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Abstract: Sustained attention develops during childhood and has been linked to the right fronto-parie-
tal cortices in functional imaging studies; however, less is known about its relation to white matter
(WM) characteristics. Here we investigated whether the microstructure of the WM underlying and
connecting the right fronto-parietal cortices was associated with sustained attention performance in a
group of 76 typically developing children aged 7–13 years. Sustained attention was assessed using a
rapid visual information processing paradigm. The two behavioral measures of interest were the
sensitivity index d0 and the coefficient of variation in reaction times (RTCV). Diffusion-weighted
imaging was performed. Mean fractional anisotropy (FA) was extracted from the WM underlying
right dorsolateral prefrontal (DLPFC) and parietal cortex (PC), and the right superior longitudinal
fasciculus (SLF), as well as equivalent anatomical regions-of-interest (ROIs) in the left hemisphere and
mean global WM FA. When analyzed collectively, right hemisphere ROIs FA was significantly associ-
ated with d0 independently of age. Follow-up analyses revealed that only FA of right SLF and the
superior part of the right PC contributed significantly to this association. RTCV was significantly
associated with right superior PC FA, but not with right SLF FA. Observed associations remained
significant after controlling for FA of equivalent left hemisphere ROIs or global mean FA. In
conclusion, better sustained attention performance was associated with higher FA of WM in regions
connecting right frontal and parietal cortices. Further studies are needed to clarify to which extent
these associations are driven by maturational processes, stable characteristics and/or experience. Hum
Brain Mapp 00:000–000, 2012. VC 2012 Wiley-Periodicals, Inc.
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INTRODUCTION

Sustained attention is the endogenous controlled
capacity to actively detect, select, and respond to relevant
stimuli over prolonged periods of time. The ability to
focus one’s attention is an important cognitive function for
everyday life, both by itself and as a modulator or even a
prerequisite of higher cognitive functions such as learning
or memory [Cowan, 1995; Sarter et al., 2001; Sturm et al.,
1997]. Measures of sustained attention have been shown to
improve rapidly during the early school-age years and
only modestly after the age of 12 [Betts et al., 2006; Lin
et al., 1999]. Most studies of sustained attention in children
and adolescents have been conducted in clinical samples.
Poor sustained attention performance has been associated
with several neuropsychiatric disorders with a develop-
mental origin, such as attention deficit hyperactivity disor-
der (ADHD) [Epstein et al., 1998, 2003; Stins et al., 2005]
and schizophrenia [Cattapan-Ludewig et al., 2005; Hilti
et al., 2010; Kurtz et al., 2001]. Sustained attention has
been extensively investigated in functional and structural
imaging studies of adults, but studies in typically develop-
ing children and adolescents of sustained attention and its
developmental trajectory are sparse (see below). However,
such studies are pivotal in elucidating the neurobiological
underpinnings of the developmental aspects of sustained
attention in humans, and ultimately may contribute to
optimizing the diagnosis and treatment of attentional
problems. The present study aimed to examine how indi-
vidual differences in sustained attention performance may
be reflected in individual differences in microstructural
characteristics of white matter (WM).

The majority of studies investigating neural correlates of
sustained attention have used positron emission tomogra-
phy (PET) or functional magnetic resonance imaging
(fMRI), while a few recent studies also employed arterial
spin labelling [Demeter et al., 2011; Kim et al., 2006; Lim
et al., 2010]. A mostly right-lateralized network in the
fronto-parietal cortices has consistently been implicated in
studies of healthy adults both across different sensory
modalities [Cabeza and Nyberg, 2000; Cohen et al., 1988;
Coull, 1998; Lim et al., 2010; Paus et al., 1997] and across
different behavioral paradigms [Cabeza and Nyberg, 2000;
Cohen et al., 1988; Coull et al., 1996; Ogg et al., 2008; Paus
et al., 1997]. However, the extent and exact location of the
activations within the fronto-parietal regions varies to
some degree. In the frontal region activations centre
around the middle frontal gyrus/dorsolateral prefrontal
cortex (DLPFC) [Demeter et al., 2011; Kim et al., 2006; Lim
et al., 2010; Pardo et al., 1991; Paus et al., 1997; Perin et al.,
2010; Sturm et al., 1999], but some studies also showed
larger activations spreading to either the inferior or the
superior frontal gyrus [Coull et al., 1996; Lawrence et al.,
2002, 2003; Lim et al., 2010; Ogg et al., 2008]. In the parie-
tal region, significant activations have been observed in
the inferior parietal cortex (PC) [Lim et al., 2010; Ogg
et al., 2008; Paus et al., 1997; Sturm et al., 1999], the supe-

rior PC [Coull et al., 1996], or both inferior and superior
PC [Lawrence et al., 2002, 2003; Perin et al., 2010]. Gener-
ally, studies found stronger right than left hemisphere acti-
vations. However, the amount of left hemisphere
activation differed quite substantially between studies.
Sturm et al. [1999] compared functional studies on sus-
tained attention and argued that simple paradigms with
no selectivity demands and no warning cues revealed
more strongly lateralized right hemisphere activation,
whereas any added cognitive complexity resulted in bilat-
eral activations [Corbetta et al., 1991; Coull et al., 1996;
Ogg et al., 2008]. The right-lateralized nature of the net-
work supporting sustained attention has also been corro-
borated by human lesion studies, which accentuated the
role of an intact right prefrontal cortex in various tasks of
sustained attention [Koski and Petrides, 2001; Molenberghs
et al., 2009; Shallice et al., 2008; Wilkins et al., 1987].

Studies investigating how sustained attention perform-
ance might be related to microstructural characteristics of
the WM in superior longitudinal fasciculus (SLF), which is
the main fibre tract connecting frontal and parietal corti-
ces, and the WM underlying frontal and parietal cortices
are sparse. Brain microstructure can be investigated in
vivo using diffusion-weighted imaging (DWI), which is
sensitive to the diffusion of water molecules. WM cellular
structures, like the axonal membrane and surrounding
myelin sheath, hinder diffusion of water in the direction
perpendicular relative to parallel to a fibre bundle, thereby
causing diffusion anisotropy [Beaulieu, 2009]. Fitting a dif-
fusion tensor to the DWI data of each voxel provides par-
allel (kk) and perpendicular (k?) diffusivity measures, as
well as the commonly used fractional anisotropy (FA)
index. FA reflects the degree of diffusion directionality,
which can be influenced by microstructural properties,
such as axonal density, diameter, organization, and myeli-
nation [Gong et al., 2009]. Several studies, investigating
children, adolescents, and/or young adults between 5 and
30 years of age, have reported age-related increases in FA
in multiple WM locations, reflecting a disproportionate
decrease in k? relative to kk, possible due to ongoing mye-
lination, increased axonal diameter, and/or increased axo-
nal density [Eluvathingal et al., 2007; Lebel et al., 2008;
Perrin et al., 2009; Snook et al., 2005]. Diffusion tensor
imaging (DTI) has been successfully employed in elucidat-
ing associations between WM microstructure of specific
anatomical structures and a number of cognitive functions,
e.g., visuo-spatial working memory [Klingberg, 2006; Ole-
sen et al., 2003; Vestergaard et al., 2011], visual search
[Mabbott et al., 2006], and response inhibition [Madsen
et al., 2010].

Several studies have reported on the relationship
between WM microstructure and measures that involve
sustained attention in clinical populations. Bonnelle et al.
[2011] examined traumatic brain injury patients and meas-
ured sustained attention as a change in RTs over time on a
simple choice RT task. Patients with greater sustained
attention deficits (e.g., higher RT change) had lower FA in
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the right cingulum. Pfefferbaum et al. [2010] investigated
alcoholics using the Digit Symbol Test [Wechsler, 1981],
which involves many component processes including exec-
utive functions, sustained attention, associative learning,
and psychomotor speed. The authors investigated fibre
tracts traversing the corpus callosum (CC) and observed
associations between Digit Symbol test scores and DWI
measures that were mainly restricted to the prefrontal CC
region. Dineen et al. [2009] investigated multiple sclerosis
patients using the Paced Auditory Addition Test [PASAT;
Rao’s adaptation of the Gronwall administration; Rao
et al., 1991], a test of sustained attention, working memory
and processing speed. Using a voxel-wise approach with
tract-based spatial statistics [TBSS, Smith et al., 2006], the
authors found that after controlling for multiple sclerosis
severity PASAT performance was associated with FA in
the left side of the body and splenium of the corpus cal-
losum radiating into the left parieto-occipital region, the
left cingulum and the parietal arc of the left arcuate
fasciculus.

A few studies have reported on associations between
WM microstructure and measures that involve sustained
attention in healthy subjects. Mabbott et al. [2006] investi-
gated a small group (N ¼ 17) of typically developing chil-
dren and adolescents aged 6–17 years and found that
associations between the standard error of reaction times
(RTs) on the Connors Continuous Performance Task II
[Conners, 2000] and FA within the left internal capsule,
posterior body of the corpus callosum, and 11 out of 12
WM compartments did not persist after controlling for
age. Takahashi et al. [2010] found that in healthy adult
subjects the sensitivity index d0 of the Conners Continuous
Performance Task—Identical Pairs [Cornblatt et al., 1988]
was associated with right cingulum FA, but not with WM
within a fronto-parietal network. In another study, the
ADHD score of the test of variables of attention [TOVA:
Leark et al., 2007] was significantly positively correlated
with FA of right SLF in both adult ADHD patients and
matched healthy controls [Konrad et al., 2010]. Although
there is anatomical consistency between this finding and
the many reports of right-sided fronto-parietal activations
in functional studies, the ADHD score is a complex score
possibly loading on many cognitive processes, which
makes it less suitable for finding neural correlates of sus-
tained attention.

In the present study, we investigated the relationship
between sustained attention performance and WM micro-
structure in a large cohort of 76 typically developing chil-
dren between 7 and 13 years of age. We hypothesized that
higher FA in WM underlying the right DLPFC and PC
and in the right SLF would be associated, independently
of age, with better performance on the rapid visual infor-
mation processing (RVP) test of sustained attention. The
adjustment for age attempts to account for the fact that
both FA measures [Lebel et al., 2008, 2011] and perform-
ance on tests of sustained attention [Betts et al., 2006; Lin
et al., 1999] is known to improve as a function of age in

the investigated age range. Simple correlations among
these variables without correcting for the effects of age
would therefore provide little evidence for any direct rela-
tionship between the WM measures and sustained atten-
tion performance. Sustained attention performance was
measured with the sensitivity index d0, which is a measure
that expresses the subject’s ability to detect signals inde-
pendent of the subjects’ answering strategy or bias. More-
over, we investigated whether the coefficient of variation in
RTs (RTCV), a measure of RT variability, was associated
with the same areas as d0. Finally, to investigate the anatomi-
cal specificity of any observed associations between sus-
tained attention performance measures and FA of the right
hemispheric regions-of-interest (ROIs), planned follow-up
analyses controlled for FA of the equivalent anatomical
ROIs in the left hemisphere or mean global WM FA.

MATERIALS AND METHODS

Subjects

Ninety-two typically developing children (55 female)
aged 7–13 (mean ¼ 10.03, standard deviation (SD) ¼ 1.66)
years were recruited for a longitudinal study of brain and
behavioral development from three schools in the Copen-
hagen suburban area. Prior to participation and after
receiving oral and written explanation of the study aims
and study procedures, all children assented to the proce-
dures and informed written consent was obtained from
the parents/guardians of all subjects. According to parent
questionnaires, no subjects had any known history of neu-
rological or psychiatric disorders, or significant brain
injury. The project was approved by the Danish Commit-
tee for Biomedical Research Ethics (H-KF-01-131/03), and
conducted in accordance with the Declaration of Helsinki.

After evaluating the images for both incidental findings
and image quality, images from a total of 16 subjects
(9 females) were excluded from further analyses due to
poor quality of the DWI data (n ¼ 12), incomplete scan-
ning sessions (n ¼ 3), or incidental findings (n ¼ 1). These
16 subjects did not differ significantly from the remaining
76 subjects on age (Mann–Whitney U ¼ 464.5, P ¼ 0.139),
gender (v2 ¼ 2.130, P ¼ 0.144), handedness (v2 ¼ 0.705,
P ¼ 0.401), or parent education (Mann–Whitney U ¼
472.5, P ¼ 0.162). Demographic data for the included sub-
jects are presented in Table I. The present study includes
data from the baseline of the ongoing longitudinal brain mat-
uration research project. The imaging data have also been
used in studies on spatial working memory [Vestergaard
et al., 2011], visuospatial choice reaction time [Madsen et al.,
2011] and response inhibition [Madsen et al., 2010].

Behavioral Test

Sustained attention was measured using the ‘‘age 7–14’’
edition of the RVP paradigm from the CANTAB battery
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(Cambridge Cognition, Cambridge, UK). Numbers from
two to nine were presented as figures one at a time in a
pseudo-random order in the centre of a 12-inch computer
screen. The numbers appeared in white on a black back-
ground inside a white outlined box. Each number was pre-
sented for 600 ms and directly followed by the next
number in the stream of stimuli (Fig. 1). The task was to
detect the target sequence ‘‘3-5-7’’ and respond by pressing
a button on a response pad with the dominant hand. The
target sequence was written on the screen next to the
white box to reduce the memory demand during the test.
Responses were categorized as a hit from 100 ms after the
third number of the target sequence was presented and
during the two numbers following the target sequence
(potential RT range: 100–1800 ms). There was a minimum
of two numbers between each target sequence to allow
equal response time. The targets were presented with a
frequency of 4 targets/30 s. The task was preceded by a
training period of 2 min with gradually disappearing
prompts (targets presented in different color, underlined,
and with a beep sound). After the training period, a 4-min
test period started. However, the first minute of the test
period was regarded as practice, so that all subjects had
time to get used to the no-prompt version of the para-
digm, and only data from the three remaining minutes
were analyzed.

The RVP test produced the four classic outcome varia-
bles of signal detection, namely hits, misses (errors of
omission), false alarms (errors of commission), and correct
rejections. These measures were combined in the calcula-
tion of the sensitivity index d0 [Swets, 1961] (d0 ¼ Z(# hits/
(# hits þ # misses)) – Z(# false alarms/(# false alarms þ #
correct rejections))). As d0 cannot be calculated when hit
and false alarms rates are 1 or 0, scores were corrected by
one quarter observation (e.g., hits ¼ 23.75, false alarms ¼
0.25) in case of a maximal number of hits (¼24) or zero
false alarms. One subject had 24 hits, seven subjects had
zero false alarms, and four subjects had both 24 hits, and
zero false alarms. A high d0 indicates good signal detec-
tion. The advantage of d0 is that it gives a complete expres-
sion of the sensitivity to targets, as opposed to using hits
uncorrected for the number of false alarms [Lawrence
et al., 2003]. At the same time d0 is a relatively simple score
compared to some of the measures provided by more clin-
ically oriented tests [Konrad et al., 2010; Leark et al., 2007].
Besides d0, the RTCV was calculated, which is the SD of the

RT for hits divided by the mean RT for hits. This measure
was used, because it controls for the situation where lon-
ger RTs vary more than shorter ones simply because they
are farther away from the floor [Stuss et al., 2003]. A lower
RTCV indicates that the subject is responding with similar
RTs throughout the test (good performance), whereas a
higher RTCV could be caused by lapses of attention or a
time-on-task effect.

Image Acquisition

All scans were acquired on the same day as the RVP-
test session using a 3T Siemens Magnetom Trio MR

Figure 1.

Graphical representation of the rapid visual information process-

ing (RVP) paradigm. A continuous stream of one digit numbers

was presented centrally on the computer screen. Each number

was presented for 600 ms (no gaps). The task was to detect the

target sequence ‘‘3-5-7.’’

TABLE I. Demographic data for the included subjects

1st/2nd graders 3rd/4th graders 5th/6th graders All subjects

Age (Mean � SD) 8.20 � 0.48 10.11 � 0.37 12.20 � 0.36 10.14 � 1.63
Gender (female/male) 14/10 16/13 14/9 44/32
Handedness (right/left) 21/3 24/5 21/2 66/10
Parents’ years of education (Mean � SD) 14.0 � 1.7 13.4 � 2.0 13.7 � 2.0 13.7 � 1.9

Children from three different school grade levels were included in the study. The children were scanned just before (when in first, third
or fifth grade) or just after (when in second, fourth or sixth grade) the summer vacation.
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scanner (Siemens, Erlangen, Germany) with an eight-chan-
nel head coil (Invivo, FL). Whole brain DWI were acquired
using a twice-refocused balanced spin echo sequence that
minimized eddy current distortion [Reese et al., 2003] with
10 non-diffusion-weighted images (b ¼ 0) and 61 diffu-
sion-weighted images (b ¼ 1,200 s mm�2) encoded along
independent collinear diffusion gradient orientations [Jan-
sons and Alexander, 2003] (TR ¼ 8,200 ms; TE ¼ 100 ms;
FOV ¼ 220 � 220; matrix ¼ 96 � 96; GRAPPA: factor ¼ 2;
lines ¼ 48; number of axial slices (no gap) ¼ 61; voxel size
¼ 2.3 � 2.3 � 2.3 mm3, acquisition time ¼ 9.50). An axial
gradient echo-based field map sequence was acquired to
correct for geometric distortions due to B0 magnetic field
inhomogeneities (TR ¼ 530 ms; TE ¼ 5.19/7.65 ms; FOV ¼
256 � 256; matrix ¼ 128 � 128; number of slices (no gap)
¼ 47; voxel size ¼ 2 � 2 � 3 mm3, acquisition time ¼
2.18). A sagittal whole brain 3D turbo spin echo sequence
was used to acquire T2-weighted images for generating a
brain mask (TR ¼ 3,000 ms; TE ¼ 354 ms; FOV ¼ 282 �
282; matrix ¼ 256 � 256; number of slices ¼ 192; voxel
size ¼ 1.1 � 1.1 � 1.1 mm3, acquisition time ¼ 8.29). All
the scan acquisitions were aligned parallel to the anterior
commissure-posterior commissure line.

Image Preprocessing

Prior to image processing, the image quality of all imag-
ing data was visually inspected (blind to behavioral data)
to ensure the quality of the data, and an experienced neu-
roradiologist evaluated all subjects’ images with regards to
incidental findings. Preprocessing of images was done
with pipelines implemented in Matlab, using mainly SPM5
routines. Diffusion-weighted images were oriented to the
MNI coordinate system. This was done by coregistering
the mean b0 image to the T2-weighted image using a six-
parameter mutual information rigid transformation. Subse-
quently, all diffusion-weighted images (no reslicing) were
coregistered to the mean b0 image. Geometric distortions
in the coregistered images were corrected using a voxel
displacement map based on both the acquired B0 field
map [Andersson et al., 2001] and a scanner specific map of
gradient non-linearities [Jovicich et al., 2006]. Next, all
images were resliced using trilinear interpolation with a
single reslicing step. The diffusion gradient orientations
were adjusted to account for any rotation during the regis-
tration. The diffusion tensor was fitted using the RESTORE
algorithm with a noise standard deviation of 30 [Chang
et al., 2005], implemented in Camino [Cook et al., 2006].
Hereafter FA, and diffusivities parallel (kk¼ k1) and per-
pendicular (k? ¼ (k2 þ k3) / 2) to the principal diffusion
direction were calculated. A brain mask based on T2-
weighted images was applied on FA and diffusivity
images. The mask was created using segmentation rou-
tines and morphological operations implemented in the
VBM5 toolbox (http://dbm.neuro.uni-jena.de/vbm/vbm5-
for spm5/) in SPM5.

Intersubject Spatial Normalization of

Fibre Tracts

Fibre tracts were spatially normalized and aligned
across subjects to permit delineation of specific ROIs (see
below) in a common anatomical framework. This was
achieved by employing the TBSS module in FSL 4.1.0
[Smith et al., 2006]. The FA images of all subjects were
aligned into a common space using the non-linear registra-
tion tool FNIRT [Andersson et al., 2001]. Next, the most
representative FA image was identified by non-linearly
registering the FA images of all subjects to the FA images
of every other subject, and then used as a study-specific
target. The target was aligned to MNI space using affine
registration, and subsequently the entire dataset was
aligned and transformed into 1 mm3 MNI space. A mean
FA image was created across subjects, and thinned to cre-
ate a mean FA skeleton, representing the centres of tracts
common to all subjects. The skeleton was subsequently
thresholded at FA > 0.25. The skeleton contained 103,588
1 mm3 interpolated voxels, equivalent to approximately
one fourth of the voxels above threshold. Each subject’s
aligned FA image was then projected onto the skeleton by
locating the voxels with the highest local FA value in the
direction perpendicular to the skeleton tracts and assign-
ing this value to the skeleton at this standardized location.
This results in a mapping of each voxel location in the
skeleton to a specific voxel in the individual FA maps. The
nonlinear warps and skeleton projections were also
applied to kk and k? data. Finally a color-coded target FA
map was generated by applying the affine transformation
created when the target FA image was aligned to MNI
space, to the target’s primary eigenvector (m1) image using
the ‘‘vecreg’’ command in FSL.

Regions-of-Interest

To test our primary hypothesis, we delineated three
ROIs, namely, the right SLF, and the WM underlying the
right DLPFC and the right PC (Fig. 2). ROIs in the equiva-
lent anatomical areas in the left hemisphere were
delineated for use in analyses of anatomical specificity.
ROIs were drawn in FSLview 4.1.0 onto the mean FA skel-
eton overlaid on the color-coded study-specific target FA
map. Notice that the SLF ROIs are equivalent to the ones
applied in the study by Vestergaard et al. [2011]. The
DLPFC and parietal ROIs were based on earlier findings
in studies of sustained attention [Coull et al., 1996; Law-
rence et al., 2003; Ogg et al., 2008; Pardo et al., 1991; Paus
et al., 1997] and therefore they were drawn independently
as described below and differ slightly from the ROIs used
by Vestergaard et al. [2011].

The SLF ROIs were delineated using the atlas of human
white matter [Mori et al., 2004] and the color-coded target
FA map. The SLF ROIs only included white matter voxels
with anterior–posterior oriented eigenvectors (green in the
color-coded FA map in Fig. 2b). The anterior and posterior
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boundaries of the SLF ROIs were set according to the
DLPFC and PC ROIs used in Vestergaard et al. [2011]. The
right and left SLF ROI contained 736 and 745 voxels,
respectively.

The borders of the DLPFC and PC ROIs were deter-
mined using a human brain atlas [Duvernoy and Bour-
gouin, 1999]. The DLPFC ROIs consisted of WM
underlying the cortex of the middle frontal gyrus, largely

Figure 2.

Regions-of-interest (ROIs) displayed on the mean tract-based

spatial statistics (TBSS) skeleton (yellow), overlaid on the target’s

fractional anisotropy (FA) map, gray scale in a, c, and d, and

color-coded based on the direction of the primary eigenvector

in b, where the primary diffusion direction is colored as: red ¼
left/right, green ¼ anterior/posterior, and inferior/superior. (a)

Dorsolateral prefrontal cortex (DLPFC) ROIs in green at coro-

nal slice Y ¼ 21; (b) Superior longitudinal fasciculus (SLF) ROIs

in red at coronal slice Y ¼ �18; (c) Parietal cortex (PC) ROIs in

blue, inferior part in dark blue and superior part in light blue, at

coronal slice Y ¼ �40; (d) DLPFC and superior PC ROIs in

green and light blue, respectively, at axial slice Z ¼ 50; (e)

DLPFC, SLF and inferior PC ROIs in green, red and dark blue,

respectively, at axial slice Z ¼ 33; (f) Mid-sagittal slice displaying

the mapping of slices a–d. All coordinates refer to MNI space.

g, h, and i show 3D renderings of the ROIs and the mean TBSS

skeleton (light gray) from respectively superior, posterior, and

left viewing angles; DLPFC in green; SLF in red; inferior and

superior PC in respectively dark and light blue. Left is left (neu-

rological convention).
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corresponding to Brodmann area 46 and the inferior part
of area 9. The anterior boundary of the DLPFC ROIs was
set at the coronal slice anterior to the genu of the corpus
callosum (Y ¼ 36) to exclude white matter skeleton voxels
in the frontopolar region. The posterior border was
delineated by the precentral sulcus. The superior boundary
was delineated by the superior frontal sulcus, and the infe-
rior boundary by the inferior frontal sulcus. The medial bor-
der was delineated according to the depth of the superior
and inferior frontal sulci on coronal slices by connecting the
most inferior-medial point of the superior frontal sulcus to
the most inferior-medial point of the inferior frontal sulcus
with a straight line (see Fig. 2a). The right DLPFC ROI
included 999 voxels, whereas the left included 1,204 voxels.

The parietal ROI included WM underlying the inferior
(supramarginal gyrus) and superior PC divided by the
intraparietal sulcus, but not the WM connecting the two
lobules. Thus, the ROI included two non-touching parts
(Fig. 2c). The anterior boundary for both PC ROIs was the
postcentral sulcus. For the inferior PC ROIs, the inferior
boundary was defined by the Sylvian Fissure (and the ter-
minal ascending segment), the medial boundary by the lat-
eral border of the SLF ROIs, and the posterior border by a
horizontal line through the most anterior-medial point of
the ascending segment of the superior temporal sulcus on
axial slices. The superior PC ROIs, included only skeleton
segments underlying area 7PC as defined by the probabil-
istic Juelich histological atlas included in FSLview [Sche-
perjans et al., 2008]. The lateral border was defined by the
intraparietal sulcus. Skeleton segments underlying the
superior parietal PC branching medially towards the pre-
cuneus were excluded. The right PC ROI consisted of 811
voxels with 493 voxels in the inferior part and 318 in the
superior part. Left PC ROI consisted of 954 voxels with
777 and 177 voxels in the inferior and superior part,
respectively. 3D representations of the extracted ROIs are
depicted in Figure 2.

Statistical Analysis

The software package SPSS, version 18.0 (SPSS, Chicago,
IL) was used for statistical analyses. Behavioral measures
and ROI FA values were tested for gender effects using t
tests, and age effects using linear regression. Multiple lin-
ear regression was used to test our hypotheses. Shapiro-
Wilk tests showed that all data were normally distributed
except for RTCV. A logarithmic transformation of RTCV

normalized the residuals. All other assumptions for linear
regression were fulfilled. Tests were considered significant
when a � 0.05.

The primary hypothesis was tested using a hierarchical
model. First, age was entered as the only predictor vari-
able of the RVP performance measure d0. Second, FA val-
ues of the right SLF, DLPFC and PC ROIs were entered
simultaneously as additional predictors. If entering the
ROIs resulted in a significant R2 change, the ROIs were

considered to be collectively associated with d0. Subse-
quently, it was determined which ROIs significantly con-
tributed to the association.

Planned follow-up analyses were contingent on observ-
ing significant results in the primary analyses. All models
described below included age as a covariate. First, contin-
gent on a significant association with right PC, we investi-
gated the relative contributions of the inferior and
superior PC. Next, the anatomical specificity of observed
associations between individual right ROIs and d0 was
tested by including either global WM FA (mean TBSS skel-
eton FA), or FA of the corresponding left hemisphere ROI
as a predictor. Finally, for the ROIs exhibiting a significant
association with d0 we investigated if they were also asso-
ciated with RTCV, and contingent on an association ana-
tomical specificity was assessed as described above. When
a ROI was associated with both behavioral measures, we
tested whether the associations between ROI FA and be-
havioral measures were independent of a correlation
between the two behavioral measures. To this end two
models were created: one in which RTCV was included as
an additional predictor of d0, and one in which d0 was
included as an additional predictor of RTCV.

The kk and k? were investigated to further explore the
nature of observed FA findings, since higher FA could be
due to increased kk and/or decreased k?. This was tested
by replacing the ROI FA variables with either kk or k? in
the models where the ROI FAs were significant.

Post hoc analyses were conducted in which gender was
included in the models described above.

An effect size map is presented to provide further ana-
tomical information about the association between d0 and
FA values across the WM skeleton [Jernigan et al., 2003].
The effect size map is a t-map of the correlation between
FA and d0, adjusted for age. The t-map was generated in
FSL using whole-brain linear regression across the whole
skeleton with d0 and age as predictors and FA as the de-
pendent variable. Voxel level t value range cut-off points
for both positive (red-yellow) and negative (blue-light
blue) correlations (df ¼ 74) were t ¼ �2.644 (P ¼ 0.01), t ¼
�1.993 (P ¼ 0.05), t ¼ �1.293 (P ¼ 0.20). Please note that
these t values are not corrected for multiple comparisons.

RESULTS

RVP performance measures and ROI FA values are pre-
sented in Table II. Scatter plots of RVP and ROI FA meas-
ures against age are presented in Figures 3 and 4,
respectively. Age was significantly and positively related
to d0 (r(74) ¼ .572, P < 0.001) and negatively to RTCV (r(74)
¼ �0.337, P ¼ 0.003), indicating that with increasing age
participants became better in sustaining attention. There
was no effect of gender on d0 (r(74) ¼�0.096, P ¼ 0.412) or
RTCV (r(74) ¼ 0.93, P ¼ 0.423). The correlation between d0

and RTCV was r(74) ¼�0.47 (P < 0.001). Generally, ROI FA
significantly increased with increasing age (r(74) -range ¼
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0.234–0.397, P range ¼ 0.042–0.00003), except for right
DLPFC (r(74) ¼ 0.136, P ¼ 0.242), right inferior (r(74) ¼
0.182, P ¼ 0.116) and left superior PC (r(74) ¼ 0.144, P ¼
0.216). A significant gender effect (male > female) was
observed for left DLPFC FA (r(74) ¼ 0.244, P ¼ 0.034), but
not for any other ROI (r(74) -range ¼�0.215–�0.009, P range
¼ 0.062–0.938).

Associations Between d0 and the Fronto-Parietal

Network

Results of the hierarchical regression used to test our
primary hypothesis are presented in Table III. First, age
was entered as the only predictor variable of the RVP per-
formance measure d0 (Table III, Model 1). Next, the FA

Figure 3.

Scatterplots of (a) the sensitivity index d0, and (b) coefficient of variation in the reaction time

(RTCV) by age (in years). Participants were significantly better to sustain attention with increasing

age, as reflected in increasingly higher d0 and lower RTCV scores (see Result section for details).

To visualize the relationships across age Loess fit lines using the Epanechnikov kernel to smooth

99% of data points were applied to the data.

TABLE II. RVP performance and FA measures presented by grade level

1st/2nd graders 3rd/4th graders 5th/6th graders All subjects

RVP performance
d0 2.882 � 0.713 3.524 � 0.638 4.113 � 0.797 3.499 � 0.856
RTCV

a 0.388 � 0.117 0.346 � 0.113 0.294 � 0.090 0.344 � 0.113
FA
SLF Right 0.465 � 0.029 0.471 � 0.028 0.493 � 0.030 0.476 � 0.031

Left 0.485 � 0.032 0.489 � 0.029 0.513 � 0.029 0.495 � 0.032
DLPFC Right 0.420 � 0.030 0.419 � 0.034 0.428 � 0.031 0.422 � 0.031

Left 0.397 � 0.024 0.404 � 0.027 0.418 � 0.023 0.405 � 0.026
PC (total) Right 0.393 � 0.033 0.398 � 0.039 0.413 � 0.033 0.401 � 0.036

Left 0.386 � 0.024 0.402 � 0.031 0.406 � 0.033 0.399 � 0.031
Only inferior PC Right 0.399 � 0.027 0.400 � 0.045 0.414 � 0.036 0.404 � 0.037

Left 0.387 � 0.029 0.404 � 0.033 0.407 � 0.036 0.400 � 0.033
Only superior PC Right 0.385 � 0.060 0.393 � 0.048 0.411 � 0.039 0.396 � 0.051

Left 0.382 � 0.046 0.395 � 0.045 0.402 � 0.041 0.393 � 0.044
Global WM 0.450 � 0.015 0.459 � 0.018 0.467 � 0.013 0.459 � 0.017

Rapid visual information processing (RVP) performance and fractional anisotropy (FA) measures
presented as mean � standard deviation (SD) for the three different school grade levels included
in the study. RVP performance measures include the sensitivity index d0 and the coefficient of
variation in reaction times (RTCV); Mean FA values presented for the superior longitudinal fasci-
culus (SLF), the white matter (WM) underlying dorsolateral prefrontal cortex (DLPFC) and parie-
tal cortex (PC) (total, inferior and superior values), and global WM.
aNote that the RTCV’s presented here are the raw data, and not the logarithmic transformation
used in the statistical analyses.
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values of the right SLF, DLPFC, and PC ROIs were entered
simultaneously as additional predictors (Table III,
Model 2). In both models age was significantly associated
with d0. As hypothesized, there was a significant increase
in variance explained by Model 2 relative to Model 1

showing that better sustained attention (i.e., increased d0

scores) was significantly associated with higher FA in the
right fronto-parietal network (SLF, DLPFC, and PC) inde-
pendently of age (R2 change Model 2–Model 1 ¼ 0.113, F(1,74)
¼ 4.792, P ¼ 0.0043). Closer inspection of Model 2 revealed

Figure 4.

Scatterplots of fractional anisotropy (FA) of the left and right (a)

superior longitudinal fasciculus (SLF) and white matter underly-

ing (b) dorsolateral prefrontal cortex (DLPFC), (c) parietal cor-

tex (PCTotal), and (d) superior parietal cortex (PCSuperior) by age

(in years). Generally, ROI FA significantly increased with increas-

ing age, except for right DLPFC and left superior PC (see result

section for details). To visualize the relationships across age

Loess fit lines using the Epanechnikov kernel to smooth 99% of

the data points were applied to the data.

TABLE III. Fronto-parietal FA relationship to RVP d0 (sensitivity index), a priori hypothesis

Model Dependent variable R2 df

Age FA Right SLF FA right DLPFC FA right PC

b t p b t p b t p b t p

1 d0 0.327 74 0.572 5.991 0.00000007

2 d0 0.440a 71 0.425 4.358 0.000044 0.267 2.571 0.012 �0.090 �0.932 0.35 0.212 2.179 0.033

Hierarchical regression on the rapid visual information processing (RVP) measure d0 with age, and fractional anisotropy (FA) of the
three regions-of-interest (ROIs), namely right superior longitudinal fasciculus (SLF), and white matter underlying dorsolateral prefrontal
cortex (DLPFC) and parietal cortex (PC). Significant associations are printed italic, with those related to FA-measures additionally
printed in bold.
aR2 change model 2 - model 1 ¼ .113, F(1,74) ¼ 4.792, P ¼ 0.0043.
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that only FA of the right SLF and right PC contributed sig-
nificantly to the association with d0.

Planned follow-up analyses were contingent on observ-
ing significant results in the primary analyses. All models
described below included age as a covariate.

First, contingent on the significant association with right
PC, we investigated the relative contributions of right in-
ferior and superior PC. Higher FA in right superior PC
(b ¼ 0.287, t(73) ¼ 3.092, P ¼ 0.0028; Age: b ¼ 0.504, t(73)
¼ 5.427, P < 0.0001; R2 ¼ 0.405) but not right inferior
PC FA (b ¼ 0.142, t(73) ¼ 1.475, P ¼ 0.15; Age: b ¼
0.556, t(73) ¼ 5.67, P < 0.0001; R2 ¼ 0.346) was signifi-
cantly associated with d0. This was even more evident
when right superior and right inferior PC FA were
entered simultaneously into one model (R2 ¼ 0.406; Age:
b ¼ 0.500, t(72) ¼ 5.329, P < 0.0001; right superior PC: b
¼ 0.271, t(72) ¼ 2.695, P ¼ 0.0087; right inferior PC: b ¼
0.042, t(72) ¼ 0.419, P ¼ 0.68).

Next, to examine the anatomical specificity of observed
associations between d0 and right SLF and right superior PC
FA, we included either global WM FA (mean TBSS skeleton
FA), or FA of the corresponding left hemisphere ROI as
additional predictors. The results of these regression models
are presented in Tables IV and V for right SLF FA and right
superior PC FA, respectively. Age was significantly associ-
ated with d0 in all models. A graphical presentation of the
significant positive association between right SLF FA and d0

after adjusting for age (Table IV, Model 1) is depicted in Fig-
ure 5a. The association remained significant when global

WM FA was entered as an additional covariate in the model
(Table IV, Model 2), suggesting that the association was ana-
tomically specific and not driven by general brain matura-
tional increases in WM FA. The association between right
SLF FA and d0 also remained significant when left SLF FA
instead of global WM FA was entered as an additional cova-
riate, suggesting that the observed association was specific
for the right hemisphere (Table IV, Model 3). While higher
left SLF FA by itself was significantly and positively associ-
ated with d0 (Table IV, Model 4, and Fig. 5b), this association
became trend level when global WM FA was included in the
model (Table IV, Model 5).

A graphical presentation of the significant positive associa-
tion between right superior PC FA and d0 after adjusting for
age (Table V, Model 1) is depicted in Figure 5c. The associa-
tion remained significant when global WM FA was entered
as an additional covariate in the model (Table V, Model 2),
suggesting that global increases in WM FA did not drive the
relationship. Moreover, when including right and left supe-
rior PC in the same model, the right ROI continued to dis-
play significant associations with d0 (Table V, Model 3),
suggesting that the observed association between right supe-
rior PC and d0 is anatomically specific. The left superior PC
was by itself not significantly related to d0 (Table V, Model 4).

To further explore the nature of the observed right SLF
and superior PC FA effects, we examined k? and kk. Our
analyses revealed that higher d0 (better sustained attention
performance) was significantly associated with lower k? of
both the right SLF (b ¼ �0.214, t(73) ¼ �2.077, P ¼ 0.041;

TABLE IV. Follow-up analyses testing the specificity of right SLF FA associations with RVP d0

Model Dependent variable R2 df

Age Right SLF FA Left SLF FA Global WM FA

b t p b t p b t p b t p

1 d0 0.401 73 0.454 4.597 0.000018 0.297 3.007 0.004

2 d0 0.403 72 0.468 4.535 0.000022 0.328 2.796 0.007 �0.060 �0.498 0.62
3 d0 0.401 72 0.453 4.540 0.000022 0.292 2.037 0.045 0.006 0.046 0.964
4 d0 0.366 73 0.495 4.959 0.00000045 0.213 2.139 0.036

5 d0 0.366 72 0.489 4.738 0.0000011 0.222 1.796 0.077 �0.015 �0.113 0.91

Multiple regression on the rapid visual information processing (RVP) measure d0 with age, and fractional anisotropy (FA) of right and
left superior longitudinal fasciculus (SLF), and global white matter (WM). Significant associations are printed italic, with those related
to FA-measures additionally printed in bold.

TABLE V. Follow-up analyses testing the specificity of right superior PC FA associations with RVP d0

Model Dependent variable R2 df

Age
Right superior PC

FA Left superior PC FA Global WM FA

b t p b t p b t p b t p

1 d0 0.405 73 0.504 5.427 0.0000007 0.287 3.092 0.003

2 d0 0.405 72 0.503 4.948 0.0000048 0.286 2.837 0.006 0.005 0.042 0.967
3 d0 0.409 72 0.510 5.452 0.0000007 0.305 3.166 0.002 �0.069 �0.730 0.468
4 d0 0.327 73 0.570 5.877 0.0000001 0.008 0.085 0.932

Multiple regression on the rapid visual information processing (RVP) measure d0 with age, and fractional anisotropy (FA) of white mat-
ter underlying right and left superior parietal cortex (PC), and global white matter (WM). Significant associations are printed italic, with
those related to FA-measures additionally printed in bold.
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Age: b ¼ 0.481, t(73) ¼ 4.669, P < 0.0001; R2 ¼ 0.364) and
right superior PC (b ¼ �0.269, t(73) ¼ �2.800, P ¼ 0.007;
Age: b ¼ 0.489, t(73) ¼ 5.099, P < 0.0001; R2 ¼ 0.392). Fur-
ther, higher d0 was significantly associated with higher
right superior PC kk (b ¼ 0.209, t(73) ¼ 2.249, P ¼ 0.028;
Age: b ¼ 0.587, t(73) ¼ 6.301, P < 0.0001; R2 ¼ 0.353), but
not with right SLF kk (b ¼ 0.141, t(73) ¼ 1.480, P ¼ 0.143;
Age: b ¼ 0.555, t(73) ¼ 5.822, P < 0.0001; R2 ¼ 0.328).

Associations Between RTCV and the Right

Fronto-Parietal Network

In addition to being related to d0, higher FA in right
superior PC was significantly associated with lower RTCV

scores (i.e., less variation in RT over time and thus more
consistent and better sustained attention performance) (Ta-
ble VI, Model 1, and Fig. 5d). No significant association
was observed for the right SLF FA (b ¼ 0.036, t(73) ¼ 0.301,
P ¼ 0.764; Age: b ¼ �0.351, t(73) ¼ �2.926, P < 0.005; R2 ¼
0.115). The RTCV – right superior PC association showed
anatomical specificity, as the association remained signifi-
cant when global WM FA was entered as an additional
covariate (Table VI, Model 2). Moreover, the association

remained significant after controlling for left superior PC

FA (Table VI, Model 3). Left superior PC FA by itself was

not significantly associated with RTCV (Table VI, Model 4).

Age was significantly and negatively related to RTCV in all

models.

Figure 5.

Partial regression plots of the sensitivity measure d0 as a function
of fractional anisotropy (FA) within the (a) right superior longitu-

dinal fasciculus (SFL), (b) left SLF, or (c) the white matter underly-

ing the right superior parietal cortex (PC), adjusted for age.

Independently of age, higher right and left SLF FA, and right supe-

rior PC FA were associated with better sustained attention per-

formance as reflected in higher d0 scores. While left SLF, when

modeled separately, was significantly associated with d0, after cor-
recting for age, this association became non-significant when mod-

eled together with the right SLF. (d) Partial regression plot of the

logarithmically transformed coefficient of variation in reaction

time (RTCV) as a function of right superior PC FA, adjusted for age.

Independently of age effects higher right superior PC FA was sig-

nificantly associated with better sustained attention performance

as reflected in lower RTCV scores. The regression coefficient (b)
and the significance level (P) for each FA variable are given in the

lower right or left corner of each plot. Note that residuals are

plotted after the effect of age was adjusted for.
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Because right superior PC FA was related to both d0 and
RTCV, and the behavioral measures were significantly cor-
related with each other (r(74) ¼ �0.47, P < 0.001), we tested
to which extent each behavioral measure contributed to
the other’s association with right superior PC FA. RTCV

was entered as an additional covariate in the model pre-
dicting d0 with age and right superior PC FA. Similarly, d0

was entered as an additional covariate in the model pre-
dicting RTCV. Our findings suggest that the association
between right superior PC FA and d0 is independent of
RTCV (R2 ¼ 0.452; Age: b ¼ 0.440, t(72) ¼ 4.710, P < 0.0001;
right superior PC: b ¼ 0.212, t(72) ¼ 2.239, P ¼ 0.028; RTCV:
b ¼ �0.243, t(72) ¼ �2.484, P ¼ 0.015) and that the associa-
tion between right superior PC FA and RTCV is independ-
ent of d0 (R2 ¼ 0.267, Age: b ¼ �0.100, t(72) ¼ �8.17, P ¼
0.417; right superior PC: b ¼ �0.216, t(72) ¼ �1.956, P ¼
0.054; d0: b ¼ �0.325, t(72) ¼ �2.484, P ¼ 0.015).

Investigation of kk and k? showed that lower RTCV was
significantly associated with lower k? (b ¼ 0.331, t(73) ¼
3.034, P ¼ 0.003; Age: b ¼ �0.235, t(73) ¼ �2.154, P <
0.035; R2 ¼ 0.213), but not with kk (b ¼ �0.165, t(73) ¼
�1.520, P ¼ 0.133; Age: b ¼ �0.349, t(73) ¼ �3.206, P <
0.002; R2 ¼ 0.141) of the WM underlying the right superior
PC after adjusting for age.

Adjustment for Gender

Including gender as an additional covariate in the mod-
els did not change any of the observed associations
between the behavioral and the ROI diffusion measures.

Effect-Size Map

The primary goal of this study was to test specific ana-
tomical hypotheses about the relationship between micro-
structure of the WM underlying and connecting the right
fronto-parietal cortices and variability in sustained atten-
tion performance in children. Therefore neither a whole
brain, voxel-wise analysis of the effects (appropriately
adjusted for test-multiplicity), nor a restricted voxel-wise
analysis with small volume correction was deemed appro-
priate for testing these a priori hypotheses. However, since
the analyses we used produce estimates of the effect size
at each voxel, we have provided visualization of the

effect-size maps. The effect size map visualizes regions
where FA values are positively and negatively associated
with d0 independently of age (Fig. 6). The observed posi-
tive associations with the right and left SLF are visible in
slice 33, and with the right superior PC in slice 54. In addi-
tion, positive associations with the WM underlying the left
and right hand areas in the motor cortex (slice 54), the tha-
lamic region (slice 14), and the WM underlying the lateral
orbital gyrus bilaterally were observed. Furthermore, there
was a negative association between d0 and WM underlying
the right superior temporal gyrus. The TBSS skeleton com-
prised a total of 103,588 voxels, of which 4,653 voxels had
a t value above 1.993 and 1.469 voxels had a t value below
�1.993 (uncorrected P < 0.05), corresponding to 5.91% of
the total number of voxels in the skeleton. This percentage
was 29.9% for the right SLF, 20.9% for the left SLF, 26.4%
in the right superior PC, and 4.3% in the right inferior PC.

DISCUSSION

The present study revealed associations between sus-
tained attention performance and WM microstructure in a
large group of typically developing children aged 7–13
years. As hypothesized, right SLF, DLPFC, and PC FA
were collectively associated with sustained attention per-
formance independently of age. Specifically, the associa-
tion was driven by right SLF and superior parietal FA.
Both FA measures [Lebel et al., 2008, 2011] and perform-
ance on tests of sustained attention [Betts et al., 2006; Lin
et al., 1999] are known to improve as a function of age in
the investigated age range. Therefore simple correlations
among these variables provide little evidence for any
direct relationship between the WM measures and behav-
ioral differences. Our findings suggest that even among
children of similar age, higher FA in right SLF and supe-
rior PC is associated with better sustained attention per-
formance. The associations between sustained attention
performance and microstructure in right SLF and right
superior PC appeared to be relatively anatomically spe-
cific, as they were independent of global WM FA. This is
important, as FA is known to increase concurrently in
many fibre tracts during childhood and adolescence. How-
ever, our results suggest that the present structure-

TABLE VI. Follow-up analyses testing the specificity of right superior PC FA associations with RVP RTcv

Model Dependent variable R2 df

Age Right superior PC FA Left superior PC FA Global WM FA

b t p b t p b t p b t p

1 d0 0.204 73 �0.264 �2.460 0.016 �0.309 �2.879 0.005

2 d0 0.210 72 �0.231 �1.977 0.052 �0.278 �2.398 0.019 �0.091 �0.721 0.473
3 d0 0.175 72 �0.259 �2.389 0.020 �0.291 �2.609 0.011 �0.069 �0.625 0.534
4 d0 0.133 73 �0.316 �2.873 0.005 �0.142 �1.294 0.200

Multiple regression on the rapid visual information processing (RVP) measure coefficient of variation in reaction times (RTCV) with age,
and fractional anisotropy (FA) of white matter underlying right and left superior parietal cortex (PC), and global white matter (WM).
Significant associations are printed italic, with those related to FA-measures additionally printed in bold.
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function relationships are unlikely to be mediated by a
global increase in FA. Furthermore, the observed associa-
tions appeared to be relatively specific to the right hemi-
sphere ROIs. The left superior PC was not associated with
either d0 or RTCV, and the association observed between
the left SLF and d0 was, in contrast to the right side associ-
ation, not independent of global FA. Also, when FA of
both left and right SLF were modelled simultaneously, the
left side association was no longer significant.

The analyses of k? and kk showed that the associations
between better sustained attention performance and higher
ROI FA were primarily driven by decreased k?, and to a
lesser extent increased kk. Though the interpretation of
changes in DTI parameters is not straightforward, previ-
ous studies suggest that k? may be more sensitive to
changes in myelination, extracellular volume fraction and

axonal density [Beaulieu, 2009; Schwartz et al., 2005; Song
et al., 2003, 2005]. Using a model of experimental de- and
remyelination of the corpus callosum, a rodent study
found that continuous cuprizone (neurotoxin) treatment
caused demyelination of the callosal fibres, which was
reflected by increased k?. The effects were reversed when
the treatment was discontinued, and the progression of
fibre remyelination was consistent with decreased k?
[Song et al., 2005]. Moreover, a study of the normal rat cer-
vical spinal cord found that the perpendicular apparent
diffusion coefficient (ADC) was positively correlated with
extracellular volume fraction and axonal spacing, and neg-
atively correlated with axonal number and myelination.
Parallel ADC was found to be positively correlated with
axonal diameter, and negatively with axonal number
[Schwartz et al., 2005]. Although k? does not measure

Figure 6.

Effect size map of the correlations between fractional anisotropy

(FA) values and d0 corrected for age. The voxels of the TBSS

skeleton were color-coded according to the following voxel level

t value cut-off points for both positive (red-yellow) and negative

(blue-light blue) correlations (df ¼ 74): t ¼ �2.644 (P ¼ 0.01);

t ¼ �1.993 (P ¼ 0.05); t ¼ �1.293 (P ¼ 0.20). Please note that

these t values are not corrected for multiple comparisons. All

images are axial slices presented with their MNI Z-coordinate.

Left is left (neurological convention).

r Sustained Attention and Fronto-Parietal FA r

r 13 r



myelin, axonal diameter and density directly, these find-
ings suggest that the degree of myelination, and axonal di-
ameter and density to some extent may be contributing to
the present findings. Further, age-related increases in FA
have been linked to decreases in k? [Lebel et al., 2008].
However, other factors, such as axonal tortuosity and or-
ganization, crossing fibres and tract geometry may also
contribute to our findings in right SLF and superior PC
FA [Beaulieu, 2009; Paus, 2010; Schwartz et al., 2005].

Our findings contrast somewhat with those of Mabbott
et al. [2006], who did not observe any associations between
FA of specific ROIs and sustained attention in children
and adolescents after correcting for age. However, the
ROIs applied in that study were 12 equal-sized large WM
ROIs covering the whole brain, and 10 segmented fibre
tracts not including the SLF, and thus the ROIs may have
provided less sensitivity to the relevant fibre structures
than did the present study. Furthermore, our finding of a
right-lateralized network subserving sustained attention in
children and adolescents differs from studies reporting a
bilateral functional network for the RVP paradigm [Coull
et al., 1996; Lawrence et al., 2003]. However, the RVP para-
digms applied in these studies used either multiple target
sequences or targets consisting of any three consecutive
odd or even numbers. This substantially increased the
working memory load of the tasks as compared to the
RVP test used in the present study, where there was only
one fixed target sequence. It might be that left hemisphere
associations with RVP reflect demands on working mem-
ory rather than on sustained attention itself. This interpre-
tation seems to be corroborated by the recent finding by
our group, which showed that spatial working memory
performance was specifically associated with FA of the left
SLF in the same sample of subjects [Vestergaard et al.,
2011]. These observations suggest an anatomical dissocia-
tion between sustained attention and working memory in
the investigated age range, though it should be noted that
it is unclear how spatial working memory demands might
relate to the working memory demands of the different
RVP tasks. Finally, other factors may contribute to the dis-
crepancy between the right-sided findings in the present
study and the more bilateral findings in other RVP-studies,
e.g., differences in the age range of investigated subjects,
or in the methods in general.

Contrary to expectations, we did not find an association
between right DLPFC ROI FA and sustained attention per-
formance. Reports of right DLPFC activations during sim-
ple sustained attention tasks [Coull et al., 1996; Lim et al.,
2010; Pardo et al., 1991; Paus et al., 1997] suggested that
such an association might be present. However, all of
these studies were performed in adults. One of the possi-
ble explanations for not observing associations with right
DLFPC FA in the age range investigated, might be re-
gional differences in the phase of white matter maturation.
Studies have suggested that frontal white matter may
mature later than more posterior white matter [Colby
et al., 2011; Lebel et al., 2008; Yakovlev and Lecours, 1967].

Thus, it may be that the white matter underlying the
DLPFC matures later than the white matter in the PC and
SLF ROIs. Alternatively, the DLPFC ROIs may be limited
by low power or sensitivity, e.g., the DLPFC ROIs may
include many other fibres than fibres from the SLF and
thus these ROIs may have been a less sensitive index of
the targeted fronto-parietal association fibres.

RT variability was measured using RTCV, i.e., the SD of
the RTs, divided by the mean RT. This approach was pre-
ferred to using the standard error of the mean of RTs, i.e.,
the SD divided by the square root of number of trials
[Conners et al., 2003; Epstein et al., 2003; Hervey et al.,
2006; Mabbott et al., 2006; Ogg et al., 2008; Yeo et al.,
2003]. This latter measure may have an implicit accuracy
bias in tests of sustained attention, since RTs are only pro-
duced for hits. Essentially, the standard error of the mean
of RTs then becomes a RT variability score nonlinearly
scaled by an accuracy score. This measure provides high
diagnostic sensitivity and specificity [Epstein et al., 2003],
but may be less suitable for localising neural substrates of
cognitive processes because effects of accuracy and RT
variability are conflated.

In the present study, d0 was significantly associated with
the WM microstructure of the right SLF and the right
superior PC, while RTCV only was associated with
right superior PC. Furthermore, the association between
right superior PC FA and d0 was independent of RTCV,
and the association between right superior PC FA and
RTCV was independent of d0. The functional significance of
these observed associations is unclear. Historically and
theoretically sustained attention has been linked with ac-
curacy measures (e.g., d0), while arousal has been associ-
ated with RT measures [Sturm and Willmes, 2001].
Although highly speculative, following the theory of sus-
tained attention by Sarter et al. [2001, 2006], d0 may be an
expression of the ‘‘sustained attention network,’’ including
fronto-parietal connections such as SLF, while RTCV might
reflect the ‘‘arousal network,’’ including thalamo-parietal
connections. Further studies, employing tractography,
functional MRI and TMS may be able to characterize these
two putative networks.

Questions remain regarding the neurobiological inter-
pretation of the age-independent relationships between
sustained attention performance and diffusion parameters
in the right SLF and superior PC. They may reflect indi-
vidual differences in the phase of maturation of the right
fronto-parietal system among children of similar age. This
is likely, at least to some extent, since both sustained atten-
tion [Betts et al., 2006; Lin et al., 1999] and fronto-parietal
WM microstructure [Lebel et al., 2008] continue to
develop across the age range included in the present
study. Alternatively, the variability in FA and k? may
reflect individual differences in the architecture of the
right fronto-parietal system that emerge earlier in life dur-
ing brain development, and remain stable in spite of
superimposed biological changes associated with matura-
tion. This is plausible since individual differences in
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behavioral performance also have been associated with FA
variability in adults [Gold et al., 2007; Wolbers et al.,
2006]. Finally, the individual differences observed in the
present study could also reflect variability in the experien-
ces of the children. For example, Takeuchi et al. [2010]
recently reported that the amount of time spent on train-
ing on a working memory task over a 2-month period was
associated with increased FA in the WM underlying the
intraparietal sulcus and in the anterior body of the corpus
callosum. Longitudinal data analyses are a first step in dis-
entangling the relative weight of stable characteristics, and
maturational and/or experience driven dynamic processes.

CONCLUSION

Better sustained attention performance was found to be
associated with higher FA and lower k? in the right SLF
as well as in the WM underlying the right superior PC.
The associations displayed a higher level of specificity
than found in earlier studies, as they were independent of
age and global WM microstructure. The observed struc-
ture–function relationships could be due to stable individ-
ual differences, activity-dependent neuroplasticity, or to
individual differences in the phase of maturation in the
fronto-parietal network. Further studies including longitu-
dinal data may provide further insights.
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LR, Ramsøy TZ, Gerlach C, Åkeson P, Paulson OB, Jernigan
TL (2011): White matter microstructure in superior longi-
tudinal fasciculus associated with spatial working memory
performance in children. J Cogn Neurosci 23:2135–2146.

Wechsler D (1981): Wechsler Adult Intelligence Scale—Revised.
San Antonio, TX: The Psychological Corporation.

Wilkins AJ, Shallice T, Mccarthy R (1987): Frontal lesions and sus-
tained attention. Neuropsychologia 25:359–365.

Wolbers T, Schoell ED, Buchel C (2006): The predictive value of
white matter organization in posterior parietal cortex for spa-
tial visualization ability. Neuroimage 32:1450–1455.

Yakovlev PI, Lecours AR (1967): The myelogenetic cycles of re-
gional maturation of the brain. In: Minkowski A, editor. Re-
gional Development of the Brain in Early Life. Philadelphia:
F.A. Davis Co. p. 3–87.

Yeo RA, Hill DE, Campbell RA, Vigil J, Petropoulos H, Hart B,
Zamora L, Brooks WM (2003): Proton magnetic resonance
spectroscopy investigation of the right frontal lobe in children
with attention-deficit/hyperactivity disorder. J Am Acad Child
Adolesc Psychiatry 42:303–310.

r Sustained Attention and Fronto-Parietal FA r

r 17 r




