r

Human Brain Mapping 35:1143–1153 (2014)

r

Altered Relationship Between Electrophysiological
Response to Errors and Gray Matter Volumes in an
Extended Network for Error-Processing in
Pediatric Obsessive-Compulsive Disorder
Yanni Liu,1* Gregory L. Hanna,1 Melisa Carrasco,2 William J. Gehring,2
and Kate D. Fitzgerald1
1

Department of Psychiatry, University of Michigan, Ann Arbor, Michigan
Department of Psychology, University of Michigan, Ann Arbor, Michigan

2

r

r

Abstract: Pediatric patients with obsessive-compulsive disorder (OCD) show an increased electrophysiological response to errors that is thought to be localized to the posterior medial prefrontal cortex
(pMFC). However, the relation of this response, the error-related negativity (ERN), to underlying brain
structures remains unknown. In an examination of 20 pediatric OCD patients and 20 healthy youth,
we found that more negative ERN amplitude was correlated with lower gray matter (GM) density in
pMFC and orbital frontal cortex. The association of the ERN with pMFC gray matter volume was
driven by the patient group. In addition, a group difference in the association of ERN with gray matter
in right insula was observed, showing an association of these measures in healthy youth (more negative ERN amplitude was associated with lower GM density in insula), but not in patients. These findings provide preliminary evidence linking gray matter volumes in an extended network for error
processing to the ERN, and suggest that structural alterations in this network may underlie exaggeration of the ERN in pediatric OCD. Hum Brain Mapp 35:1143–1153, 2014. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION
Obsessive-compulsive disorder (OCD) is a disabling
psychiatric disorder characterized by intrusive thoughts
(obsessions) and/or repetitive behaviors (compulsions). It
is often reported to begin in childhood and is associated
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with chronic impairment if left untreated [Kessler et al.,
2005; Micali et al., 2010; Stewart et al., 2004]. Theories of
OCD have attributed the exaggerated concerns and ritualistic behaviors of patients to an overactive error detection
system, as patients often endorse a nagging sense that an
error has been (or could be) made in association with
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symptoms [Pitman, 1987; Schwartz, 1997]. Support for this
notion comes from electrophysiological work demonstrating an increased brain response to errors in OCD [Endrass
et al., 2008; Gehring et al., 2000; Johannes et al., 2001; Stern
et al., 2010; but see Nieuwenhuis et al., 2005]. Exaggeration
of this electrophysiological response, the error-related negativity (ERN), has been demonstrated in patients as young
as 8 years old [Hajcak et al., 2008], implicating alterations
of a neural substrate for error-processing early in the disease course.
The error-related negativity is a frontally maximal negative event-related potential (ERP) component that follows
within 100 ms of an error commission [Falkenstein et al.,
1991; Gehring et al., 1993] and has been attributed to a
likely neural generator in the posterior medial frontal cortex (pMFC), including dorsal anterior cingulate cortex
(dACC) [Dehaene et al., 1994; Van Veen and Carter, 2002]
and supplementary or pre-supplementary motor areas
(SMA, pre-SMA) [Dehaene et al., 1994; Nachev et al., 2008;
Ridderinkhof et al., 2004a,b; Vidal et al., 2000; see Gehring
et al., 2012 for review]. Yet, despite the consistent localization of the ERN to the pMFC, converging lines of evidence
suggest that it may derive from a broader network of
brain regions. For example, lateral frontal lesions are associated with a smaller difference in amplitude between correct and error responses (dERN) suggesting that
connectivity between the pMFC and lateral frontal cortex
may be critical for the generation of the ERN [Gehring
et al., 2000; Ullsperger and von Cramon, 2006; Ullsperger
et al., 2002]. This notion is supported by research showing
an attenuated ERN in patients with lesions of frontal white
matter tracts between lateral frontal and medial frontal
cortices due to sickle cell disease [Hogan et al., 2006].
Moreover, functional brain imaging studies of error-processing implicate lateral prefrontal regions, including the
insula [Taylor et al., 2007] and dorsolateral prefrontal cortex [Kerns et al., 2004], as well as the pMFC. Diminished
ERN activity has also been found in patients with orbitofrontal lesions [Stemmer et al., 2004; Swick and Turken,
2002] which, given the role of the orbitofrontal cortex in
processing affectively salient stimuli [Haber and Knutson,
2010], bolsters theories that the ERN is not only associated
with error detection, but may be modulated by the affective significance of an error [Hajcak et al., 2005].
Accumulating evidence suggests that the exaggerated
ERN in OCD may be not only associated with altered
structure in the pMFC, but also with structural abnormalities in a broader network for error processing. For
instance, functional neuroimaging research in OCD shows
increased error-related brain responses in a network of
regions including the pMFC [Ursu et al., 2003], insula, and
orbital frontal cortex [Stern et al., 2011]. No studies to date
have evaluated neuroanatomical correlates of ERN abnormalities in OCD; however, meta-analyses of voxel-based
morphometry (VBM) studies in OCD have recently shown
reduced gray matter in a network of regions consisting of
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the pMFC, insula, and lateral and orbital prefrontal cortex
[Radua et al., 2011; Rotge et al., 2009] that are believed to
contribute to the ERN [Gehring et al., 2012]. Taken together, these findings raise the possibility that the exaggeration of the ERN in OCD may be linked to structural brain
deficits extending from the pMFC into a more distributed
brain network for error-processing.
To investigate whether hyperactive error processing in
OCD is related to alteration of gray matter density, we correlated whole brain regional GM density measured by voxelbased morphometry (VBM) [Ashburner and Friston, 2000;
Good et al., 2001] with the ERN as an indicator of error processing. VBM is a structural imaging analysis tool which evaluates subtle changes across the whole brain in association
with clinical conditions [Kassubek et al., 2005; Peinemann
et al., 2005] or other brain and behavioral measures [Araki
et al., 2005; Beste et al., 2008]. First, based on previous ERN
studies in OCD, we hypothesized that patients with pediatric
OCD would exhibit enhanced ERN. Second, based on previous studies showing the ERN has a potential neural generator
in the pMFC and may depend on frontal cortical and insula
regions, we hypothesized that ERN amplitude would associate with GM density in a distributed brain network for errorprocessing, comprised of these regions. Finally, we hypothesized that abnormalities of the ERN in OCD would associate
with structural alterations within this network.

METHODS
Subjects
Participants consisted of 20 youth (aged 10–19 years)
with pediatric OCD and 20 age- and gender-matched
healthy controls (HC). All participants except two healthy
controls were right-handed. All subjects participated in a
structured clinical interview, the Kiddie Schedule for Affective Disorders, Present and Lifetime version [Kaufman
et al., 1996], administered by a masters level clinician. The
Scale for Obsessive Compulsive and Other Behavioral Syndromes [Hanna et al., 2010] was used to assess OCD, tic
disorders and grooming disorders. At both ERP acquisition
and MRI scan times, the Children’s Yale-Brown Obsessive
Compulsive Scale (CY-BOCS) [Scahill et al., 1997] was used
to assess the severity of current OCD symptoms in the
OCD group, and the Obsessive-Compulsive Scale (OCS) of
the Child Behavior Checklist (CBCL) was used to assess
the severity of recent obsessive-compulsive symptoms in
all subjects [Hudziak et al., 2005; Nelson et al., 2001]. All
participants attended both ERP and MRI sessions, and the
gap between ERP and MRI sessions averaged about 5
months. Twenty-two participants underwent ERP then MR
scanning, while data for the other 18 participants was
obtained in the reverse order. For both ERP and MRI sessions, written informed assent and consent were obtained
from the participants and their parents, respectively. The
study was approved by the Institutional Review Board
(IRB) of the University of Michigan.
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TABLE I. Demographic information for the obsessivecompulsive disorder (OCD) and control groups
OCD
(n ¼ 20)
Age at ERP (years, mean  SD)
Age at MRI(years, mean  SD)
Age Gap (years, mean  SD)
Gender (Female: male)
CBCL-OCS at ERP
(mean  SD)
CBCL-OCS at MRI
(mean  SD)
Current CY-BOCs at
ERP (mean  SD)
Current CY-BOCs at
MRI (mean  SD)

Control
(n ¼ 20)

14.0  2.2 14.6  2.4
13.9  2.3 13.8  2.5
0.2  0.9 0.7  0.9
10:10
8:12
6.0  3.9 0.8  0.9
6.0  3.8

0.9  1.0

Difference
ns
ns
*
ns
*
*

15.2  9.3
16.8  8.1

CBCL_OC, Obsessive compulsive symptom measured by Child
Behavioral Checklist; CY-BOCS, Children’s Yale-Brown Obsessive
Compulsive Scale; OCD, obsessive-compulsive disorder; ns, no
significant difference (P>0.05).
*Significant difference at P < 0.05.

All patients had a diagnosis of OCD but given high
rates of comorbid anxiety and depression in pediatric
OCD [Geller et al., 1998], current or prior diagnoses of
generalized anxiety disorder (n ¼ 2), depressive disorder
not otherwise specified (n ¼ 4), specific phobia (n ¼ 1),
and panic disorder (n ¼ 1) were also included. Patients
were excluded if they had a lifetime diagnosis of autistic
disorder, Asperger’s disorder, schizophrenia, other psychotic disorder, bipolar I disorder, substance-related disorder, attention-deficit hyperactivity disorder, tic disorder,
or anorexia nervosa, or a current diagnosis of major
depressive disorder. All patients had a lifetime history of
moderate to severe OCD severity (27.6  5.6), but more
moderate severity at the time of the study (Table I). Seven
patients were medicated (fluoxetine, n ¼ 5; sertraline, n ¼
2), and 13 were medication-free at the time of study.

ERP Task, Recording, and Analysis
Participants performed a modified Eriksen flanker task
in which arrows appeared on a personal computer display
with congruent (e.g., !!!!!) and incongruent (e.g.,
!!/!!) conditions. They were instructed to respond
as quickly and accurately as possible to the central arrow
target, while ignoring the adjacent arrows. When the central arrow pointed left, they were asked to press left button; when the central arrow pointed right, they were
asked to press right button. The stimuli remained on the
screen for 250 msec, with the interval between consecutive
stimuli lasting 1,500 msec.
Each participant was seated 0.65 meters directly in front
of the computer monitor and told to place equal emphasis
on speed and accuracy in responding. Following a practice
block of 32 trials, each subject completed 8 blocks of 64 tri-
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als (32 congruent and 32 incongruent trials randomly presented in each block) for a total of 512 trials. Performance
feedback was provided after every block to yield error
rates of approximately 10%, ensuring an adequate number
of trials for stable error-related waveforms.
The EEG was recorded from DC-104 Hz with 64 Ag/AgCl
scalp electrodes, two mastoid electrodes, and two vertical
and two horizontal electro-oculogram electrodes, using the
BioSemi ActiveTwo system. Data were recorded with reference to a ground formed from a common mode sense active
electrode and driven right leg passive electrode (see http://
www.biosemi.com/faq/cms&drl.htm) and digitized at 512
Hz. Following recording, data were resampled at 256 Hz.
Prior to eye movement correction, EEG data were screened
using automated algorithms that rejected individual sweeps
in which (a) the absolute voltage range for any individual
electrode exceeded 500 lV, (b) a change greater than 50 lV
was measured from one data point to the next, or (c) the
data deviated by more than þ25 or 100 dB in the 20–40 Hz
frequency window (for detecting muscle artifacts). Data
were also screened by visual inspection. Ocular movement
artifacts were then corrected using the algorithm described
by Gratton et al. [1983]. Waveforms shown in figures were
filtered with a nine-point Chebyshev II low-pass, zero-phaseshift digital filter (Matlab R2010a; Mathworks, Natick, MA),
with a half-amplitude cutoff at approximately 12 Hz.
Behavioral measures included the number of erroneous
and correct trials for each subject. Average reaction times on
error and correct trials were calculated separately. Reaction
times were analyzed with group as a between-subject factor
and response type (error, correct) as a within-subject factor.
The ERN was quantified at the electrode Cz using mean
amplitude measures relative to a preresponse baseline of
200 to 50 msec. The mean amplitude of the ERN was computed in a window from 0 to 80 msec following the incorrect
response. The mean amplitude of the dERN was computed
as the difference of ERN from correct response negativity
(CRN), which consisted of the mean amplitude from 0 to 80
ms following the correct response at the Cz electrode.
Given the influence of number of errors and age on ERN
amplitude [Gehring et al., 2012], planned analyses tested for
Pearson correlations of ERN/dERN amplitudes with age
and behavioral measures across and within each group.
Group differences in ERN/dERN were evaluated using a
repeated-measure analysis of covariance (ANCOVA) with
total error number and age included as covariates. Meanwhile, Pearson correlations were computed to test for the
associations between ERN/dERN amplitude and clinical
measures within groups. All statistical tests were two-tailed
with the alpha level set at 0.05.

MRI Acquisition and Data Analysis
High resolution T1-weighted MRI images (whole-brain
coverage, resolution 1.02  1.02  1.2, TE ¼ 1.84 ms, TR ¼
9.04 ms, flip angle 15 degree, matrix 256  256, FOV 26.1
cm) were acquired on a 3.0T GE Signa scanner.
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Structural MRI data were preprocessed and analyzed by
VBM toolbox [Good et al., 2001; http://dbm.neuro.unijena.de/vbm.html] using the SPM8 software package
(Wellcome Department of Imaging Neuroscience Group,
London, UK; http://www.fil.ion.ucl.ac.uk/spm). The procedure has been described by Good et al. [2001]. Images
were bias-corrected, tissue classified, and registered using
linear (12-parameter affine) and nonlinear transformations
(warping), within a unified model [Ashburner and Friston,
2005]. The nonlinear transformation parameters are calculated via the high dimension DARTEL algorithm; for the
spatial normalization, we used our own age-appropriate
tissue probability maps (TPMs) created with Template-OMatic (TOM 8) software. The modulated GM volumes
were smoothed with a Gaussian kernel of 8 mm full width
at half maximum (FWHM).
Whole brain voxelwise analyses were conducted to test
the effect of ERN and dERN amplitude on GM density
across all subjects, and to test for between-group differences in this association, using SPM8. Given the known
influence of age on both ERN and gray matter measures
[Davies et al., 2004; Shaw et al., 2006], and the group difference in age gap between ERP acquisition and MRI scan,
these measures were regressed out in these analyses. To
avoid possible edge effects between different tissue types,
we excluded all voxels with less than 0.2 probability of
containing GM. Our threshold for statistical significance
was set at P < 0.001 uncorrected for multiple comparisons
with an extent of at least 100 contiguous voxels within a
frontal brain search volume (MNI coordinate y > 10) as
suggested by Beste et al. [2008], since the ERN has been
linked to frontal networks [Gehring et al., 2012].
Gray matter densities were extracted from areas demonstrating significant associations with ERN across groups, or
significant differences in associations with ERN between
groups, so that we could more closely examine the gray matter- ERN relationship among OCD and healthy subjects in
scatter plots, and to test the relationship of extracted values to
clinical measures. All these correlations were Pearson correlations for two-tailed tests with the alpha level set at 0.05.
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TABLE II. Behavioral and ERP measures for the
obsessive-compulsive disorder (OCD) and control
groups

Total number
of errors
Correct reaction
times (ms)
Error reaction
times (ms)
ERN at Cz (uV)
dERN at Cz (uV)

Group effect
controlled for
error rate and
age (P value)

OCD
(n ¼ 20)
(mean  SD)

Control
(n ¼ 20)
(mean  SD)

64.6  23.3

53.8  20.7

453.5  111.2

494.2  108.0

0.14

481.0  239.3

465.0  203.2

0.814

1.9  5.1
6.2  6.8

0.0  3.9
3.1  4.6

0.04
0.03

As expected, ERN amplitude was correlated with number of commission errors in all subjects, becoming smaller
(or less negative) with increasing errors (r ¼ 0.35, P ¼
0.03). dERN amplitude was correlated with age at ERP
acquisition in all subjects, becoming larger (or more negative) with increasing age (r ¼ 0.40, P ¼ 0.01), consistent
with prior work in a similar age range [see Gehring et al.,
2012 for a review]. ERN and dERN amplitude had no
other significant correlations with age or total error number. The correlation between ERN and performance was
not different between groups (P > 0.05).
ERN amplitude correlated with OC symptoms measured
by CBCL in healthy children, becoming larger (or more
negative) with increasing symptom severity (r ¼ 0.46, P
¼ 0.04). No significant associations between the ERN and
OC symptom severity measured with either the CBCL or
the CY-BOCS were observed in the patient group (r ¼
0.22, P ¼ 0.35). Correlation of dERN with OC symptom
severity was not significant in either OCD (r ¼ 0.33, P ¼
0.12) or HC groups (r ¼ 0.38, P ¼ 0.09). No other clinical
measures were correlated with ERN or dERN for either
group.

RESULTS

Relationship of ERN with VBM Across All
Subjects

Behavioral Data
There was no group difference in reaction times for
error or correct trials (RT, P > 0.10, see Table II), or number of errors. There was no correlation of OC symptom severity with error number or reaction times (P > 0.10).

ERP Data
In the group comparisons controlling for total error
number and age at ERP acquisition, children with OCD
showed enhanced ERN (P ¼ 0.04) and dERN (P ¼ 0.03)
amplitudes compared to healthy children (see Fig. 1).
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Across all subjects, the whole brain analysis revealed
that ERN amplitude correlated with gray matter volume at
the left orbitofrontal cortex (OFC, 28, 39,20; 159; BA 11;
Fig. 2A), becoming larger (or more negative) with smaller
OFC, while dERN amplitude correlated with gray matter
volume at the pMFC (3, 2, 52; 122; BA 24; Fig. 3A), becoming larger (or more negative) with smaller pMFC. Post-hoc
testing on extracted OFC gray matter estimates revealed
an inverse relation with ERN in both OCD and healthy
groups (P-values < 0.05; Fig. 2B). In contrast, the relation
of dERN with pMFC gray matter was only significant in
OCD patients, but not in healthy youth (all subjects, r ¼ 0.48,
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Figure 1.
Grand Averages of ERP recordings at Cz for patients with OCD and healthy controls. Responses
occurred at 0 msec. The mean amplitude of the error-related negativity (ERN) was computed in a
time window of 0 to 80 ms following incorrect response trials. OCD, obsessive-compulsive disorder. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
P < 0.01; patient only, r ¼ 0.62, P < 0.01; healthy youth
only, r ¼ 0.19, P > 0.05; Fig. 3B). However, the group difference in this correlation was not significant (P > 0.10).
Extracted gray matter estimates from the OFC were negatively correlated with OC symptoms measured by CBCL
in healthy youth (r ¼ 0.56, P ¼ 0.013), but not OCD
patients (r ¼ 0.20, P ¼ 0.40; Fig. 2C). Extracted gray matter
estimates from the pMFC were negatively correlated
with OC symptoms measured by CBCL across all subjects
(r ¼ 0.37, P ¼ 0.02) and within the OCD group (r ¼
0.45, P ¼ 0.05; Fig. 3C). No other correlations with clinical measures were found (P > 0.10).

Difference in Relationship of ERN with VBM
Between Pediatric OCD and Healthy Groups
The whole brain analysis testing for group differences in
correlation of ERN amplitude with gray matter volume
revealed a significant cluster in the right insula (54, 18,5;
354; Fig. 4). This group difference derived from a correlation
in healthy youth (ERN becoming larger or more negative
with smaller insula, r ¼ 0.72, P ¼ 0.001) and a lack of correlation (r ¼ 0.25, P ¼ 0.32) in pediatric patients with OCD.
Gray matter values from the right insula region were negatively correlated with OC symptoms, as measured by CBCL
in healthy (r ¼ 0.45, P ¼ 0.05), but not OCD (r ¼ 0.07, P ¼
0.77) groups, after covarying age at the time of scanning.
However, right insula gray matter volume showed a trendlevel negative correlation with the CY-BOCS obsessional
score in the OCD group (r ¼ 0.41, P ¼ 0.08).
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DISCUSSION
We examined hyperactivity of error processing (indicated
by the ERN) in pediatric OCD and its association with
underlying gray matter volume. Consistent with previous
studies, patients with pediatric OCD exhibited enhanced
ERNs (more negative in amplitude) relative to healthy
youth. In line with prior work on the neural generator of the
ERN [Dehaene et al., 1994; Nachev et al., 2008; Ridderinkhof
et al., 2004a; Vidal et al., 2000; Gehring et al., 2012], dERN
amplitude was correlated with GM density in the pMFC,
specifically in an area spanning dACC into pre-SMA. In
addition, ERN amplitude was associated with GM density
in orbitofrontal and insula regions, implicating an extended
network for error processing in the generation of the ERN. A
group difference in the association of the ERN with gray
matter localized to the insula—a region that has been previously implicated in normal error processing [Debener et al.,
2005; Mathalon et al., 2003; Matthews et al., 2005; Menon
et al., 2001; Polli et al., 2005; Taylor et al., 2007; Ullsperger
and von Cramon, 2001; see Taylor et al., 2007 for review]
and abnormal response to errors in OCD [Stern et al., 2011].

Error-Related Brain Activity
The findings of increased ERN and dERN amplitude in
patients with pediatric OCD compared to healthy controls,
is consistent with previous reports of hyperactive error
processing in both adults and children with OCD [Endrass
et al., 2008; Gehring et al., 2000; Hajcak et al., 2008; Hajcak
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Figure 2.
A: The gray matter volume in the left orbital frontal cortex correlated with OC symptoms measured by CBCL in healthy
(OFC, BA 11) revealed a significant correlation with the ERN youth, but not in OCD patients. ERN, error-related negativity in
measured at Cz for (B) all the subjects (indicated by the black error trials; OCD, obsessive-compulsive disorder; HC, healthy
dashed line), as well as in individual group (OCD, indicated by controls. [Color figure can be viewed in the online issue, which
the black solid line; HC, indicated by the gray solid line). C: is available at wileyonlinelibrary.com.]
Extracted gray matter estimates from the OFC were negatively
and Simons, 2002; Johannes et al., 2001; Stern et al., 2010].
Increased ERN amplitude has also been associated with
increased subclinical OC symptom severity in healthy
youth, as assessed by parent report on a CBCL subscale
for OC symptomatology [Santesso et al., 2006], suggesting
that abnormalities in error monitoring may establish vulnerability for OCD in children who are not affected by the
full-blown disorder [Hajcak and Simons, 2002; Taylor
et al., 2007]. This possibility was supported by our observation of an association between subclinical OC symptomatology, as measured on the CBCL, and larger ERN
amplitude in the healthy youth in our sample. We also
observed increased ERN with decreased rates of error
commission—a consistent finding across prior studies of
the ERN, which has been previously suggested to reflect a

r

sensitivity of the ERN to the motivational significance of
an error [Gehring et al., 1993; Hajcak et al., 2005].

Association Between ERN and VBM
To characterize the relationship of ERN to underlying
brain structure, we collapsed across all subjects, reasoning
that increased variance for the combined sample would
increase our power to detect associations between the
ERN and VBM-based measures of gray matter density.
This analysis revealed association of the dERN with pMFC
gray matter, consistent with prior source localization of
the ERN to neural generators in this region [see Gehring
et al., 2012 for review]. Additionally, we tested for differences in the relation of the ERN to gray matter between
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Figure 3.
A: The gray matter volume in the posterior medial frontal cor- CBCL across all subjects and within the OCD group. dERN, diftex (pMFC, BA 24), revealed a significant correlation with the ference of the error-related negativity between error and cordERN measure at Cz for (B) all the subjects (indicated by the rect trials; CBCL, child behavioral checklist; OCD, obsessiveblack dashed line); for the individual groups, the correlation was compulsive disorder; HC, healthy controls. [Color figure can be
significant in OCD (indicated by the black solid line), but not in viewed in the online issue, which is available at
HC (indicated by the gray solid line). C: The gray matter extrac- wileyonlinelibrary.com.]
tion was negatively correlated with OC symptoms measured by
groups, and found a significant correlation of ERN amplitude to right insula gray matter in healthy subjects, but
the absence of any ERN-insula association in patients. The
insula, together with the pMFC, contributes to a network
that activates in response to cognitively relevant events
(e.g., errors), but remains connected even at rest, and is
believed to mediate salience detection [Menon and Uddin,
2010]. Thus, associations of pMFC and insula gray matter
volumes with ERN suggest structural involvement of a
network typically associated with salience detection in the
generation of the ERN. Prior work has shown reduced
gray matter in a network of regions consisting of the
pMFC [Radua et al., 2011], as well as excessive pMFC activation to errors in OCD patients in the context of normal
performance, which may suggest an underlying ineffi-
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ciency of pMFC-based error processing capacity that
patients can overcome by additional engagement of this
region [Ursu et al., 2003]. Theoretically, association of
lower GM volumes in pMFC with larger ERN may also
reflect inefficiency. Although speculative, it is possible that
the absence of an insula-ERN relationship in OCD could
reduce error-processing efficiency, such that patients must
generate a larger ERN to maintain normal overall
performance.
In contrast to the ERN, which was not correlated with
OCD symptom severity in patients, lower pMFC gray matter volumes were associated with greater parent-reported
OC symptom severity in the OCD group but not with the
CY-BOCS itself. This finding, in conjunction with the relation of lower pMFC gray matter volumes with larger ERN,
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Figure 4.
The gray matter volume in insula (BA47) showed group difference in association with ERN amplitude, driven by a correlation in healthy controls (indicated by the gray solid line) and a lack of
correlation in OCD patients (indicated by the black solid line). ERN, error-related negativity in
error trials; OCD, obsessive-compulsive disorder; HC, healthy controls. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
suggests that reduced pMFC volume may contribute to
the increased brain response to errors, as indexed by ERN,
as well as to symptom severity in OCD. Other interpretations are possible; however, the association of lower GM
volumes in pMFC with more severe OCD suggests that
structural alteration of these regions may be critically
related to the expression of illness. Similarly, there was
nominally inverse correlation of insula with subclinical OC
symptoms measured by CBCL in healthy youth and with
obsession severity measured by CY-BOCS in patients with
OCD, suggesting involvement of insula in the expression
of OC symptoms. However, caution should be taken when
interpreting the correlation of symptom severity with brain
activity because no correction was made for multiple correlation tests.
Across subjects, we also observed the ERN to be associated with gray matter volumes in left lateral orbital frontal
cortex, consistent with the notion that the OFC is another
possible contributor to the ERN. This notion is supported
by intracranial recordings of ERN-like negativity at OFC
in humans [Brazdil et al., 2002, 2005] and lesion studies
showing association of reduced ERN with OFC lesions
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[Stemmer et al., 2004; Ullsperger et al., 2002; see Gehring
et al., 2012, for a review]. The lateral OFC, in conjunction
with pMFC, dorsolateral prefrontal cortex, and basal ganglia, has been theorized to comprise a brain network
involved in cognitive and emotional regulation [see Evans
et al., 2004]. Holroyd and Yeung [2012] recently proposed
that OFC, together with ventral striatum, modulates goaldirected behavior based on motivational context. Accordingly, lower gray matter volumes in OFC—as previously
demonstrated in OCD [Szeszko et al., 1999]—may compromise OFC-based regulatory capacity over errors, driving
up activity in other elements of a regulatory network—
such as pMFC—and leading to greater amplitude of the
ERN. Consistent with this possibility, we found an inverse
correlation of OFC gray matter density with subclinical
OC symptoms in healthy youth.
Taken together, the association of the ERN with gray
matter density in pMFC and orbital frontal cortex, as well
as altered association of the ERN with insula in OCD,
links electrophysiological response to errors with gray
matter volumes in an extended network for error processing, and suggests that structural alterations of this network
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may contribute to exaggeration of the ERN in OCD. These
findings are also consistent with recent neuroimaging evidence suggesting critical involvement of orbital frontal,
dorsal anterior cingulate cortex and insula in OCD pathophysiology in addition to cortico-striatal pathways [Stern
et al., 2011; Milad and Rauch 2012].

Limitations
Our study has several limitations requiring further consideration. (1) The sample size was small. Future study
should include more participants to increase the statistical
power. (2) No correction was made for multiple correlation tests. Our analysis plan was based on previous findings in both ERN and structural imaging studies;
however, the correlations we found between clinical measures with brain activity (ERN amplitude and GM density)
should be interpreted with caution due to lack of a correction for multiple comparisons. (3) The treatment and medication of the patients were not controlled, but medications
other than selective serotonin reuptake inhibitors were
excluded and we did not find any difference in performance, ERN or GM density between medicated and unmedicated patients (see Supporting Information). (4) The age
gap between ERP and MRI scan was not controlled during
the experiment, but was covaried out in the data analysis
when testing gray matter associations with ERN. (5)
Patients with a history of tics were excluded, so that the
findings in this study may be specific to nontic-related
OCD [Leckman et al., 2010).

CONCLUSION
To our knowledge, this study is the first to use VBM to
explore the anatomical correlates of the ERN in either
healthy subjects or patients with OCD. Our preliminary
results show that patients with pediatric OCD have a hyperactive error processing system indicated by increased ERN,
relative to healthy youth, and link greater ERN amplitude
to lower gray matter density in pMFC, orbitofrontal cortex,
and right insula. These findings suggest that an extended
structural network, including but not limited to the pMFC,
supports error-processing from early in the course of development. The localization of a group difference in the ERN
correlation with right insula gray matter is provisional and
requires replication in a larger sample but, nonetheless, suggests that structural alterations within an extended network
for error-processing may contribute to the exaggerated electrophysiological response to errors in pediatric OCD.

ACKNOWLEDGMENTS
The authors thank Shannon Harbin, Joanna Ingebritsen,
McKenzie Maynor, Keith Newnham, and Jenna Nienhuis
of the University of Michigan for help with data
collection.

r

r

REFERENCES
Araki T, Kasai K, Yamasue H, Kato N, Kudo N, Ohtani T, Nakagome K, Kirihara K, Yamada H, Abe O, Iwanami A (2005):
Association between lower P300 amplitude and smaller anterior cingulate cortex volume in patients with posttraumatic
stress disorder: A study of victims of Tokyo subway sarin
attack. Neuroimage 25:43–50.
Ashburner J, Friston KJ (2000): Voxel-based morphometry—The
methods. Neuroimage 11:805–821.
Ashburner J, Friston KJ (2005): Unified segmentation. Neuroimage
26:839–851.
Beste C, Saft C, Konrad C, Andrich J, Habbel A, Schepers I, Jansen
A, Pfleiderer B, Falkenstein M (2008): Levels of error processing in Huntington’s disease: a combined study using eventrelated potentials and voxel-based morphometry. Hum Brain
Mapp 29:121–130.
Brazdil M, Roman R, Falkenstein M, Daniel P, Jurak P, Rektor I
(2002): Error processing—Evidence from intracerebral ERP
recordings. Exp Brain Res 146:460–466.
Brazdil M, Dobsik M, Mikl M, Hlustik P, Daniel P, Pazourkova
M, Krupa P, Rektor I (2005): Combined event-related fMRI and
intracerebral ERP study of an auditory oddball task. Neuroimage 26:285–293.
Davies PL, Segalowitz SJ, Gavin WJ (2004): Development of
response-monitoring ERPs in 7- to 25-year-olds. Dev Neuropsychol 25:355–376.
Debener S, Ullsperger M, Siegel M, Fiehler K, von Cramon DY,
Engel AK (2005): Trial-by-trial coupling of concurrent electroencephalogram and functional magnetic resonance imaging
identifies the dynamics of performance monitoring. J Neurosci
25:11730–11737.
Dehaene S, Posner MI, Tucker DM (1994): Localization of a neural
system for error-detection and compensation. Psychol Sci
5:303–305.
Endrass T, Klawohn J, Schuster F, Kathmann N (2008): Overactive
performance monitoring in obsessive-compulsive disorder:
ERP evidence from correct and erroneous reactions. Neuropsychologia 46:1877–1887.
Evans DW, Lewis MD, Lobst E (2004): The role of the orbitofrontal cortex in normally developing compulsive-like behaviors
and obsessive-compulsive disorder. Brain Cogn 55:220–234.
Falkenstein M, Hohnsbein J, Hoormann J, Blanke L (1991): Effects
of crossmodal divided attention on late ERP components. II.
Error processing in choice reaction tasks. Electroencephalogr
Clin Neurophysiol 78:447–455.
Gehring WJ, Goss B, Coles MG, Meyer DE, Donchin EA (1993):
Neural system for error-detection and compensation. Psychol
Sci 4:385–390.
Gehring WJ, Himle J, Nisenson LG (2000): Action-monitoring dysfunction in obsessive-compulsive disorder. Psychol Sci 11:1–6.
Gehring WJ, Liu Y, Orr JM, Carp J (2012): The error-related negativity (ERN/Ne). In Luck SJ, Kappenman E, editors. Oxford
Handbook of Event-Related Potential Components.New York:Oxford University Press. pp 231–291.
Geller D, Biederman J, Jones J, Park K, Schwartz S, Shapiro S, Coffey B (1998): Is juvenile obsessive-compulsive disorder a developmental subtype of the disorder? A review of the pediatric
literature. J Am Acad Child Adolesc Psychiatry 37:420–427.
Good CD, Johnsrude IS, Ashburner J, Henson RN, Friston KJ, Frackowiak RS (2001): A voxel-based morphometric study of ageing
in 465 normal adult human brains. Neuroimage 14:21–36.

1151

r

r

Liu et al.

Gratton G, Coles MG, Donchin E (1983): A new method for offline removal of ocular artifact. Electroencephalogr Clin Neurophysiol 55:468–484.
Haber SN, Knutson B (2010): The reward circuit: Linking primate
anatomy and human imaging. Neuropsychopharmacology
35:4–26.
Hanna G (2010): Schedule for Obsessive-Compulsive and Other
Behavioral Syndromes. Ann Arbor, MI: University of Michigan.
Hajcak G, Simons RF (2002): Error-related brain activity in obsessive-compulsive undergraduates. Psychiatry Res 110:63–72.
Hajcak G, Moser JS, Yeung N, Simons RF (2005): On the ERN and
the significance of errors. Psychophysiology 42:151–160.
Hajcak G, Franklin ME, Foa EB, Simons RF (2008): Increased errorrelated brain activity in pediatric obsessive-compulsive disorder
before and after treatment. Am J Psychiatry 165:116–123.
Hogan AM, Vargha-Khadem F, Saunders DE, Kirkham FJ, Baldeweg T (2006): Impact of frontal white matter lesions on performance monitoring: ERP evidence for cortical disconnection.
Brain 129:2177–2188.
Holroyd CB, Yeung N (2012): Motivation of extended behaviors
by anterior cingulate cortex. Trends Cogn Sci 16:122–128.
Hudziak JJ, Althoff RR, Derks EM, Faraone SV, Boomsma DI
(2005): Prevalence and genetic architecture of child behavior
checklist-juvenile bipolar disorder. Biol Psychiatry 58:562–568.
Johannes S, Wieringa BM, Nager W, Rada D, Dengler R, Emrich
HM, Munte TF, Dietrich DE (2001): Discrepant target detection
and action monitoring in obsessive-compulsive disorder. Psychiatry Res 108:101–110.
Kassubek J, Juengling FD, Ecker D, Landwehrmeyer GB (2005):
Thalamic atrophy in Huntington’s disease co-varies with cognitive performance: A morphometric MRI analysis. Cereb Cortex 15:846–853.
Kaufman J, Birmaher B, Brent D, Rao U, Flynn C, et al. (1997):
Schedule for affective disorders and schizophrenia for schoolage children-present and lifetime version (K-SADS-PL): initial
reliability and validity data. J Am Acad Child Adolesc Psychiatry 36:980–988.
Kerns JG, Cohen JD, MacDonald AW III, Cho RY, Stenger VA,
Carter CS (2004): Anterior cingulate conflict monitoring and
adjustments in control. Science 303:1023–1026.
Kessler RC, Berglund P, Demler O, Jin R, Merikangas KR, Walters
EE (2005): Lifetime prevalence and age-of-onset distributions
of DSM-IV disorders in the National Comorbidity Survey Replication. Arch Gen Psychiatry 62:593–602.
Leckman JF, Denys D, Simpson HB, Mataix-Cols D, Hollander E,
Saxena S, Miguel EC, Rauch SL, Goodman WK, Phillips KA,
Stein DJ (2010): Obsessive-compulsive disorder: A review of
the diagnostic criteria and possible subtypes and dimensional
specifiers for DSM-V. Depress Anxiety 27:507–527.
Mathalon DH, Whitfield SL, Ford JM (2003): Anatomy of an error:
ERP and fMRI. Biol Psychol 64:119–141.
Matthews SC, Simmons AN, Arce E, Paulus MP (2005): Dissociation of inhibition from error processing using a parametric inhibitory task during functional magnetic resonance imaging.
Neuroreport 16:755–760.
Menon V, Uddin LQ (2010): Saliency, switching, attention and
control: A network model of insula function. Brain Struct
Funct 214:655–667.
Menon V, Adleman N, White C, Glover G, Reiss A (2001): Errorrelated brain activation during a Go/NoGo response inhibition
task. Hum Brain Mapp 12:131–143.

r

r

Micali N, Heyman I, Perez M, Hilton K, Nakatani E, Turner C,
Mataix-Cols D (2010): Long-term outcomes of obsessive-compulsive disorder: Follow-up of 142 children and adolescents.
Br J Psychiatry 197:128–134.
Milad M, Rauch SL (2012) Obsessive-compulsive disorder: Beyond
segregated cortico-striatal pathways. Trends Cogn Sci 16:43–51.
Nachev P, Kennard C, Husain M (2008): Functional role of the
supplementary and pre-supplementary motor areas. Nat Rev
Neurosci 9:856–869.
Nelson EC, Hanna GL, Hudziak JJ, Botteron KN, Heath, AC,
Todd RD (2001): Obsessive-compulsive scale of the child
behavior checklist: Specificity, sensitivity, and predictive
power. Pediatrics 108:E14.
Nieuwenhuis S, Nielen MM, Mol N, Hajcak G, Veltman DJ (2005):
Performance monitoring in obsessive-compulsive disorder.
Psychiatry Res, 134:111–122.
Peinemann A, Schuller S, Pohl C, Jahn T, Weindl A, Kassubek J
(2005): Executive dysfunction in early stages of Huntington’s
disease is associated with striatal and insular atrophy: A neuropsychological and voxel-based morphometric study. J Neurol
Sci 239:11–19.
Pitman RK (1987): A cybernetic model of obsessive-compulsive
psychopathology. Compr Psychiatry 28:334–343.
Polli FE, Barton JJ, Cain MS, Thakkar KN, Rauch SL, Manoach DS
(2005): Rostral and dorsal anterior cingulate cortex make dissociable contributions during antisaccade error commission. Proc
Natl Acad Sci USA 102:15700–15705.
Radua J, Via E, Catani M, Mataix-Cols D (2011): Voxel-based
meta-analysis of regional white-matter volume differences in
autism spectrum disorder versus healthy controls. Psychol
Med 41:1539–1550.
Ridderinkhof KR, Ullsperger M, Crone EA, Nieuwenhuis S
(2004a): The role of the medial frontal cortex in cognitive control. Science 306:443–447.
Ridderinkhof KR, van den Wildenberg WP, Segalowitz SJ, Carter
CS (2004b): Neurocognitive mechanisms of cognitive control:
The role of prefrontal cortex in action selection, response inhibition, performance monitoring, and reward-based learning.
Brain Cogn 56:129–140.
Rotge JY, Guehl D, Dilharreguy B, Tignol J, Bioulac B, Allard M, Burbaud P, Aouizerate B (2009): Meta-analysis of brain volume changes
in obsessive-compulsive disorder. Biol Psychiatry 65:75–83.
Santesso DL, Segalowitz SJ, Schmidt LA (2006): Error-related electrocortical responses are enhanced in children with obsessivecompulsive behaviors. Dev Neuropsychol 29:431–445.
Scahill L, Riddle MA, McSwiggin-Hardin M, Ort SI, King RA,
Goodman WK, Cicchetti D, Leckman JF (1997): Children’s
yale-brown obsessive compulsive scale: Reliability and validity. J Am Acad Child Adolesc Psychiatry 36:844–852.
Schwartz JM (1997): Cognitive-behavioral self-treatment for OCD
systematically alters cerebral metabolsim: A mind-brain interaction paradigm for psychotherapists. In Hollander E, Stein
DJ, editors. Obsessive-Compulsive Disorders: Diagnosis, Etiology, Treatment.New York:Marcel Dekker. pp 257–281.
Shaw P, Greenstein D, Lerch J, Clasen L, Lenroot R, Gogtay N, Evans
A, Rapoport J, Giedd J (2006): Intellectual ability and cortical development in children and adolescents. Nature 440:676–679.
Stemmer B, Segalowitz SJ, Witzke W, Schonle PW (2004): Error
detection in patients with lesions to the medial prefrontal cortex: An ERP study. Neuropsychologia 42:118–130.
Stern ER, Liu Y, Gehring WJ, Lister JJ, Yin G, Zhang J, Fitzgerald
KD, Himle JA, Abelson JL, Taylor SF (2010): Chronic

1152

r

r

ERN and VBM in Pediatric OCD

medication does not affect hyperactive error responses in
obsessive-compulsive disorder. Psychophysiology 47:913–920.
Stern ER, Welsh RC, Fitzgerald KD, Gehring WJ, Lister JJ, Himle JA,
Abelson JL, Taylor SF (2011): Hyperactive error responses and
altered connectivity in ventromedial and frontoinsular cortices
in obsessive-compulsive disorder. Biol Psychiatry 69:583–591.
Stewart SE, Geller DA, Jenike M, Pauls D, Shaw D, Mullin B, Faraone SV (2004): Long-term outcome of pediatric obsessivecompulsive disorder: A meta-analysis and qualitative review
of the literature. Acta Psychiatr Scand 110:4–13.
Swick D, Turken U (2002): Dissociation between conflict detection
and error monitoring in the human anterior cingulate cortex.
Proc Natl Acad Sci USA 99:16354–16359.
Szeszko PR, Robinson D, Alvir JM, Bilder RM, Lencz T, Ashtari
M, Wu H, Bogerts B (1999): Orbital frontal and amygdala volume reductions in obsessive-compulsive disorder. Arch Gen
Psychiatry 56:913–919.
Taylor SF, Stern ER, Gehring WJ (2007): Neural systems for error
monitoring: Recent findings and theoretical perspectives. Neuroscientist 13:160–172.

r

r

Ullsperger M, von Cramon DY (2001): Subprocesses of performance monitoring: a dissociation of error processing and
response competition revealed by event-related fMRI and
ERPs. Neuroimage 14:1387–1401.
Ullsperger M, von Cramon DY (2006): The role of intact frontostriatal circuits in error processing. J Cogn Neurosci 18:651–
664.
Ullsperger M, von Cramon DY, Muller NG (2002): Interactions
of focal cortical lesions with error processing: Evidence
from event-related brain potentials. Neuropsychology
16:548–561.
Ursu S, Stenger VA, Shear MK, Jones MR, Carter CS (2003): Overactive action monitoring in obsessive-compulsive disorder: Evidence from functional magnetic resonance imaging. Psychol
Sci 14:347–353.
Van Veen V, Carter CS (2002): The timing of action-monitoring
processes in the anterior cingulate cortex. J Cogn Neurosci
14:593–602.
Vidal F, Hasbroucq T, Grapperon J, Bonnet M (2000): Is the ‘error
negativity’ specific to errors?Biol Psychol 51:109–128.

1153

r

