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a b s t r a c t
When people make mistakes in speeded cognitive tasks, their response time on the next trial will typically be
slower. This is referred to as post-error slowing (PES), and is important for optimization of performance, but
its exact function remains to be decided. However, although PES is relatively stable over time, we have almost
no knowledge about how PES is affected by structural brain characteristics. The aim of this study was to test
to what extent white matter (WM) macro- and microstructure can account for individual differences in PES.
PES was calculated for 255 healthy participants who performed a modiﬁed version of the Eriksen ﬂanker task
and underwent structural magnetic resonance imaging and diffusion tensor imaging (DTI). PES was positively related to WM volume in the caudal and rostral middle and superior frontal, medial orbitofrontal gyri and
pars orbitalis. DTI analyses with tract-based spatial statistics (TBSS) showed that mean diffusivity in the superior longitudinal fasciculus, inferior fronto-occipital fasciculus and anterior thalamic radiation, as well as
axial diffusivity in the corpus callosum, was negatively related to PES. Path analysis demonstrated that WM
micro- and macrostructure were complementary in accounting for PES. It is concluded that individual differences in WM characteristics can partly explain why some people are better at adjusting their behavior in response to poor performance than others.
© 2012 Elsevier Inc. All rights reserved.

Introduction
After commission of an error, the performance monitoring system
will induce a general adjustment to impose more controlled cognition, resulting in a slower response on the next trial. This phenomenon is referred to as post-error slowing (PES) (Rabbitt, 1966). The
exact function of PES is not yet known, but it likely crucial for optimization of performance (Danielmeier and Ullsperger, 2011). Medial
frontal cortex (MFC) is especially important for error monitoring
and adjustments of attention (Ridderinkhof et al., 2004), and it was
recently shown that upon the occurrence of errors, posterior MFC selectively drove attention toward task-relevant information, resulting
in motor adaptation observed as PES (Danielmeier et al., 2011). However, even though there are huge individual differences in the degree
to which persons adjust their response thresholds after commission
of an error, we have almost no knowledge about how normal variations in structural brain characteristics are related to PES. One hypothesis would be that PES is modulated by the integrity of the
brain's white matter (WM). To allow efﬁcient monitoring of performance in speeded cognitive tasks, rapid interactions and cross-talk
between different prefrontal areas, and between prefrontal areas
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Norway. Fax: + 47 22 84 50 01.
E-mail address: andersmf@psykologi.uio.no (A.M. Fjell).
1053-8119/$ – see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.neuroimage.2012.03.007

and other brain regions, are necessary. These interactions place
great demands on the long-distance projection ﬁbers. Thus, the aim
of the present study was to test how individual differences in PES
are related to WM macro- and microstructure in an adult lifespan
sample. The stability of PES over time (Danielmeier and Ullsperger,
2011) further underscores the importance of understanding structural underpinnings of the phenomenon.
The rationale for hypothesizing a relationship between WM integrity and performance monitoring and adjustment is based on several
sources of evidence. An important line of studies has measured the
error-related negativity (ERN), an electrophysiological response that
can be seen within 100 ms after the commission of an error
(Bernstein et al., 1995; Falkenstein et al., 1991; Gehring et al.,
1993). ERN assumedly reﬂects a combination of error or conﬂict
awareness and behavioral adjustment processes, and is likely generated in the cingulate (Agam et al., 2011; Debener et al., 2005). This
makes the cingulum bundle an important information highway between cingulate cortex and other parts of the brain. The integrity of
such WM connections can be quantiﬁed by diffusion tensor imaging
(DTI), which allows for in vivo quantiﬁcation of the degree and directionality of water diffusion, and is sensitive to microstructural properties of the brain tissue. Fractional anisotropy (FA), derived from DTI,
reﬂects the directionality of water diffusion in the tissue, and is generally regarded as a measure of WM integrity. ERN amplitude has
been found to be related to FA of the posterior cingulum bundle
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(Westlye et al., 2009), and a multi-modal study found that faster error
correction was associated with higher FA in the posterior cingulate
(Agam et al., 2011).
The above described ﬁndings indicate that WM integrity is indeed
important for the efﬁciency of the performance monitoring system.
However, there has been a lack of efforts to directly map if and how
PES is related to such characteristics of the brain. An exception is a recent important study of 20 young and healthy participants where a
correlation was found between PES and fractional anisotropy (FA)
in WM beneath posterior MFC regions connected to the motor inhibition system (Danielmeier et al., 2011). Thus, although the exact neuroanatomical and neurophysiological principles are yet to be
discovered, there are reasons to expect that the ability to adjust behavior in response to errors is related to WM integrity, in line with
several previous lesion studies (Gehring and Knight, 2000; Hogan et
al., 2006; Stemmer et al., 2004; Ullsperger and von Cramon, 2006).
Still, no large-scale efforts have been undertaken to systematically
investigate how PES relates to different properties of WM, which is
the aim of the present study. WM volume was measured in 68 gyral
regions using an automated segmentation method (Fjell et al., 2008;
Salat et al., 2009), while microstructure was measured by DTI data analyzed with full-brain tract-based spatial statistics (TBSS) (Smith et
al., 2006). Based on the notion that the integrity of WM would be related to the participants’ ability to efﬁciently adjust behavior in response to errors, we hypothesized that PES would be positively
correlated with WM volume and FA, and negatively with degree of
diffusion along (axial diffusion, AD) and across (RD) the main direction of the diffusion tensor, as well as the mean diffusion (MD). Reduced AD has been related to axonal loss in animal models (Song et
al., 2003), and increased AD will also result in increased FA if no
change in RD is seen. However, several studies have found increased
AD in healthy aging and Alzheimer's disease (Agosta et al., 2011;
Madden et al., 2012), and so increased AD may be an indication of reduced WM ﬁber integrity in these conditions. Thus, we expected a
negative relationship between PES and AD. Further, resting on the
very limited number of studies exploring the neuroanatomical basis
of PES in healthy individuals, we expected effects in areas of the frontal cortex, including connecting pathways between the pre-SMA, lateral inferior frontal cortex (IFC) and the subthalamic nuclei (STN)
(Aron et al., 2007; Danielmeier and Ullsperger, 2011). Patients with
thalamic lesions show deﬁcient error processing, including PES
(Peterburs et al., 2011; Seifert et al., 2011). Thus, in addition to WM
volume and microstructure, we also included thalamic volume as a
ﬁnal variable of interest.
Materials and methods
Sample
The sample was drawn from the ﬁrst wave of a longitudinal research project at the Center for the Study of Human Cognition at the
University of Oslo: Cognition and Plasticity through the Life-Span
(Fjell et al., 2008; Westlye et al., 2009). The study was approved by
the Regional Ethical Committee of Southern Norway (REK-Sør). The
participants were recruited through newspaper ads and among students and employees of the University of Oslo. Further details regarding recruitment and enrolment are given elsewhere (Fjell et al., 2008;
Westlye et al., 2009). We obtained written informed consent from all
participants. All subjects were right handed native Norwegian
speakers. The participants were screened using a standardized health
interview on telephone prior to inclusion in the study. History of neurological or psychiatric conditions thought to affect normal cerebral
functioning; including clinically signiﬁcant stroke, serious head injury, untreated hypertension, diabetes and use of psychoactive drugs
within the last two years were exclusion criteria. Further, participants
reporting worries concerning their cognitive status, including

memory function, were excluded. All subjects scored b16 on Beck Depression Inventory (BDI) (Beck and Steer, 1987) and subjects above
40 years of age ≥26 on Mini Mental State Examination (MMSE)
(Bravo and Hebert, 1997; Folstein et al., 1975). General cognitive abilities were assessed by Wechsler Abbreviated Scale of Intelligence
(WASI) (Wechsler, 1999). All participants scored within normal IQ
range. All MR scans were examined by a specialist in neuroradiology
and excluded if containing signiﬁcant anomalies including signs of
vascular insults.
270 participants fulﬁlling the above criteria completed the Eriksen
ﬂanker task (see below). Of these, 15 participants were excluded due
to b5 correct responses after an error response. Thus, the ﬁnal n was
255 (147 females/ 108 males), with a mean age of 48.3 (20–83 years),
MMSE of 29.1 (participants >40 years), 15.7 years of education
(4–26, lacking information for two participants) and full scale IQ of
114.1 (92–141).
Experimental task
We administered a modiﬁed version of the Eriksen ﬂanker task
(Eriksen and Eriksen, 1974), described in details elsewhere
(Westlye et al., 2009), similar to the task used by Debener et al.
(Debener et al., 2005). A brief overview of the main features of the
task is given in Fig. 1. The stimuli were horizontal arrows of length
1° pointing either to the right or the left displayed in a vertical stack
2.5° high. Subjects 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 for a random interval ranging between
1200 and 1800 ms. Then the four ﬂanker arrows were presented for
80 ms before the target arrow was presented for 30 ms along with
the ﬂanker arrows. The ﬂanker arrows were presented prior to the
target to increase prepotent responding and make the task more difﬁcult. At presentation of the target, the task was to push the left button with the left index ﬁnger if the target was pointing to the left, and
the right button with the right index ﬁnger if the target was pointing
to the right. Based on the mean reaction time (RT) for the 20 ﬁrst consecutive trials, an individually adjusted RT criterion (10% above mean
RT of the 20 initial trials) was set. After every subsequent third trial
either with RT exceeding this criterion or with response omission, a
message occurred on screen for 1 s instructing the participant to respond faster. Before the experiment, a training session of 20 trials
was administered in order to familiarize the participant with the task.
On average, 7.7 instructions to respond faster were given during
the complete experiment (sd = 13.7). Number of instructions did
not correlate with intellectual ability as quantiﬁed by full-scale IQ
(FSIQ) from WASI (r = −.00, p = .96), education (r = − .01, p = .92)
or MMSE score (r = − .01, p = .86), or with age when median RT
was partialled out (r = .00, p = .98). Instructions to respond faster
correlated −.24 with number of correct responses in the congruent
condition (p b .001), while no signiﬁcant correlation was found in
the incongruent condition (r = −.06, n.s.). The rationale for using
this procedure was to increase the demand to respond swiftly and

Fig. 1. Flanker task. For details, please consult the main text.
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thus increase task difﬁculty, to increase the participants’ motivation
for rapid responses and to enhance their attentional investments in
the task. We expected that this would reduce variability due to random attentional drifts etc., and leave us with a response measure
more closely related to task-focused central nervous system function.
Responses were obtained on a PST Serial Response Box, and the
experimental procedures and responses were collected using Eprime (Psychological Software Tools, Pittsburgh, PA) software. There
were two experimental task conditions; congruent and incongruent.
In the congruent condition all arrows were pointing in the same direction. In the incongruent condition, the middle arrow was pointing
towards the opposite side as the ﬂanker arrows. The task included
416 trials with a short break half way. The probability of an incongruent trial was 50% in a randomized fashion. The correlation between
mean RT across subjects per trial and trial number was r = .04
(p = .51), indicating that no clear linear drift in RT existed throughout
the course of the task session. This was probably partly due to the
training session administered before the experiment, and the feedback presented on screen in response to slow RTs or response omissions (see above).
For statistical analyses, we excluded the ﬁrst 10 trials, as well as
the 10 trials with the fastest and the slowest RTs, for each condition
separately. This was done because it is difﬁcult to decide whether extreme responses represent variations of the real cognitive processes
under study, or whether they result from random noise due to factors
such as the participant missing the button, having a single lapse of attention during the course of a long speeded task, etc. Thus a simple
way of reducing the possibility that such noise contaminate the
data, without biasing the results in either direction, is to exclude the
extreme ends of the RT distribution for all participants.
Since RTs to incongruent stimuli tend to be slower than for congruent stimuli, and more errors are committed in the incongruent
condition (Eriksen and Eriksen, 1974), analyzing PES averaged across
stimulus categories would likely reduce the observed PES. Accordingly, PES was analysed for each stimulus category separately. Mean RT
for each correct congruent trial following an error trial was calculated,
as well as mean RT for each correct congruent trial following a correct
trial. PES was calculated as the difference between these, divided by
the mean RT across all correct congruent trials. In addition, post-hoc
analyses were computed with non-normalized PES values (i.e. not divided by mean RT). For incongruent trials, the difference between
post-error and post-correct trials was not signiﬁcant (see below).
This could be caused by increased selective attention after errors,
which may enhance PES for congruent while counteract PES for incongruent stimuli. Danielmeier and Ullsperger (2011) argue that
PES is associated with both inhibition in the motor system and adjustments in task-related brain areas. The latter may be related to attentional processes or post-error focusing, and slowing and post-error
focusing could therefore counteract each other (Verguts et al.,
2011). Due to the lack of a signiﬁcant PES in the incongruent condition in the present study, further analyses were conﬁned to congruent
trials only.
MR acquisition
Imaging data were collected using a 12 channel head coil on a 1.5T
Siemens Avanto scanner (Siemens Medical Solutions, Erlangen, Germany) at Oslo University Hospital, Rikshospitalet. For diffusion
weighted imaging a single-shot twice-refocused spin echo echo planar imaging (EPI) pulse sequence with 30 diffusion sensitized gradient directions and the following parameters was used: repetition
time (TR)/echo time (TE) = 8200 ms/82 ms, b-value = 700 s/mm 2,
voxel size = 2.0 × 2.0 × 2.0 mm. This sequence is optimized to minimize eddy current-induced image distortions (Reese et al., 2003).
The sequence was repeated in two successive runs with 10 b = 0 in
addition to 30 diffusion weighted images collected per acquisition.
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The two acquisitions were combined during post-processing to increase signal-to-noise-ratio (SNR). Each volume consisted of 64
axial slices. Total scanning time was 11 min, 21 s.
The pulse sequence used for volumetric analyses were two repeated T1-weighted Magnetization Prepared Rapid Gradient Echo (MPRAGE), with the following parameters: TR/TE/TI/FA = 2400 ms/
3.61 ms/1000 ms/8°, matrix 192 × 192, ﬁeld of view = 240. Scanning
time was 7 min, 42 s. Each volume consisted of 160 sagittal slices
with voxel size 1.25 × 1.25 × 1.20 mm. The two MP-RAGEs were averaged during post-processing to increase SNR. All datasets were processed and analysed at the Neuroimaging Analysis Lab, Center for
the Study of Human Cognition, University of Oslo, with additional
use of computing resources from the Titan High Performance Computing facilities (http://hpc.uio.no/index.php/Titan) at the University
of Oslo.
DTI analysis
Image analyses and tensor calculations were done using FSL
(Smith et al., 2004; Woolrich et al., 2009) (http://www.fmrib.ox.ac.
uk/fsl/index.html). Initially, each DTI volume was afﬁne registered
to the T2-weighted b = 0 volume using FLIRT (Jenkinson and Smith,
2001). This corrected for motion between scans and residual eddycurrent distortions present in the diffusion weighted volumes. In
order to preserve the orientational information after motion correction, we reoriented each volume's B matrix by applying the corresponding transformation matrix from the motion-correction
procedure. After removal of non-brain tissue (Smith, 2002), least
square ﬁts were performed to estimate the FA, eigenvector and eigenvalue maps. We deﬁned radial diffusion (RD) as the mean of the second and third eigenvalue ((λ2 + λ3) / 2) and mean diffusivity (MD) as
the mean of all three eigenvalues. Next, all individuals’ FA volumes
were skeletonised and transformed into a common space as
employed in TBSS (Smith et al., 2006, 2007). Brieﬂy, all volumes
were nonlinearly warped to the FMRIB58_FA template, which is supplied with FSL, by use of local deformation procedures performed by
FNIRT (Andersson et al., 2007a, 2007b), a non-linear registration
toolkit using a b-spline representation of the registration warp ﬁeld
(Rueckert et al., 1999).
All warped FA volumes were visually inspected for accuracy,
which is especially pertinent when analyzing life-span datasets with
relatively large individual variability in brain size and architecture.
We have previously shown that FNIRT performed the native-tostandard warping adequately across age groups (Westlye et al.,
2010).
Next, a mean FA volume of all subjects was generated and thinned
to create a mean FA skeleton representing the centers of all common
tracts. We binarized the mean skeleton at FA > .20 to reduce the likelihood of partial voluming in the borders between tissue classes,
yielding a mask of 128267 WM voxels. Individual FA values were
warped onto this mean skeleton mask by searching perpendicular
from the skeleton for maximum FA values. Using maximum FA values
from the centers of the tracts further minimizes confounding effects
due to partial voluming (Smith et al., 2006). The resulting tract invariant skeletons for each participant were fed into voxel-wise permutation based cross-subject statistics. Similar warping and analyses were
employed on AD, RD, and MD data, yielding AD, RD and MD skeletons
sampled from voxels with FA > .20. The total volume of white matter
T1 hypointensities was quantiﬁed and used as covariate in selected
analyses (see Statistical analyses). Hypointensities from T1weighted images correlate with FLAIR measurements, thereby providing a metric of WM lesions (Rovaris et al., 1999).
Finally, in order to enable comparison with previous studies (see
below), we performed probabilistic tractography using selected effect
sites as seed regions to delineate the major pathways of which the selected regions were constituents. The local diffusion directions were
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calculated using Bayesian Estimation of Diffusion Parameters
Obtained using Sampling Techniques (bedpostx), which allows for
modeling of several anisotropic compartments within each voxel
(Behrens et al., 2003, 2007). Here, we modeled up to two compartments per voxel. The probabilistic tractography was performed
using probtrackx, which iteratively samples from the distributions
of voxel-wise principal diffusion directions, each time computing a
streamline through these local samples to generate a probabilistic
distribution on the location of the true streamline. Here, the posterior
connectivity distribution was generated using 5000 iterations per
voxel. The tractography was performed in the native diffusion space
of 60 randomly selected datasets, with each distribution thresholded
at the 95. percentile, warped to a common space using FLIRT
(Jenkinson and Smith, 2001; Jenkinson et al., 2002) and FNIRT
(Andersson et al., 2007a, 2007b), concatenated, and averaged across
subjects in order to generate a group template of each connectivity
distribution. In order to retain the streamlines of lowest uncertainty
across subjects only, the group template was thresholded, binarized,
and projected onto a high-resolution 3D map in 3D slicer (http://
www.slicer.org/) for visualization.
Volumetric analyses
We estimated regional WM volumes using Freesurfer 4.1 (http://
surfer.nmr.mgh.harvard.edu/) by means of an automated surface reconstruction scheme described in detail elsewhere (Dale et al.,
1999; Fischl and Dale, 2000; Fischl et al., 1999a, 1999b, 2001;
Segonne et al., 2004). Brieﬂy, the cortical surface was automatically
parcellated based on (1) the probability of each label at each location
in a surface-based atlas space, based on a manually parcellated training set; (2) local curvature information; and (3) contextual information, encoding spatial neighbourhood relationships between labels
(conditional probability distributions derived from the manual training set) resulting in 33 surface-based regions (Desikan et al., 2006;
Fischl et al., 2004b). WM voxels within a distance of 5 mm from the
cortical surface was labelled according to the label of the nearest cortical vertex (Fjell et al., 2008; Salat et al., 2009) yielding 33 bilateral
WM parcels, each corresponding to a cortical area. The WM voxels
not assigned to a surface area were labelled deep WM. All resulting
surface labels were manually inspected for accuracy. Areas segmented as hypointense WM areas (“dark spots”) based on the MP-RAGES
were not included in the WM volumes. We combined parcels into
larger subsets of bilateral lobule based regions (frontal, parietal, temporal and occipital lobe) in addition to the cingulate gyrus, corpus callosum, and total WM. Intracranial volume (ICV) was calculated by an
atlas-based normalization procedure (Buckner et al., 2004).
Thalamus was automatically segmented based on the FreeSurfer
subcortical processing stream, where a neuroanatomical label is
assigned to each voxel in an MRI volume based on probabilistic information automatically estimated from a manually labeled training set
(Fischl et al., 2002). The training set included both healthy persons in
the age range 18–87 years and a group of Alzheimer's disease patients
in the age range 60–87 years, and the classiﬁcation technique employs a registration procedure that is robust to anatomical variability,
including the ventricular enlargement typically associated with aging.
The technique has previously been shown to be comparable in accuracy to manual labeling (Fischl et al., 2002, 2004a).
Statistics
Relationships between PES (normalized to mean RT) and WM volumes were tested by partial correlations, where age and ICV were
controlled for. PES was recursively correlated with WM volume at
four different levels of spatial resolution (Total WM volume, lobar
WM volume, lobar hemispheric WM volume, regional WM volume
averaged across hemispheres). A procedure with some similarities

Table 1
Regional white matter volume and post-error slowing Partial correlations between regional white matter volume and post-error slowing, controlling for the effect of age
and intracranial volume.
WM area

Partial r

pb

Total WM

.15

.05

Lobes
Frontal WM
Parietal WM
Temporal WM
Occipital WM
Cingulum WM
Corpus callosum

.22
.11
.08
.00
.09
.00

.001
n.s.
n.s.
n.s.
n.s.
n.s.

Frontal hemispheres
Left Frontal WM
Right Frontal WM

.24
.20

.001
.001

Frontal ROIs
Caudal middle frontal
Rostral middle frontal
Medial orbitofrontal
Pars orbitalis
Superior frontal
Frontal pole
Lateral orbitofrontal
Pars opercularis
Pars triangularis

.18
.14
.16
.15
.19
.11
.11
.05
.02

.01
.05
.05
.05
.01
n.s.
n.s.
n.s.
n.s.

Bold indicates p b .05.

to the conditional inference tree approach was used. An analysis
was performed only if the correlation at the previous level of resolution was signiﬁcant (p b .05). Thus, a signiﬁcant correlation between
PES and total WM volume was followed by analyses of the relationships between volume and PES at the level of lobes. Only the variables
at the level of lobes where signiﬁcant correlations with PES were
found would be entered into further analyses on the next level, and
so forth. In addition, a separate analysis was run for thalamus volume.
All analyses were repeated with sex and task performance (the number of correct responses in each condition) as additional covariates,
and with non-normalized PES values.
For DTI, voxel based DTI analyses were performed using permutation based statistics (Nichols and Holmes, 2002) as implemented in
randomise, part of FSL. GLMs were run across the skeleton with age
as covariates for PES. Threshold Free Cluster Enhancement (TFCE)
(Smith and Nichols, 2009) was used for statistical inference. 5000
permutations were performed for each contrast. Statistical p-value
maps were thresholded at p b .05 corrected for multiple comparisons
across space and displayed as color coded overlays. Next, mean values
from each voxel with p b .05 from each analysis (RD, MD, AD, FA)
were extracted for each participant, and fed into partial correlation
analyses (controlled for age) with PES. This was done to enable estimation of effect sizes in terms of correlation coefﬁcients. As these analyses were restricted to voxels where signiﬁcant relationships with
PES already had been established, these must not be regarded as
part of the hypothesis testing. Similar to the morphometry analyses,
the partial correlation analyses were repeated with sex, task performance and total volume of WM hypointensities from the T1weighted scans as additional covariates, and with non-normalized
PES values.
All signiﬁcant analyses were repeated with statistical outliers excluded, deﬁned as participants for whom studentized deleted residuals
>3 or b−3. This was done to ensure that a few observations did not
disproportionally affect the results. Further, all signiﬁcant relationships were tested for non-linearity by introducing a quadratic term
to a multiple regression analysis on the form PES = C + β1age +
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β2Var1 + β3(Var1)2 + ε, where Var1 is any brain variable (WM volume,
DTI parameter), and nonlinearity was evidenced by p b .05 for β3. To
test whether an anterior–posterior gradient could be found for the relationships between PES and signiﬁcant DTI measures, mean t-score was
calculated for each slice in the anterior–posterior-direction, smoothed
by locally estimated scatterplot smoothing and the results plotted
across the range. This was done because frontal brain areas are assumed
to be of special importance for PES (Aron et al., 2007; Danielmeier and
Ullsperger, 2011). Finally, the best volumetric predictor and the best
DTI predictor were entered into a multi-modal path analysis to model
the contributions from the different imaging measures, as well as age,
ICV and task performance. The path modeling was done implemented
in AMOS 19, part of SPSS 19.
Since several of the covariates were expected to correlate, regression diagnostic analyses were run to avoid multi-collinearity. In no
cases did the variance inﬂation factor approach a critical value of 10,
or the tolerance a critical value of .10.
Results
PES, task performance and general ability level
Error rate was 5% in the congruent condition and 25% in the incongruent condition (t [254] = 22.8, p b 10 − 62). Mean RT for each correct
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congruent trial following an error trial was 404 ms, compared to
381 ms for the correct congruent trials that followed correct trials
(t = 8.3 [254], p b 10 − 14). For incongruent trials, the difference between post-error and post-correct trials was not signiﬁcant (475 vs.
473, t [254] = 1.0, n.s.). PES correlated positively with task performance for both congruent (r = .26, p b 10 − 4) and incongruent stimuli
(r = .20, p b .001). PES did not correlate with general intellectual abilities (WASI verbal IQ r = .08, n.s.; performance IQ r = .08, n.s.; full
scale IQ r = .08, n.s.). PES was negatively related to response variability, deﬁned as the standard deviation of the mean RT divided by the
mean for the correct congruent responses following an error (Partial
r = −.20, p b .001, age and sex used as covariates.
WM morphometry
The relationships between WM volume and PES are shown in
Fig. 2 and Table 1. Total WM volume correlated signiﬁcantly with
PES (r = .15, p b .05). Analyses at the level of lobes revealed that
only the relationship for the frontal WM was statistically signiﬁcant
(r = .22, p b .001). The frontal relationship was replicated for both
hemispheres (left r = .24, p b .001; right r = .20, p = .001). Thus, further analyses were done on the average of left and right ROIs. Within
the frontal lobes, signiﬁcant correlations with PES were found for the
caudal (r = .18, p b .01) and rostral middle frontal (r = .14, p b .05) and

Fig. 2. Relationship between WM volume and post-error slowing. Partial correlations between post-error slowing and WM volume in different regions, corrected for age, intracranial volume and task performance.
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Fig. 3. Frontal regions where WM volume correlated signiﬁcantly with post-error slowing, shown on the WM surface of a template brain.

superior frontal (r = .19, p b .01) gyri, medial orbitofrontal cortex
(r = .16, p b .05) and pars orbitalis (r = .15, p b .05). Demarcation of
the signiﬁcant frontal ROIs are shown in Fig. 3.
The analyses were re-run with sex and task performance as additional covariates, which did not change the status from signiﬁcant to
non-signiﬁcant or vice versa for any of the coefﬁcients. Exclusion of
statistical outliers (studentized deleted residuals >3 or b−3) did
not render any of the signiﬁcant relationships non-signiﬁcant. For
none of the variables was an interaction with age found (all
ps > .05), and in no case did a quadratic term add signiﬁcantly to
the amount of explained variance. The analyses were re-run with
non-normalized PES (not divided my mean RT) to ensure that the
normalization procedure did not unduly affect the results. Pars orbitalis (r = .12, p = .064) and rostral middle frontal WM volumes
(r = .12, p = .06) were then only marginally signiﬁcant.

(studentized deleted residuals b+/− 3) excluded. For both the MD
and the AD analysis, this lead to the exclusion of four participants,
and the partial correlation coefﬁcients with PES were − .21 for AD
and −.25 for AD (age partialled out), p b .001.
To test for anatomical speciﬁcity of the effect across the posterior–
anterior axis, demeaned t-scores were plotted as a function of MNI
y-coordinates, and the results ﬁtted by locally weighted estimated
scatter smoothing (LOESS) are shown in Fig. 5. As can be seen, for
both MD and AD, the strongest effects were seen around MNI
y-coordinate 0, shifted somewhat in the anterior direction.

Thalamus volume
Thalamus volume correlated positively with PES (r = .13, p b .05)
when age and ICV were partialled out. The correlations across hemispheres were almost identical (left r = .123, p = .05, right r = .117,
p = .062). The analyses were re-run with task performance as an additional covariate, and the correlation was now only marginally signiﬁcant (r = .12, p = .056). The analyses were also run with raw
(non-normalized) PES scores. This did not affect the results much,
but thalamus now correlated signiﬁcantly with PES both when task
performance in addition to age and ICV were included as covariates
(r = .13, p b .05), and when only age and ICV were included as covariates (r = .13, p b .05). Exclusion of outliers rendered the correlation
only marginally signiﬁcant (r = .10, p = .10).
DTI
MD and AD were negatively related to PES as evidenced by wholeskeleton TBSS analyses (p b .05, corrected) when age was used as covariate (Fig. 4). For MD, signiﬁcant relationships were found in 1086
voxels, mainly in the right superior longitudinal fasciculus, but also
overlapping with the anterior thalamic radiation and an area that in
the Johns Hopkins University (JHU) atlas (Hua et al., 2008; Wakana
et al., 2004) is referred to as inferior fronto-occipital fasciculus
(even though there is controversy regarding whether this tract actually exists, see e.g. (Schmahmann and Pandya, 2007)). For AD, 1717
voxels were signiﬁcant, mainly in the body of the corpus callosum.
The partial correlations between mean MD and AD values across
voxels signiﬁcant at p b .05 and PES were computed, with age partialled out. MD and PES correlated − .27 and AD and PES −.26. Adding age, sex, task performance and total volume of WM T1
hypointensities did not affect the relationships much (MD r = −.22,
AD r = − .26). An interaction with age did not approach signiﬁcance.
The relationships were further tested by ﬁtting a quadratic function
by adding AD 2 and MD 2 in turn to the models, which was not significant for either DTI measure. The analyses were re-run with outliers

Fig. 4. Relationship between MD, AD and post-error slowing. Effects of post-error slowing on diffusion characteristics, corrected for age. The effects are corrected for multiple
comparisons across space by threshold-free cluster enhancement (TFCE) at p b .05. The
results are smoothed to ease visualization of effects. All relationships were negative.
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indicate a good ﬁt. However, several of the paths in the model
were not signiﬁcant. Thus, the paths with the highest p-value
were recursively deleted, and the analysis re-run after each nonsigniﬁcant path was removed. This was repeated until a ﬁnal
model was reached. In this model, all paths were signiﬁcant
(p b .05). This ﬁnal model showed an excellent ﬁt, with a relative
chi square of 1.06 and an RMSEA of .014. AD had a direct (−.24) effect on PES, as well as an indirect effect (− .04) through frontal WM
volume, yielding a total effect of − .28. If the directionality of the AD
➔ frontal volume relationship was reversed (frontal volume ➔ AD),
the model ﬁt went down (CMIN/DF = 2.66/ RMSEA = .81), although
still yielding a decent ﬁt. In that model, however, the path from volume to AD was only marginally signiﬁcant (p = .084). We also tested a model where AD was replaced by MD. In this model, all the
paths were signiﬁcant (p b .05), but the model ﬁt was substantially
reduced (CMIN/DF = 4.07/ RMSEA = .11).
Fig. 5. Anterior–posterior gradients. The graphs represent demeaned t-values in the
skeleton at each integer MNI y-coordinate for each DTI measure ﬁtted by locally estimated scatterplot smoothing (LOESS). The number of skeleton voxels for each coordinate will vary, and thus the amount of white matter that is included. Coordinates with
more included voxels, i.e. more white matter, may yield more accurate estimates. The
graphs are projected on top of a template brain to illustrate the location along the yaxis. As can be seen, the strongest effects are located around coordinate 0, shifted
somewhat in the anterior direction.

Multi-modal analysis
We wanted to model how the variance was distributed across
the different variables of interest, and constructed a path model
with PES, age, task performance, ICV, frontal WM volume and AD
(see Fig. 6). Due to the problem of multi-collinearity caused by assumed high correlations between each of the volumetric measures
on one hand and each of the DTI measures on the other, one WM
volume structure and one DTI measure was selected. AD was chosen
because this showed the strongest relationship to PES when age,
sex, task performance and total volume of WM T1 hypointensities
were covaried. The initial model included 12 paths. The relative
chi square (CMIN/DF) of the model was 2.06, with a root mean
square error of approximation (RMSEA) of .064, both of which

Follow-up analyses of FA results
Only one previous study has investigated relationships between
PES and DTI (Danielmeier et al., 2011). In that study, PES from 20
young participants was correlated with FA (no other DTI measures
were reported), using TBSS, and effects were identiﬁed in WM beneath left anterior midcingulate cortex (AMC) and right presupplementary motor area (pre-SMA). However, while a statistical
threshold of p b .05, fully corrected for multiple comparisons across
space by permutation testing, was used in the present paper, the
previous study used an uncorrected threshold of p b .001 with a
minimum cluster size of 40 contiguous voxels. Since the latter approach is less conservative, we thresholded our statistical maps
from the FA analyses at p b .001 to allow more direct comparison
of results across studies. This revealed a cluster of 45 contiguous
voxels located in the WM underneath left precentral gyrus and partly underneath middle frontal gyrus (peak effect at x = − 36, y = − 1,
z = 30). In addition, we found a cluster located beneath the precentral and opercular cortices in the right hemisphere (peak effect at
x = 38, y = − 5, z = 26). The latter cluster contained only 26 contiguous voxels signiﬁcant at p b .001 (uncorrected), but was included
here for purpose of comparison with Danielmeier et al. These clusters are shown in Fig. 7.

Fig. 6. Multi-modal path analysis. Path analysis was used to test how the relationship between the different predictor variables and PES. In the initial model, several of the paths
were not signiﬁcant. The paths with the highest p-value above .05 were deleted recursively one-by-one, and the analyses re-run after each path was removed. In the ﬁnal
model, all paths are signiﬁcant. Standardized regression weights for the signiﬁcant paths are shown next to each path arrow. Bold characters indicate p b .01.
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Fig. 7. Tractography. Panel A: To test whether we could replicate the relationship between FA and PES found by Danielmeier et al. (2011), the TBSS analyses were re-run for FA with
a different statistical threshold employed (p b .001, uncorrected, minimum cluster size 40 contiguous voxels). Cluster 1 satisﬁed this criterion, while cluster 2 only consisted of 26
contiguous voxels but was still included for comparison purposes. The clusters are indicated by the yellow arrows. Panel B: The peak voxel of effect in each of the two clusters identiﬁed by Danielmeier et al. (2011) illustrated by the red dots. Note that the dots represent a circular extension (diameter of 20 pixels) of the peak voxel of the original effects, and
not the actual cluster reported by Danielmeier et al. Panel C: Tractography was performed for a subsample of 60 randomly selected participants. The red tracts are mean projections
across participants using each of the two clusters identiﬁed in the current study as seeds. The green voxels are thresholded and averaged distributions from the clusters reported in
Danielmeier et al. Note that the latter seeds were generated by dilating the voxels of maximum effects from Danielmeier et al. in two steps, yielding 125 contiguous voxels as seed
points in each case. As can be seen, the tracts from the different seed points are clearly distinguishable.

To test whether these clusters were parts of the same structural
network identiﬁed by Danielmeier et al., we performed probabilistic
tractography using the signiﬁcant voxels from our own analyses as
seed points, and compared the results with the results of running
the tractography by use of the peak voxels reported in Danielmeier
et al. (dilated in all three dimensions in two steps using fslmaths,
yielding a total of 125 voxels) (see Fig. 7). Tractography from our approximation of the effects obtained by Danielmeier et al. yielded
tracts crossing the corpus callosum into the opposite hemisphere,
similar to what was obtained in the original study. However, tractography from the clusters identiﬁed in the present study yielded tracts
following the anterior–posterior axis, likely connecting the frontal
lobes and more posterior areas of the brain. These tracts overlapped
with the superior longitudinal fasciculus. Although the clusters identiﬁed across studies were situated not too far from each other, the
probabilistic tractography did not lend strong support to the hypothesis that they feed into the same major WM pathways.
Discussion
This study is the ﬁrst extensive attempt to map the structural brain
correlates of PES, and the results indicate that WM properties are associated with stronger PES. This association was seen both at a macro- and
a microstructural level. In addition, the multi-modal analysis showed

that WM volume and WM tissue DTI characteristics were independent
contributors to the variance in PES. Thus, the ability to adjust behavior
in response to commission of an error is related to different WM properties. The implications of these results are discussed below.
In a speeded continuous performance tasks, occasional errors are
hard to avoid. PES is an important mean to adjust behavior in order
to minimize the likelihood of a second error (Rabbitt, 1966). PES likely reﬂects an increased degree of controlled responding, and provides
more time for task-focused visual encoding (Danielmeier et al., 2011).
In a recent review, Danielmeier and Ullsperger argue that PES may be
related to cognitive control mechanisms, inhibition or reﬂecting an
orienting response, and that these explanations not necessarily are
mutually exclusive (Danielmeier and Ullsperger, 2011). The present
results suggest that the degree to which a participant is able to
make such post-error adjustments of behavior partly depends on
WM characteristics. These relationships were linear, indicating no difference between maximal and optimal PES. Further, no ageinteractions were found, which means that the relationships between
PES and WM characteristics did not change across life, as one could
expect if these were caused by accumulation of WM lesion load.
First, larger WM volumes in several frontal regions were positively
correlated with PES. The crucial role of the frontal lobes in cognitive
control is well established (Miller and D'Esposito, 2005), and the medial frontal cortex is likely of particular importance (Ridderinkhof et
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al., 2004). Danielmeier et al. (2011) demonstrated that medial frontal
cortex activity modulates post-error adaptations in other parts of the
brain, i.e. task-related visual and motor areas. In the present study,
PES correlated with WM volume in the frontal lobe only, and subsequent analyses conﬁned the relationships to caudal and rostral middle and superior frontal, medial orbitofrontal gyri and pars orbitalis.
This ﬁts well with the known importance of these areas for various
tasks related to cognitive control. Cingulate WM volume was not related to PES, even though this region is involved in a variety of control
tasks (Bush et al., 2000), particularly when the experienced probability of committing an error is high (Brown and Braver, 2005). The explanation may be that WM effects are less likely to be anatomically
conﬁned compared to gray matter effects (Westlye et al., 2011), as
the main function of the WM tracts is transfer of information between
distant cortical and subcortical areas. Thus, input from e.g. anterior
cingulate to the orbitofrontal cortex will depend on WM connections
in areas where signiﬁcant effects were identiﬁed in the present study,
even though PES was not related to WM volume directly underneath
the cingulate cortices. For instance, we have previously shown that
the cingulum bundle constitutes a major part of the WM underneath
the superior frontal gyrus, and that FA in the cingulum bundle correlates with FA in WM here as well as in WM underneath the medial
orbitofrontal gyrus (Fjell et al., 2008), for both of which a relationship
between WM volume and PES was seen.
Relationships between WM microstructure and PES were found
for MD and AD. Less diffusion, in terms of lower AD and MD, was related to higher PES. DTI is based on the random displacement of water
molecules in the tissue, and the neurobiological underpinnings affecting the level of diffusion includes myelination, axonal integrity and
axonal packing (Concha et al., 2006, 2010; Song et al., 2002, 2003).
More restricted diffusion is generally regarded as an index of higher
WM integrity, and MD and AD increases in aging (Madden et al.,
2012; Westlye et al., 2010) and Alzheimer's Disease (Agosta et al.,
2011) have been found. Thus, the DTI results were in general agreement with the WM volume analyses, indicating a positive relationship between PES and WM integrity.
The relationships between PES and the DTI measures were conﬁned to speciﬁc WM tracts. For AD, relationships with PES were
seen throughout the corpus callosum, especially in the body, hardly
intersecting other major tracts. MD-PES relationships were found in
the right hemisphere only, mainly in the superior longitudinal fasciculus (SLF). Further, some effects were also seen in the anterior thalamic radiation (ATR) and in the area referred to in the JHU atlas as
the inferior fronto-occipital fasciculus (IFOF). SLF connects the parietal lobe association cortices with the frontal lobe, and travels through
parts of the WM of the superior frontal gyrus, terminating in dorsolateral and -medial frontal cortices (Schmahmann and Pandya, 2006),
partly corresponding to the volumetric effects seen. ATR consists of ﬁbers connecting the anterior and medial thalamic nuclei and the cerebral cortex of the frontal lobe, conveying ﬁbers from all regions of the
prefrontal cortex, as well as from the supplementary motor area
(Schmahmann and Pandya, 2006). Interestingly, a relationship between thalamic volume and PES was also observed in the present
study (or a trend level, depending of the exact nature of the analysis).
IFOF is anatomically located so that it is likely that ﬁbers in this area
connects the occipital and frontal lobes via the temporal lobe (Kier
et al., 2004), originating from, among other areas, the caudal cingulate gyrus, conveying visual information predominantly to the dorsal
premotor and dorsal prefrontal cortices, engaged in higher-order aspects of motor behavior and attention (Schmahmann and Pandya,
2006). Thus, all effects of PES on AD intersected tracts involved in
transfer of information between the frontal cortex and other parts
of the brain, in coherence with an account of PES as related to or
indexing cognitive control, alerting or inhibition (Danielmeier and
Ullsperger, 2011), functions known to depend heavily of frontal circuits (Miller and D'Esposito, 2005). Fig. 5, showing the smoothed
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demeaned t-values as a function of voxel coordinates along the posterior–anterior axis, may also yield some support to the notion of a
more frontal than posterior pattern of effects, although the effect
sizes drop after the middle section of the corpus callosum.
Although we have lacked fundamental knowledge about how
structural brain characteristics affects PES in healthy participants,
one recent study tested the relationship between DTI and PES. In a
sample of 20 young adults, PES correlated with FA in WM beneath
posterior mid-frontal cortex regions that were connected to the
motor inhibition system (Danielmeier et al., 2011), providing evidence for a relationship between PES and WM integrity. In the present study, relationships were found between PES and MD and AD.
Danielmeier et al. did not report results from other DTI measures, so
the results are not directly comparable. Still, both studies yield
some evidence for a positive relationship between higher WM integrity and greater PES, although with notable differences. With use of a
liberal statistical threshold to allow more direct comparisons with the
previous study, we were able to identify two clusters where FA correlated positively with PES, in accordance with what one would have
expected based on the results of Danielmeier et al. Both of these clusters were in proximity to the precentral gyrus, which was shown to
be related to functional MRI activity change associated with PES
(Danielmeier et al., 2011). However, tractography indicated that
these clusters were located in different major pathways compared
to the two clusters found by Danielmeier et al. Thus, the results for
FA seem replicable across two independent studies regarding the extension and direction of effects, but not necessarily regarding the anatomical location of the effects. Still, we believe that the present
results and the results from Danielmeier et al. strengthen the case
that WM microstructure is related to individual differences in PES.
This also ﬁts nicely with the results of previous studies that have
found positive correlations between FA in the posterior cingulate
and both the amplitude of the ERN (Westlye et al., 2009) and the
speed of self-corrections after error responses (Agam et al., 2011).
Finally, the multi-modal analysis demonstrated that WM macroand microstructure independently contributed to explain PES. Both
measures are regarded as indexing WM integrity (Salat et al., 2005),
but the relationships between the two are modest in healthy populations (Fjell et al., 2008; Tamnes et al., 2010). The present results
showed that WM volume and DTI parameters were about equally
strongly related to PES. This underscores that WM macro- and microstructure both represent biologically interesting properties of WM,
related to cognitive function, and that both levels of analysis can be
included to get a more comprehensive account of the neurocognitive
signiﬁcance of individual differences in WM structure. This was clearly seen from the path analysis, where a model where both classes of
measures were included together with age, task performance and
ICV yielded an excellent ﬁt.
Further research should also test how response variability ﬁts into
this picture, as response variability were negatively related to PES,
and relationships between response variability and WM microstructure have recently been reported (Fjell et al., 2011; Tamnes et al.,
2012). Also, the present study yielded some evidence for thalamic
volume as a predictor of PES, but the relationship was weak, and
was only marginally signiﬁcant in the outlier analyses. Thalamus is
anatomically well connected and functionally closely interacting
with anterior cingulate and previous research has given evidence
that thalamic injury affects PES (Peterburs et al., 2011; Seifert et al.,
2011). Thus, future efforts should focus more on the possible role of
structural properties of the thalamus also in healthy populations.
In conclusion, individual differences in the degree to which a person is able to adjust his or her behavior to optimize performance in
speeded cognitive tasks are related to properties of the WM, both at
a macro- and a microstructural level. This provides insights into the
brain structural correlates of cognitive control. Future research should
also try to elucidate whether changes in the WM foundation for PES
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can account for diminished abilities of behavioral adjustment in various clinical groups with reduced levels of cognitive control, e.g.
fronto-temporal dementia (Collette et al., 2010) and attentiondeﬁcit hyperactivity disorder (Spinelli et al., 2011).
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