-
formed partial correlations between mRT and the mean DTI val-
ues in the ROIs, controlling for the effects of sex and age. The only
uncorrected significant association was found in the genu of the
CC, where mRT unexpectedly was positively related to FA in both
the congruent (r � 0.30; p � 0.004) and the incongruent (r �
0.23; p � 0.030) conditions and negatively related to RD in the
congruent (r � �0.26; p � 0.013) condition. Note, however, that
there were no significant effects of mRT on FA, MD, AD, or RD in
either condition in the voxelwise corrected analyses above.

Discussion
In the present study, we have characterized age-related reduc-
tions in within-person variability of response speed in children
and adolescents and have demonstrated significant relationships
between performance consistency and DTI indices of WM integ-
rity in development for the first time. The behavioral changes and
the relationships with WM integrity are discussed in more detail
below.

Figure 5. Effects of intraindividual variability on diffusion parameters in the incongruent condition. Effects of sdRT in incongruent trials on diffusion anisotropy (FA) and RD are shown slice by slice
in the horizontal plane. Sex, age, and mRT were used as covariates, and the effects are corrected for multiple comparisons across space. sdRT was negatively related to FA and positively related to
RD. All images are shown in radiological convention.
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Figure 6. Scatterplots of intraindividual variability in congruent trials and diffusion indices in selected regions. The scatterplots show sdRT in congruent trials against FA, MD, AD, and RD in
selected areas. The plots are used to illustrate the raw data, and thus sex, age, and mRT are not used as covariates, in contrast to the statistical analyses presented in Table 2. Fmin, Forceps minor.

Table 2. Partial correlations between sdRT and DTI parameters

Congruent trials Incongruent trials

FA MD AD RD FA MD AD RD

Anterior thalamic radiation L �0.09 0.03 0.03 0.02 �0.18 0.10 0.04 0.12
Anterior thalamic radiation R 0.02 0.02 0.11 �0.03 �0.07 0.05 0.06 0.04
Cingulum gyrus L 0.06 0.04 0.10 �0.01 0.05 0.01 0.04 �0.02
Cingulum gyrus R �0.03 0.09 0.07 0.08 �0.03 0.02 �0.01 0.03
Cingulum hippocampus gyrus L �0.04 0.09 0.07 0.09 0.04 0.04 0.07 0.01
Cingulum hippocampus gyrus R �0.00 �0.01 �0.01 �0.02 0.11 �0.11 �0.06 �0.13
Corticospinal tract L �0.26 0.17 0.03 0.21 �0.26 0.16 �0.02 0.21
Corticospinal tract R �0.23 0.11 0.01 0.16 �0.19 0.05 �0.06 0.12
Inferior fronto-occipital fasciculus L �0.12 0.17 0.13 0.16 �0.17 0.16 0.08 0.18
Inferior fronto-occipital fasciculus R �0.00 0.13 0.17 0.08 �0.04 0.09 0.09 0.08
Inferior longitudinal fasciculus L �0.19 0.15 0.07 0.18 �0.15 0.14 0.08 0.16
Inferior longitudinal fasciculus R �0.04 0.10 0.10 0.02 �0.01 0.04 0.04 0.03
Superior longitudinal fasciculus L �0.24 0.19 0.11 0.22 �0.16 0.16 0.11 0.17
Superior longitudinal fasciculus R �0.19 0.18 0.15 0.18 �0.15 0.14 0.10 0.16
Uncinate fasciculus L �0.10 0.19 0.17 0.16 �0.21 0.18 0.06 0.22
Uncinate fasciculus R �0.03 0.24 0.26 0.16 �0.12 0.20 0.16 0.19
Forceps minor �0.02 0.26 0.40 0.13 �0.09 0.21 0.25 0.15
Forceps major �0.04 0.03 0.02 0.03 �0.03 0.05 0.05 0.03
Corpus callosum genu �0.01 0.24 0.36 0.08 �0.06 0.17 0.20 0.09
Corpus callosum body �0.01 0.12 0.16 0.06 �0.08 0.11 0.07 0.10
Corpus callosum splenium �0.15 0.21 0.16 0.18 �0.10 0.10 0.07 0.10

Tracts and regions were defined by probabilistic atlases in FSL. The effects of sex, age, and mRT were controlled for. Uncorrected significant ( p � 0.05) correlations are in bold. L, Left; R, right.
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Large developmental reductions in IIV of correct RTs were
found, in agreement with previous life-span studies (Li et al., 2004b;
Williams et al., 2005). The developmental reduction of IIV was es-
tablished independently of age-related differences in response speed
and for both simple congruent trials and more complex incongruent
trials. Increased IIV has been shown to characterize performance of
older adults and populations with various conditions, including
traumatic brain injury, dementia, and schizophrenia (MacDon-
ald et al., 2006). Furthermore, increased IIV may reflect core
neuronal deficiencies in children with attention-deficit hyperac-
tivity disorder (Castellanos and Tannock, 2002; Bellgrove et al.,
2005; Aase et al., 2006), but few studies have focused on develop-
mental differences per se. Notably, we found larger age-related
reductions for response speed variability than for average re-
sponse speed, indicating that IIV could be a sensitive behavioral
marker of cognitive development. However, sdRT showed small
nonsignificant associations with general intellectual abilities,
whereas no associations were found between mRT and intellec-
tual abilities.

Research on the cognitive origins of
IIV remains sparse, although several can-
didate mechanisms have been postulated
to account for increased IIV in aging, in-
cluding momentary lapses of attention
and failures to maintain executive control
(Bunce et al., 1993; MacDonald et al.,
2009; West et al., 2002). It is, however,
likely that the large IIV in children and
older adults reflects at least partly differ-
ent mechanisms (Fjell et al., 2007). Brewer
and Smith (1989) postulated that in-
creased ability to monitor and regulate
speed-accuracy tradeoffs in RT tasks
causes the reductions in RT seen during
development and that the poorer regula-
tion in children causes larger IIV. Inter-
estingly, in a recent study of 7 and 9 year
olds, less variable error RTs was related
to stronger amplitude of the error-
related negativity, an electrophysiologi-
cal marker of performance monitoring
(Richardson et al., 2011). A number of
cognitive processes could, however, un-
derlie the developmental changes in IIV,
and it is less likely that IIV reflects one
unitary cognitive mechanism. Rather,
cognitive variability may reflect differ-
ent antecedents depending on task,
practice (Allaire and Marsiske, 2005),
and time scale (Li et al., 2004a; Schmie-
dek et al., 2009). Additional studies with
more complex designs, and including
other behavioral measures, are required
to separate different possible cognitive
mechanisms underlying IIV and to di-
rectly test the relationships between de-
velopmental reductions in IIV and
improvements in specific cognitive
functions.

Despite its theoretical significance,
there have, to date, been a limited number
of studies relating within-person variabil-
ity to brain characteristics and no such

studies on children or adolescents. Independently of age and av-
erage speed of responding, we found that lower IIV was associ-
ated with higher FA in both task conditions; lower MD, AD, and
RD in the congruent trials; and lower RD in the incongruent
trials. It is reasonable to hypothesize that such age-independent
associations are at least partly mediated by developmental vari-
ability, i.e., variability among children of similar age in the phase
of WM maturation (Jernigan et al., 2011). Thus, children with
more mature WM will, in general, exhibit lower degrees of per-
formance variability. From childhood to adult age, the brain un-
dergoes dynamic structural changes (Giedd and Rapoport, 2010).
FA increases and overall diffusivity decreases indicate maturation
of WM integrity (Bava et al., 2010; Giorgio et al., 2010; Lebel and
Beaulieu, 2011) and are believed to be related to developmental
changes in myelin content, axon caliber and/or neurite density,
and changes in gross fiber organization (Paus, 2010). There is
evidence that DTI provides promising WM microstructural phe-
notypes related to cognitive development (Olson et al., 2009;
Tsang et al., 2009; Johansen-Berg, 2010; Madsen et al., 2010;

Figure 7. Scatterplots of intraindividual variability in incongruent trials and diffusion indices in selected regions. The scatter-
plots show sdRT in incongruent trials against FA, MD, AD, and RD in selected areas. The plots are used to illustrate the raw data, and
thus sex, age, and mRT are not used as covariates (see Table 2 for partial correlation coefficients). Fmin, Forceps minor.
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Tamnes et al., 2010b). The present results provide novel evidence
that DTI indices are related to performance consistency in devel-
opment and support the proposition that developmental reduc-
tions in within-person performance variability reflect
maturation of WM connectivity.

Neuropsychological studies on patients with focal lesions
(Stuss et al., 2003) and dementia (Murtha et al., 2002) have sug-
gested an association between within-person variability and fron-
tal brain structures. The frontal lobe hypothesis has also been
partly supported by a functional MRI study that found an asso-
ciation between IIV and task-related brain activation within a
network consisting of middle frontal, inferior parietal, and tha-
lamic regions (Bellgrove et al., 2004). An association between IIV
and frontal WM integrity could be expected in adolescence, as
regional differences observed in developmental curves indicate a
pattern of maturation in which fronto-temporal networks show a
relatively protracted development (Tamnes et al., 2010a; Colby et
al., 2011; Lebel and Beaulieu, 2011). However, as discussed be-
low, the majority of effects found in the current study were in
central brain regions.

To our knowledge, six structural imaging studies have in-
vestigated the neuroanatomical correlates of IIV in adults.
Anstey et al. (2007) found a negative association between CC
area and IIV in individuals with mild cognitive disorders but
minimal associations in healthy aging individuals. However,
Bunce et al. (2007) found that IIV was associated with frontal
lobe WM hyperintensities in healthy older adults. Further-
more, negative relationships between IIV and total WM vol-
ume (Walhovd and Fjell, 2007) and WM volume in frontal,
parietal, and temporal regions (Ullen et al., 2008) have been
reported. Recently, Moy et al. (2011) tested for associations with
both gray matter density and WM integrity in 61 adults aged
22– 88 years. Only FA showed an age-independent relationship
with IIV, with negative relationships in the splenium of the CC
and in the left inferior fronto-occipital fasciculus. Fjell et al.
(2011) reported robust age-independent relationships between
IIV and all tested DTI indices in 270 subjects aged 20 – 83 years.
Importantly, the two latter studies indicate that the associations
between IIV and WM characteristics in adults are not restricted
to the frontal lobes.

In the current study, the spatial distribution of effects was
substantially smaller than in the study by Fjell et al. (2011), pos-
sibly because of lower statistical power and more variance ex-
plained by age. Nonetheless, the associations between IIV and
diffusion parameters were not predominantly in frontal regions
but in central sections, including the CST and both the genu and
splenium of the CC. The CST is a descending pathway mainly
from the precentral motor cortex into the brain stem, whereas CC
is the main interhemispheric pathway. However, effects were also
seen in forceps minor, bilaterally in the UF and in the left SLF, all
pathways with frontal connections.

We found no significant age-independent relationships be-
tween response speed (mRT) and DTI indices. In a recent study
including children aged 7–13, faster choice RT was associated
with lower MD within the CST and neostriatum (Madsen et al.,
2011). One reason for this discrepancy is likely that we, in the
present study, included age as a covariate and that mRT and age
were highly correlated, suggesting a common effect of age. In
addition, the results may be affected by a number of factors,
including different tasks and that the current study covered a
wider age range and performed voxelwise analyses using a more
conservative statistical threshold. Fjell et al. (2011) reported DTI
relationships with response speed in congruent trials only with

MD and AD in the genu and body of the CC and with AD in the
left ATR and forceps minor. In agreement with Fjell et al. (2011),
the present results indicate that WM integrity is related stronger
to response speed variability than to average response speed.

The neural mechanisms of IIV reductions in development are
likely complex and multifaceted. Brain function variability, in-
dexed by single-trial electroencephalographic signal variability,
has been found to increase with maturation and to be negatively
correlated with behavioral variability (McIntosh et al., 2008). A
negative relationship between behavioral variability and blood
oxygen level-dependent signal variability was also recently re-
ported (Garrett et al., 2011). It can be speculated that the emer-
gence and shaping of structural brain connections during
development allows for more integrated, distributed, and thus
more variable brain responses, which at the behavioral level may
manifest as increased RT consistency. A number of factors influ-
ence DTI indices (Beaulieu, 2009), and the relative roles of these
factors are possibly age dependent. Importantly, DTI parameters
are sensitive to general diffusion patterns and are not selective
markers of specific neurobiological properties. Biological inter-
pretations of DTI associations are thus challenging and should be
done with caution.

In conclusion, we found large developmental reductions in
trial-to-trial variability of RT in children and adolescents, and
that level of performance consistency is associated with DTI in-
dices of WM integrity in development. The results indicate that
reduced performance variability partly reflects maturation of
WM connectivity. The findings highlight the importance of con-
sidering within-person variability in theories of cognitive devel-
opment and its neurobiological basis.
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