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Abstract

The error-related negativity (ERN), an event-related potential component elicited by error
responses in cognitive tasks, has been shown to be abnormal in most, but not all, studies of
obsessive—compulsive disorder or obsessive—compulsive symptoms (OCD/S); these
inconsistencies may be due to task selection, symptom subtype, or both. We used meta-analysis to
further characterize the ERN in OCD/S, and pooled data across studies to examine the ERN in
OCD/Ss with hoarding. We found an enhanced ERN in OCD/S relative to controls, as well as
heterogeneity across tasks. When stratified, OCD/S showed a significantly enhanced ERN only in
response conflict tasks. However, OCD/S + hoarding showed a marginally larger ERN than OCD/
S-hoarding, but only for probabilistic learning tasks. These results suggest that abnormal ERN in
OCD/S is task-dependent, and that OCD/S + hoarding show different ERN activity from OCD/S -
hoarding perhaps suggesting different pathophysiological mechanisms of error monitoring.
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1. Introduction

Obsessive—compulsive disorder (OCD) is a neuropsychiatric disorder that affects
approximately 2% of the population world-wide and has strong biological underpinnings
and a well-defined neurocircuitry (APA, 2000; Karno et al., 1988). Neuroimaging studies
have implicated the ventromedial prefrontal cortex (VMPFC), the anterior cingulate cortex
(ACC), the orbitofrontal cortex (OFC), the striatum (particularly the caudate nucleus), and
the thalamus, as being involved in the pathophysiology of OCD (Grundler et al., 2009;
Harrison et al., 2009; Saxena and Rauch, 2000). These brain regions are interconnected in
multiple recurrent loops, making up the cortico-striatal-thalamic-cortical circuit, and are
thought to be involved in action selection, performance monitoring, and goal directed
behaviors (Gilbert et al., 2008; Harrison et al., 2009; Menzies et al., 2008; Nieuwenhuis et
al., 2005). Hyperactivity of this circuit has been demonstrated in individuals with OCD, both
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at rest and following symptom provocation (Adler et al., 2000; Menzies et al., 2008; van den
Heuvel et al., 2005). It has been proposed that, in this disorder, such cortico-striatal
hyperactivity leads to a persistently high error signal, ultimately resulting in the
psychopathology characteristic of OCD (Grundler et al., 2009; Remijnse et al., 2006). In this
model, the brain’s error monitoring system compares intended responses (or “expected
outcomes”) to actual responses (or “actual outcomes” in environmental stimuli, thoughts,
feelings, and actions), and generates an error signal when a conflict is detected. It has been
suggested that this error signal is amplified in individuals with OCD, leading to the feeling
that something is “out of line” (thus, generating irrational fears or obsessions) or that an
action was not completed correctly according to a set of internal unattainable rules,
triggering repetitive, compensatory behaviors (i.e., compulsions) (Gehring et al., 2000;
Pitman, 1987).

The hypothesis of a persistent and enhanced cortico-striatal error signal was first put forward
by Pitman (1987), and since then, the enhanced error-signal hypothesis has been tested by
multiple investigators using electrophysiological measures associated with performance
monitoring and error detection, most specifically the error-related negativity or ERN
(Endrass et al., 2008; Gehring et al., 2000; Hajcak et al., 2008; Hajcak and Simons, 2002;
Johannes et al., 2001; Pitman, 1987; Santesso et al., 2006). The ERN (Gehring et al., 1993),
or error negativity (Ne) (Falkenstein et al., 1991), component of the response-locked event-
related potential (ERP) associated with performance errors in speeded choice-response tasks
is evident following overt error responses (Gehring et al., 1995) and peaks 50-150 ms after
the error is committed. Larger (i.e., more negative) ERNSs are associated with instructions
emphasizing accuracy over speed, faster errors, lower error rates, attempts to correct errors,
greater post-error slowing, and greater error salience (Bernstein et al., 1995; Falkenstein et
al., 2000; Gehring et al., 1995; Scheffers and Coles, 2000). Topographic scalp maps show
the ERN to have a fronto-central maximum (Falkenstein et al., 1991; Gehring et al., 1995).
Converging evidence from dipole modeling of the ERN (Dehaene et al., 1994), functional
magnetic resonance imaging (fMRI), (Carter et al., 1998; Kiehl et al., 2000; Mathalon et al.,
2003), and intracranial recordings from monkeys (Brooks, 1986; Gemba et al., 1986; Niki &
Watanabe, 1979), suggests that the ACC is the principal generator of the ERN, which, as
noted, has been implicated in OCD. The ERN has been suggested to reflect simple error
detection (Falkenstein et al., 1991), high levels of response conflict (Botvinick et al., 2001;
Carter et al., 1998; Danielmeier et al., 2009) but see (Carbonnell and Falkenstein, 2006;
Masaki et al., 2007), and reward prediction errors in which outcomes are worse than
expected (Holroyd and Coles, 2002). Interestingly, the ERN can be evoked by errors
committed outside of conscious awareness (Nieuwenhuis et al., 2001; O’Connell et al.,
2007).

To date, the published studies examining the ERN among individuals with OCD or high
levels of OC symptoms (OCS) have been variable, with many (Endrass et al., 2008, 2010;
Gehring et al., 2000; Hajcak et al., 2008; Johannes et al., 2001; Riesel et al., 2011; Ruchsow
et al., 2005; Stern et al., 2010), but not all (Hammer et al., 2009; Nieuwenhuis et al., 2005),
reporting an increased ERN amplitude in OCD/S subjects compared to controls. A recent
hypothesis put forward by Grundler et al. (2009) suggested that some of the observed
variability between studies could be due to differences in the task choice—i.e., that the
relationship between ERN activation and error processing is task dependent, with
hyperactivity seen in response conflict tasks, and hypoactivity seen in probabilistic or
reinforcement learning tasks (Grundler et al., 2009). In response conflict tasks where the
correct response is known to the subject, the ERN is generated from quick and impulsive
errors known as “slips.” Slips are distinguished from “mistakes,” which reflect inaccurate
intentions based on faulty knowledge (Reason, 1990). Under Grundler’s hypothesis, in an
individual with OCD/S, protective measures against slips are added, thereby enhancing error
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signals and perpetuating maladaptive compensatory strategies. In contrast, probabilistic
tasks enlist “NoGo learning,” (Frank et al., 2005; Holroyd and Coles, 2002) where the
subject learns task rules from feedback on a trial-by-trial basis, and learns to inhibit
responses that caused the error. If this system is under-activated, individuals with OCD/S
may compulsively engage in repetitive behaviors, possibly due to attenuated error signals,
leading to suboptimal performance. However, the hypothesis of task divergent ERN
activation in OCD/S has not yet been tested (Grundler et al., 2009).

1.1. ERN and OCD symptom subtype

OCD is a heterogeneous disorder, with multiple symptom subtypes, including
contamination/cleaning, “taboo” symptoms (religious, sexual, and aggressive obsessions),
doubts/fears of causing or incurring harm (often characterized by checking behaviors),
rituals and superstitions, and hoarding (Katerberg et al., 2010; Pinto et al., 2008). Of these,
the hoarding subtype appears to be the most distinct with regard to treatment response, and
perhaps also with regard to neurocognitive and neuroanatomic patterns (An et al., 2008;
Gilbert et al., 2008; Pertusa et al., 2008; Rachman et al., 2009; Saxena, 2008). In addition to
the hallmark symptoms of compulsive collecting, poor organizational skills, and difficulty
discarding, we, and others, have shown that many individuals with compulsive hoarding
exhibit cognitive deficits across domains including information processing speed, decision-
making, categorization, attention, and memory, and problematic behaviors including
procrastination and slowed task completion (Grisham et al., 2007; Hartl et al., 2004;
Lawrence et al., 2006; Luchian et al., 2007; Mackin et al., 2010; Mataix-Cols et al., 2004;
Tolin et al., 2008).

Based on clinical observations, a recent model of the pathognomonic features of OCD (i.e.,
obsessions, compulsions, avoidance, and pathological doubt) reframes these symptoms as
being secondary or observed manifestations of a more fundamental feature of this disorder,
intolerance of uncertainty (Tolin et al., 2003). While the larger, more inclusive construct of
intolerance of uncertainty may be a core feature of OCD, more recent theorists suggest that
hoarding symptoms are part of a discrete clinical syndrome that also includes indecisiveness
and poor organizational ability (Steketee and Frost, 2003). Compared to non-hoarding OCD
patients, hoarders have less impulsivity, higher sensitivity to punishment (Fullana et al.,
2004), more severe interpersonal disability (Steketee and Frost, 2003) and lower global
functioning (Saxena et al., 2002). In addition, they often have less insight into their
symptoms than non-hoarding OCD patients, making them less likely to seek treatment
(Saxena, 2008). Thus, individuals with hoarding behaviors may have distinct neurocognitive
abnormalities that lead to hoarding per se. Neuropsychological and neuroimaging
examination of hoarding has implicated brain regions including ACC, dorsolateral prefrontal
cortex, and orbitofrontal cortex, among others (Gilbert et al., 2008; Mataix-Cols et al., 2004;
Saxena, 2008; Tolin et al., 2009) that are involved in response selection, decision-making,
conflict monitoring, and error detection, further supporting the hypothesis that abnormalities
in error monitoring may be seen in individuals with hoarding behaviors (An et al., 2008;
Gilbert et al., 2008; Mataix-Cols et al., 2004). However, to date, no studies of the ERN to
assess error monitoring in compulsive hoarding have been conducted.

1.2. Goals of the present study

The goals of this paper are to use currently published/available data to: (1) conduct meta-
analyses to verify that the ERN deflection in OC-affected individuals is task-dependent, and
to obtain a more precise estimate of the magnitude of the abnormality of the ERN in OCD/S
compared to controls, and (2) conduct the first examination into the ERN among OCD/S
with hoarding behaviors or symptoms (OCD/S + hoarding) compared to those without
hoarding behaviors or symptoms (OCD/S—hoarding). As noted, although the available
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published studies have, for the most part, shown an association between OCD and an
enhanced ERN, the relationship between task type and symptom subtype has not yet been
fully examined. To our knowledge, there are no published analyses addressing potential
differences in the ERN based on symptom profile. Although an analysis of all symptom
subtypes would be of interest, we chose to focus on hoarding in this analysis in part because
of the growing body of evidence that hoarding, although overlapping with other OCD
symptoms, may have distinct etiologies and distinct neurocognitive profiles (An et al., 2008;
Gilbert et al., 2008; Pertusa et al., 2008; Rachman et al., 2009; Saxena, 2008). We predicted
that the meta-analysis would uphold the predominant findings in the individual studies, that
is, that the ERN is larger (more negative) in OC-affected individuals when compared to
healthy controls. We also predicted that this difference would be apparent primarily in those
studies that used a response conflict task rather than a probabilistic learning task, as
postulated by Grundler et al. (2009). Furthermore, we hypothesized that the phenotypic
distinction between individuals with hoarding behaviors relative to those without hoarding
behaviors would be reflected by differences in ERN amplitude dependent upon task type.

2. Methods

2.1. Meta analysis

2.1.1. Study selection—Published studies examining the ERN in individuals with OCD
or OCS and in controls were initially identified using the MEDLINE-PubMed databases,
using the terms OCD, obsessive—compulsive disorder, obsessive—compulsive, action
monitoring, conflict monitoring, performance monitoring, ERN, and error-related negativity.
Additional published studies were identified through examination of the reference lists of
the studies included from MEDLINE-PubMed. The authors of the published studies were
then contacted to identify additional unpublished datasets and to acquire symptom-level data
on hoarding.

2.1.2. Inclusion/exclusion criteria—Studies or datasets were included in the study if
they had an OCD group and a control group and if ERN data were reported, even if the ERN
was not the main focus of the study. Studies examining OCS in non-clinical samples were
also included if they used a standardized structured instrument (such as the Obsessive—
Compulsive Inventory-Revised; OCI-R) (Foa et al., 2002; Hajcak et al., 2004), and if they
compared individuals with high OCS scores to those with low OCS scores. Studies
examining either adults or children as participants were included. Studies that examined
only non-OCD anxiety disorders were excluded, as were studies that examined ERPs but did
not report the ERN and those that did not report original data (e.g., review articles).

2.1.3. Data extraction—Mean ERN amplitude and standard deviations as reported by the
authors, task type, electrode, study group (OCDI/S vs. control), type of case group (OCD vs.
OCS), age (adult vs. child), year of study, and sample size of each study group were
extracted and entered into a database for analysis. ERN mean amplitudes and standard
deviations for OCD/S and control groups were obtained from each study’s corresponding
author or from published data. When raw data were not available, mean ERN amplitudes
and, if available, standard deviations, were derived from published figures. If standard
deviations were not available from the published data, pooled standard deviations for the
combined case and control groups within each study were calculated using the reported t or
F statistics. ERN amplitudes from the Cz electrode were used for all studies when available.
If ERN amplitude from the Cz electrode was not available (as was the case for four studies),
amplitude from the Fz or FCz electrode was used (Endrass et al., 2010; Hajcak et al., 2008;
Riesel et al., 2011; Stern et al., 2010). For studies where several conditions or multiple study
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samples were reported, each condition/sample was considered to be a separate study and all
were included in the meta-analysis.

2.1.4. Task type—Studies or conditions were categorized according to the task types
utilized: (1) response conflict tasks (e.g., flanker-type tasks, go-no go tasks, reaction time
tasks); (2) probabilistic learning tasks, and (3) other tasks (e.g., memory-based tasks, or
flanker tasks with a punishment condition). When available, for the probabilistic learning
tasks, ERN data were obtained for the final block of trials, to maximize the ERN deflection
and to avoid confounding of the ERN by the feedback related negativity (FRN) that is
produced during the learning phases of the task. This information was available only for the
Nieuwenhuis et al. study (Nieuwenhuis et al., 2005); for the other studies using probabilistic
learning tasks, published averaged ERN data were used (Endrass et al., 2010; Grundler et
al., 2009).

2.1.5. Statistical approach—Random-effects meta-analysis methods were used to
calculate pooled effect size estimates and their corresponding 95% confidence intervals
based on study specific effect sizes and their standard deviations using the metan routine in
STATA 11.0. A DerSimonian and Laird pooled standard mean deviation and associated
95% confidence interval was calculated for each meta-analysis, along with the z statistic and
associated p-value (DerSimonian and Laird, 1995). Effects were expressed as the
standardized mean differences (SMD), with the 95% confidence intervals, z-scores, and p-
values. The standardized mean difference is the difference in the mean ERN between the
OCD/s group and the control group, divided by the within-group standard deviation. A
heterogeneity chi-squared statistic and associated p-value, an 12 statistic (the variation in the
standard mean deviation attributable to heterogeneity), and the Tau-squared (an estimate of
the between-study variance) were also calculated to assess for between-study heterogeneity.
An 12 of >50% and/or a heterogeneity p-value of <0.05 was taken as evidence of significant
heterogeneity.

Meta-analyses were initially conducted using all studies analyzed jointly, regardless of task
type, and subsequently for studies separated by task type. Studies were divided into those
that employed reinforcement learning tasks (probabilistic learning tasks), those that
employed instructed response conflict tasks with speeded responses (flanker, Stroop, Simon,
and choice reaction time tasks), and those that employed other tasks (e.g., memory-based
tasks). Finally, meta-regression was performed to examine the effect of sample size, mean
age of participants, electrode, year of study publication, and study population (i.e., OCD and
healthy controls, vs. non-clinical samples with high and low OCS scores).

2.2. Hoarding analysis

2.2.1. Extraction of hoarding symptoms—None of the published studies examining
ERN reported on OC symptom subtypes. Accordingly, we requested raw data on hoarding
symptoms from the corresponding authors for each study, whether published or unpublished.
We were able to obtain data on the presence or the absence of hoarding symptoms derived
from the Yale-Brown Obsessive—Compulsive Scale (YBOCS) or the OCI-R for four of the
studies included in the meta-analysis above (Grundler et al., 2009; Hajcak et al., 2008;
Nieuwenhuis et al., 2005; Stern et al., 2010); for the other studies, individuals with hoarding
symptoms were specifically excluded, the authors no longer had access to the original item-
level datasets, symptom-level data were not available, or the authors either did not reply to
or declined the request for the original data (Gehring et al., 2000; Hajcak and Simons, 2002;
Hammer et al., 2009; Johannes et al., 2001; Ruchsow et al., 2005; Xiao et al., 2011). The
four studies for which we did obtain primary data encompassed seven separate conditions,
three using a response conflict task and four using a probabilistic learning task (Grundler et

Biol Psychol. Author manuscript; available in PMC 2012 March 2.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mathews et al.

3. Results

Page 6

al., 2009; Hajcak et al., 2008; Nieuwenhuis et al., 2005; Stern et al., 2010). Based on these
data, individuals with OCD were classified as having hoarding symptoms (OCD/S +
hoarding) if they endorsed either hoarding obsessions or hoarding compulsions or both, or
not having hoarding symptoms (OCD/S-hoarding) if they endorsed neither hoarding
obsessions nor hoarding compulsions. Individuals with high levels of OCS (as defined by
the original study authors) were classified as having hoarding symptoms (OCD/S +
hoarding) if their score on the hoarding subscale of the OCI-R was >7. Individuals with
scores of <5 on the hoarding subscale of the OCI-R were classified as not having hoarding
symptoms (OCD/S-hoarding), while those with scores of 5-7 were classified as unknown
and were not included in the present analysis. The mean hoarding subscale score for
individuals classified as having hoarding symptoms was 9.1 (SD = 1.3), while for those
classified as having no hoarding symptoms, the mean hoarding subscale score was 3.7 (SD =
2.3). Individuals in the current dataset either had OCD or high levels of OCS, and in all
cases, hoarding symptoms occurred in the presence of other symptom subtypes as well;
there were no individuals with only hoarding symptoms. Data on the severity and functional
impact of hoarding obsessions and compulsions were not available.

2.2.2. Statistical approach—We examined the z-scores of the ERN for each individual
in order to control for variation in ERN values due to technical or experimental differences
between studies. z-Scores were created for each individual by subtracting the mean ERN for
the control group of a given study from the individual’s ERN and dividing by the standard
deviation of the control group. In this conversion, a lower (or more negative) z-score
represents a more negative (or larger) ERN amplitude. To assess subgroup differences in
error monitoring, the z-score of the ERN amplitude was analyzed in a 2 Hoard (OCD/S +
hoarding vs. OCD/S-hoarding) x 2 Task (response conflict, probabilistic learning) analysis
of variance (ANOVA). Interaction effects were parsed with pairwise comparisons.

3.1. Search flow

The search strategy yielded 14 results from MEDLINE-PubMed, and one additional study
identified through examination of the reference lists. Thirteen studies met our inclusion
criteria out of this total of 15 initially identified (Table 1). One study was excluded because
it did not contain original data and one because it examined only non-OCD anxiety disorders
(Hajcak et al., 2003; van Veen and Carter, 2002). Ten studies examined individuals with
OCD compared to healthy controls, and three studies examined individuals with high levels
vs. low levels of OCS drawn from non-clinical samples. Eleven studies examined the ERN
in adults, and two studies examined the ERN in children. Four studies had multiple
conditions/arms; these are shown as separate studies in Table 1. In all, 18 separate samples
were included in the meta-analyses.

3.2. Meta-analyses of OCD/S

When all studies were meta-analyzed jointly, without regard to task type, the result
suggested that there were substantially increased mean ERN amplitudes in OCD/S
participants compared to healthy controls (DerSimion and Laird pooled standardized mean
difference or SMD = —0.616; z = 3.37; p = 0.001) (Table 2). However, the studies had a high
degree of heterogeneity, with a heterogeneity chi-square of 92.28 (df = 18, p < 0.0001), 12 =
80.5%, and Tau-squared = 0.50.

When the studies were analyzed separately by task type, only those studies that used a
response conflict task remained significant, with a pooled SMD of —0.855 (z = 7.62, p <
0.0001) (Fig. 1 and Table 2). The heterogeneity statistics for the response conflict task

Biol Psychol. Author manuscript; available in PMC 2012 March 2.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mathews et al.

Page 7

studies were not significant, suggesting no substantial between-study heterogeneity. In
contrast, the heterogeneity statistics for the probabilistic learning task studies and for the
studies using other types of tasks, such as memory-based tasks, showed a high degree of
between-study heterogeneity (Table 2).

Separate meta-regressions were then conducted to examine the effects of sample size, mean
age of participants, electrode used, and case (OCD vs. high OCS). Task type was included in
each meta-regression as a covariate. While task type continued to be highly significant, no
other variable significantly contributed to the variance of the model. This was also true when
all of the variables were included in the model simultaneously. Similarly, when meta-
regression was performed for only those studies that used a response conflict task, there was
no significant effect of any of the additional predictor variables. These covariates accounted
for 43.9% of the between-study variance (adjusted R?); the overall model was not significant
(F(4,5)=1.16, p = 0.43).

3.3. Hoarding vs. non-hoarding OCD/S subtype

We examined the ERN in individuals with hoarding symptoms compared to those without
hoarding symptoms using raw data from the subset of studies for which we had symptom-
level data. Data on the presence or the absence of hoarding symptoms were available for
four of the studies (equivalent to seven separate study populations) (Grundler et al., 2009;
Hajcak et al., 2008; Nieuwenhuis et al., 2005; Stern et al., 2010). Three of the samples used
a response conflict task, and four used a probabilistic learning task (Table 3). In some cases,
the same individuals within a study were included in multiple tasks or conditions; for the
purposes of these analyses, they are considered to be separate events.

We generated the z-scored ERN values for the entire sample, and compared OCD/S +
hoarding to OCD/S-hoarding, and subsequently parsed analyses by task type. Results of the
ANOVA are presented in Table 4, and group means (£SD) are shown in Fig. 2. While we
did not observe significant main effects for Hoard or Task, the Hoard x Task interaction was
marginally significant (p = 0.05). As Fig. 2 indicates, there were some apparent differences
between OCD/S + hoarding and OCD/S-hoarding in ERN response by task type. Relative to
OCD/S-hoarding, the ERN z-score was marginally more negative for OCD/S + hoarding in
the probabilistic learning tasks (OCD/S + hoarding: M = —0.48, SE = 0.43, n = 18; OCD/S-
hoarding: M =0.12, SE = 0.14, n = 47; t(63) = 1.74, p = .09) but not significantly different
in the response conflict tasks (OCD/S + hoarding: M = 0.17, SE = 0.15, n = 26; OCD/S-
hoarding: M = —0.36, SE = 0.15, n = 41, t(65) = —0.86, p = .39).

4. Discussion

The aims of this study were twofold: (1) to use meta-analysis to characterize the ERN in
OC-affected individuals delineated by ERN reflections of task type, and (2) to use pooled
analyses of original raw data to examine if individuals with a specific OCD/S subtype, i.e.,
OCD/s with hoarding, exhibit specific ERN abnormalities relative to those without
hoarding. We hypothesized that the ERN would be larger (i.e., more negative) in OC-
affected participants than in controls, and further, that this response would be specific to
those studies that used response conflict tasks. This hypothesis was based in part on the
findings reported by Grundler et al., who found a hyperactive ERN in a response conflict
task and a hypoactive ERN in a probabilistic learning task. Specifically, they predicted that
hyperactive error monitoring circuits would lead to repetition and over-learning in OC-
affected individuals (to avoid making choices that lead to errors) in response conflict tasks.
It was further predicted by Grundler et al. that in uncertain environments requiring adaptive
responses, such as in reinforcement or probabilistic learning tasks, OC-affected individuals
would show enhanced ERN mechanisms as a reflection of rigidity and avoidance learning
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(learning to avoid maladaptive choices). However, Grundler et al. reported that in his study,
OCD patients ultimately demonstrated hypoactive ERN during reinforcement learning tasks.

The present findings from our meta-analysis confirm the prediction of hyperactive ERN
responses for those studies using a response conflict task, and in fact show that there is a
large effect size (—0.86). All of the studies showed effects in the same direction (larger ERN
for OC-affected individuals) and there was no significant evidence of between-study
heterogeneity, suggesting that the results of the meta-analysis are quite robust. In contrast,
the meta-analysis did not support the presence of ERN abnormalities when tested with
probabilistic learning tasks. Due to the high level of heterogeneity between studies for this
task type, the failure to find ERN abnormalities in OCD/S may be due to specific
weaknesses of study design in one or more of the studies, or greater differences between
these studies due to subject recruitment, task type, or the point in which the ERN, rather than
the FRN, is elicited over the course of the task. Alternatively, it may be that probabilistic
learning tasks are not an appropriate tool to detect ERN alterations in OCD/S if the source of
the ERN abnormality cannot be defined; that is, group differences in ERN responses that
arise in probabilistic learning tasks may be due to differences in the underlying physiology,
but may also be due to differences in how well each group learned the task. In any case, the
result from probabilistic learning tasks was not statistically significant, and the high level of
heterogeneity between studies suggests that the results of the meta-analysis for this
condition are not entirely reliable. While it is possible that variability in task design across
studies have led to inconsistencies in the literature, or that the inclusion of OC-affected
individuals who do not necessarily meet clinical criteria for OCD biases the heterogeneity
among probabilistic learning tasks, these task and sample properties were present in the
response conflict condition as well, but still led to conclusive findings. Therefore, at the
least, evidence for enhanced error signals in OCD/S appears to be convergent across
response conflict studies, and is suggestive of a neural basis for the pathological repetitious
behavior observed in these individuals.

In addition to the meta-analysis of ERN differences across studies examining error-
monitoring dysfunction in OCD/S, we conducted a critical analysis of the ERN in OC-
affected individuals with hoarding symptoms vs. OC-affected individuals without hoarding
in a subgroup of studies (N = 4, total of 7 independent conditions) for which we had
symptom-level data. In contrast to our hypothesis, we found no significant differences
between those with hoarding and those without hoarding in the ERN for the overall sample
(not separated by task type), or for the response conflict task. However, we did find a trend
for an enhancement in the ERN for those with hoarding symptoms compared to those
without among the OCD/S participants in the probabilistic learning task (Table 4). As
suggested previously (Frank et al., 2005; Holroyd and Coles, 2002), a larger ERN in the
probabilistic learning task has been associated with a greater tendency to avoid an error, i.e.,
the “NoGo bias.” As evidenced by individuals exhibiting hoarding behaviors, and
considering the strong reluctance with which OCD patients part with belongings, even if
dangerous, non-sentimental, or unhygienic, avoidance behaviors are necessarily the rule, and
not the exception, in defining hoarding. Accordingly, our findings suggest that OC-affected
individuals with hoarding symptoms may express neural circuitry consistent with a tendency
toward an avoidance bias.

Interestingly, our ERN results in individuals who hoard are consistent with Grundler’s
original hypothesis predicting an enhanced ERN in reinforcement or probabilistic learning
tasks, as a reflection of avoidance learning (learning to avoid maladaptive choices)
(Grundler et al., 2009). While there was no evidence of a hypoactive ERN for OCD/S
participants compared to healthy controls in probabilistic learning tasks in the overall meta-
analysis, the results of the analysis of the original pooled symptom data suggest that OC-
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affected individuals with hoarding behaviors have a hyperactive rather than a hypoactive
ERN when compared to OCD/S individuals without hoarding behaviors. This result was
unexpected, and the results merely trending toward significance, may be due to stochastic
variation within the sample. Alternatively, individuals with hoarding behaviors may have
more difficulty with the probabilistic learning task, have slower learning rates, or may take
longer to complete the task. Nevertheless, despite the heterogeneity across these scenarios,
OC-affected individuals who hoard appear to have distinctive pathophysiology underlying
error monitoring compared to OC-affected individuals without hoarding behaviors. Under
this hypothesis, individuals who hoard may generate an enhanced ERN in the context of a
reinforcement environment, such that the NoGo bias would result in an over-activation of
avoidance and rigidity.

Compulsive hoarding is currently characterized as a symptom subtype of OCD in the DSM-
IV-TR (APA, 2000). However, as mentioned previously, several researchers have suggested
that hoarding behaviors are part of a discrete clinical syndrome comprising additional
symptoms and abnormalities suggestive of frontally mediated neurocognitive dysfunction
(Grisham et al., 2007; Hartl et al., 2004; Lawrence et al., 2006; Mataix-Cols et al., 2010;
Pertusa et al., 2008; Saxena, 2007; Steketee and Frost, 2003). Our studies of the
neurocognitive function of older individuals with and without hoarding behaviors support
this hypothesis (Mackin et al., 2010), and suggest that those with hoarding behaviors have
several abnormalities of executive function, most prominently, impairments in speed of
information processing, as well as deficits in categorization and attention/working memory.
Consistent with this hypothesis and with the results from imaging and other studies, the
results of the current study suggest that individuals with compulsive hoarding may have an
overlapping, yet distinct, neural circuitry from that of individuals with OCD/S but without
hoarding. The putative neurocognitive profile of individuals with compulsive hoarding,
which awaits confirmation in larger samples, consists of (1) abnormalities in speed of
information processing, categorization, attention and working memory, and (2) a
hyperactive ERN in probabilistic learning tasks but not in response conflict tasks. As more
information is acquired on the task-related pathophysiology underlying the discrepant
symptom clusters of OCD, clarification of subtype-specific cognitive impairments may
subserve targeted interventions.

The primary limitation of this study is that it uses previously collected data from a variety of
research groups, and thus, data on specific severity of symptoms, and clinical or functional
impact of symptoms are not available. This is particularly relevant for the hoarding analysis;
in this analysis, we were only able to examine the relationship of the ERN in the context of
the presence or the absence of hoarding symptoms among individuals with OCD or high
OCS. All individuals with hoarding symptoms also had additional obsessive—compulsive
symptoms, and we do not have information about whether the hoarding symptoms were the
primary symptoms, nor about whether they were clinically impairing. Future work with
individuals currently diagnosed with OCD, yet primarily defined by their hoarding
behaviors, is important to reduce sample heterogeneity, and to gain further understanding of
the distinct neurocognitive and neurophysiological abnormalities associated with the
hoarding subtype; examination of the ERN within participants with primary hoarding is
ongoing in our laboratory.

The use of secondary data leads to variance caused by differences in task type, phenotype
definition, and measurement of the ERN, among other factors. We were able to measure the
degree of heterogeneity between studies in the meta-analysis, and in fact, for the response
conflict task, where there was little evidence of heterogeneity, the results were quite robust.
To control for cross-study variance in the hoarding analysis, we used within-study z-scores
rather than raw scores to capture the degree of difference from each study’s healthy control
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sample means; nevertheless, the remaining heterogeneity, particularly for the probabilistic
learning tasks, may have contributed either to an under-estimate of the ERN differences in
those with and without hoarding symptoms, or alternatively, an over-estimate.
Neurophysiological and neuroimaging data contributing to the clarification of hoarding
behaviors are currently underway.
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Fig. 1.
Standardized mean differences (SMD) and 95% confidence interval (Cl) estimates of all
available ERN studies of OCD or high OCS compared to healthy matched controls,
separated by task type. EF = effortful learning. EL = effortless learning. OCD = obsessive—
compulsive disorder. OCD = obsessive—compulsive symptoms.
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Fig. 2.

Overall mean ERN z-scores by the presence or the absence of hoarding symptoms. Response
conflict task: OCD/S + hoarding n = 26, OCD/S—hoarding n = 41. Probabilistic learning
task: OCD/S + hoarding n = 18, OCD/S-hoarding n = 47.
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Table 3

Characteristics of studies for which hoarding data were available.
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Number (n) with

Number (n) without

Study Task OCD vs. OCS hoarding symptoms hoarding symptoms

Nieuwenhuis et al. (Study 1)@  Probabilistic learning (100% valid OCD 1 15
(Study D™ edback)

Ni huis et al. (Study 2)@ Probabilistic learning (80% valid OCD 1 14
ieuwenhuis et al. (Study 2) feedback)

Hajcak et al. (2008) Response conflict (modified flanker) OCD 7 10

Grundler et al. (Study 1) Probabilistic learning (variable OCs 9 8
feedback)

Grundler et al. (Study 2)& Probabilistic learning (variable ocs 9 5
rundler et al. (Study 2) feedback)

Grundler et al. (Study 3)2 Response conflict (modified flanker) 0ocs 9 14

Stern et al. (2010) Response conflict (modified flanker) OCD 11 27

Total 47 93

a . - " .
Overlapping samples, as some participants were tested under more than one condition or using more than one task.
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Table 4

ANOVA examining the relationship between hoarding, task and ERN. RC = response conflict. PL =
probabilistic learning. OCD/S + hoarding = obsessive—compulsive disorder or obsessive—compulsive
symptoms with hoarding. OCD/S-hoarding = obsessive—compulsive disorder or obsessive—compulsive

symptoms without hoarding.

Source df F p-Value
Model 3 204 0112
Hoarding (OCD/S + hoarding vs. OCD/S-hoarding) 1 099 0.321
Task (RC vs. PL) 1 018 0.669
Hoarding x Task 1 382 0.053
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