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Abstract—Evidence suggests that a hyperactive frontal-striatal-
thalamic-frontal circuit is associated with the symptoms of obsessive-
compulsive disorder (OCD), but there is little agreement about the
function of the exaggerated activity. We report electrophysiological
evidence suggesting that part of this system monitors events and gen-
erates error signals when the events conflict with an individual’s
internal standards or goals. Nine individuals with OCD and 9 age-,
sex-, and education-matched control participants performed a
speeded reaction time task. The error-related negativity, an event-
related brain potential component that reflects action-monitoring pro-
cesses, was enhanced in the individuals with OCD. The magnitude of
this enhancement correlated with symptom severity. Dipole modeling
suggested that the locus of the enhancement corresponded to medial
frontal regions, possibly the anterior cingulate cortex.

Obsessive-compulsive disorder (OCD) is an anxiety disorder char-
acterized by two classes of symptoms, obsessions and compulsions.
Obsessions are persistent, unwanted thoughts that often concern some
feared circumstance. Compulsions are repetitive, sometimes ritualistic
behaviors that are often undertaken to reduce anxiety associated with
the obsessions (American Psychiatric Association, 1994). Here we
report an electrophysiological study exploring the functional and neu-
ral basis of OCD.

Our study was motivated by theories and empirical findings re-
garding the cognitive neuroscience of OCD. Neuroimaging and neu-
rosurgical evidence suggests that excessive activity in the
orbitofrontal cortex, anterior cingulate cortex, caudate nucleus, and
thalamus contributes to the symptoms of OCD (e.g., Baer et al., 1995;
Breiter et al., 1996; Schwartz, Stoessel, Baxter, Martin, & Phelps,
1996). A number of investigators have suggested that these structures
make up a cortical-striatal-thalamic-cortical circuit (e.g., Insel, 1992;
Rapoport, 1991). The connections form a positive feedback loop, so
that excessive activity persists. There is, however, no consensus on
how this excessive activity produces the symptoms of OCD.

The present study explored the hypothesis that the excessive neural
activity involved in OCD symptomatology represents, in part, “hy-
peractive error signals” (Pitman, 1987; Schwartz, 1997). According to
this conception, the brain maintains internal standards (reference
points) that represent desired internal and environmental states. A
comparator system compares these standards with environmental
stimuli, internal stimuli (thoughts, feelings), and actions. When con-
flicts are detected, the system generates an error signal. The error
signal alerts cognitive, motoric, and affective systems of the need to
correct the problem. These systems determine whether and how to act,
according to the level of the error signal and the motivational signifi-
cance of the alerting information.

In individuals with OCD, the error signals are larger and persist
longer than in individuals without the disorder. Because of the error
signals, an individual with OCD feels that something is wrong and
that action is needed to correct the problem. Thus, the error signals
contribute to anxiety, doubt, feelings of incompleteness, and compul-
sive behavior. Consistent with the neural circuitry, the system forms
a positive feedback loop: The individual, unable to reduce the error
signals, repeats the actions, generating more error signals.

Our study used a component of the event-related brain potential
(ERP) to test the part of this theory stating that actions are associated
with excessive error-signal activity. The error-related negativity
(ERN) is a negative-polarity component of the ERP that begins at
about the moment of error onset in reaction time (RT) tasks (see
Falkenstein, Hohnsbein, & Hoormann, 1995; Falkenstein, Hohnsbein,
Hoormann, & Blanke, 1991; Gehring, Coles, Meyer, & Donchin,
1995; Gehring, Goss, Coles, Meyer, & Donchin, 1993). The ERN is
thought to reflect part of an action-monitoring system: Investigators
have argued that it reflects error detection (Scheffers, Coles, Bern-
stein, Gehring, & Donchin, 1996) or, alternatively, the detection of
response conflict (Carter et al., 1998). A general working hypothesis
is that the ERN reflects an error signal generated when a comparator
process reveals that responses conflict in some manner with a desired
state of affairs. Thus, the error signal could reflect error detection per
se, conflict detection, or some other evaluative computation.

Gehring et al. (1993) proposed the anterior cingulate as a candidate
neural generator of the ERN. Studies supporting this hypothesis have
used BESA (Brain Electromagnetic Source Analysis; Scherg, 1990), a
technique that models the dipoles (intracranial sources) generating the
scalp ERP. These studies found that a midline frontal dipole consistent
with an anterior cingulate source accounted well for the scalp topog-
raphy of the ERN (Dehaene, Posner, & Tucker, 1994; Holroyd, Dien,
& Coles, 1998).

The literature therefore suggests two reasons to predict that indi-
viduals with OCD will show excessive ERN activity: the theoretical
notion that error signals are hyperactive and the findings of excessive
anterior cingulate activity in OCD. Thus, if the ERN reflects part of
the system disrupted in OCD, then the ERN should be enhanced in
individuals with OCD, the amplitude of the ERN should be correlated
with the severity of OCD symptoms, and the ERN activity should
show a medial frontal localization. To test these predictions, we ex-
amined ERN activity recorded from individuals with OCD and
matched control participants during performance of a Stroop task (see
MacLeod, 1991).

METHOD

Participants

Eleven individuals with a primary diagnosis of OCD were re-
cruited from the Anxiety Disorders Clinic at the University of Michi-
gan Medical Center. Diagnosis was confirmed using the Structured
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Clinical Interview for DSM-IV Axis I Disorders (SCID-I/P; First,
Spitzer, Gibbon, & Williams, 1995), administered by L.G.N. or J.H.
None of the 9 individuals in the final OCD group met criteria for
current major depression. Seven had a history of past psychiatric
disorder, including major depression, panic disorder with agorapho-
bia, anorexia nervosa, specific phobia, and alcohol abuse. Two of the
7 met criteria for current dysthymia and social phobia. One of those
2 met criteria for current panic disorder without agoraphobia and
generalized anxiety disorder.

Each individual with OCD was matched with a control participant
on the basis of sex, age, and educational history. Control participants
underwent a SCID interview, and were excluded if they had a history
of any psychiatric disorder. All participants were right-handed, fluent
English speakers, with normal or corrected vision, including normal
color vision. Participants received $10.00 per hour. The final compo-
sition of the two groups is shown in Table 1.

Stimuli

Stimuli consisted of the words “red,” “green,” and “blue” pre-
sented on a 15-in. VGA color monitor, in either a red or a green font.
Each letter subtended 1° of visual angle. A fixation mark (“+”) ap-
peared 1° below the stimuli.

Psychophysiological Recording

The electroencephalogram (EEG) was recorded from 41 tin elec-
trodes embedded in an elastic cap, with a ground electrode on the
forehead. The reference was the left mastoid; an average mastoid
reference was derived off-line using right mastoid data. Eye move-
ments were recorded using electrooculogram (EOG) electrodes. Elec-
tromyogram (EMG) was recorded from the first dorsal interosseous
muscle. Data were digitized at 1000 Hz. EEG and EOG were recorded
from DC to 100 Hz. EMG was recorded from 10 to 200 Hz. After
EMG rectification, all data were digitally low-pass filtered at 50 Hz
and reduced to a sampling rate of 200 Hz. EEG data were corrected
for ocular artifacts, as in Gehring et al. (1993). For BESA and for
Figure 1, the data were digitally low-pass filtered at 12 Hz.

Procedure

On the day of testing, participants completed the Beck Depression
Inventory (BDI; Beck, Steer, & Garbin, 1988). Individuals with OCD

Table 1. Composition of the participant groups

Characteristic

Group

Obsessive-
compulsive

disorder Control

Number of males,
females 4, 5 4, 5

Age 39.6 (19.6–58.2) 40.5 (22.0–57.9)
Education (years

post high school) 3.7 (0–7) 3.3 (1–5.5)
YBOCS total 14.6 (5–26) —
BDI score 7.7 (1–18) 2.3 (0–5)
Number taking

medication 6a 0

Note.Group means are presented, with ranges in parentheses. BDI
4 Beck Depression Inventory; YBOCS4 Yale-Brown
Obsessive-Compulsive Scale.
aTwo participants were taking fluoxetine hydrochloride, 1 was taking
clomipramine hydrochloride, and 3 were taking sertraline
hydrochloride.

Fig. 1. Response-locked event-related potential waveforms at the Cz electrode location. The left panel compares correct-trial and error-trial
waveforms for control participants and for individuals with obsessive-compulsive disorder (OCD). The right panel compares error-trial
waveforms for the two groups. Times are plotted relative to the latency of the button-press response. ERN4 error-related negativity.
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were administered the Yale-Brown Obsessive-Compulsive Scale
(YBOCS; Goodman et al., 1989) by J.H. or L.G.N.

Participants responded to each stimulus by pressing a button with
one index finger if the color of the word was red and pressing a button
with the other index finger if the color was green. Hand of response
was counterbalanced. Each word was presented for 0.2 s, at 1.5 to 2
s following the preceding response. There were 48 trials per block.
Following 2 practice blocks, each participant completed 24 blocks.
The Stroop conditions were congruent (e.g., “red” printed in red),
incongruent (e.g., “red” printed in green), and neutral (e.g., “blue”
printed in red). Bonuses and verbal feedback encouraged participants
to respond quickly, with an error rate of 5 to 10%.

RESULTS

Performance Measures

The groups showed virtually identical accuracy and error RTs. RT
and accuracy were analyzed with 2 (group) × 3 (Stroop condition)
repeated measures analyses of variance, with Greenhouse-Geisser cor-
rectedp values. The control and OCD groups did not differ on pro-
portion correct (control: .943; OCD: .945;F 4 0.02) or on error RT
(control: 438 ms; OCD: 434 ms;F 4 0.06). On correct trials, the
OCD group (473 ms) tended to be faster than the control group (514
ms), F(1, 8) 4 4.81, p 4 .06, MSE 4 4,708. Stroop condition
affected all three measures but did not interact with group.

ERN

To isolate the error effect, we analyzed difference waveforms con-
sisting of the correct-trial waveform subtracted from the error-trial
waveform. We also analyzed error-trial waveforms, which were more
closely matched in RT and error rate between the groups, thus avoid-
ing performance differences that could affect the ERN (see Gehring et
al., 1993, 1995).

Group differences in ERN amplitude
The waveforms from the central electrode site Cz (see Fig. 1) are

consistent with our central prediction that the individuals with OCD
would show an enhancement in ERN activity relative to the control
participants. We partitioned the Cz data following the button press
into six 50-ms time windows and computed the mean amplitude in
each window, relative to a baseline epoch of 200 to 100 ms prior to
the button press (i.e., just prior to EMG onset). As shown in Table 2,
the groups differed significantly in the 50- to 100-ms window in
error-trial waveforms. In both comparisons (error-trial waveforms and
error − correct difference waveforms), the significant difference in-
cluded the 100- to 150-ms epoch, just after the ERN peak.

ERN effects and symptom severity
We predicted that individuals with more severe OCD symptoms

would show greater enhancements in ERN activity. Restricting the
analysis to the OCD group, we computed Kendall’s Tau rank-order
correlations (cf. Baxter et al., 1992) between the ERN amplitude and
total YBOCS score for the six time windows (see Table 2). As pre-
dicted, significant correlations were evident in both waveforms.1

Scalp topography and localization
We predicted that the ERN in each group and the group difference

would show a medial frontal localization. For localization, we ana-
lyzed each group’s difference waveform (error trials − correct trials),
as well as a group difference waveform consisting of the control
group’s error-trial waveform subtracted from the OCD group’s error-
trial waveform.

We mapped the scalp topography of the ERN by computing scalp

1. Other analyses suggested that depressive symptoms did not account for
our effects. The correlation between BDI and YBOCS scores was small and
not significant,t 4 .145 (N 4 9). Partial correlations (partial Tau; Gibbons,
1985) between ERP measures (50- to 100-ms time window) and YBOCS score
(with the effects of BDI score removed) were −.589 (p < .01, one-tailed;N 4

9) for error-trial amplitude and −.466 (p < .025, one-tailed;N 4 9) for the
difference between the error and correct trials.

Table 2. Analysis of the error-related negativity

Time post reponse (ms)

Error trials Difference (error trials − correct trials)

Group effect Correlation with YBOCS Group effect Correlation with YBOCS

0–50 −2.76 −.141 −0.761 −.197
50–100 −6.61* (−2.57) −.592* −3.48 −.479*

100–150 −8.18* (−2.16) −.479* −6.34* (−2.66) −.535*
150–200 −6.90 −.479* −5.39 −.592*
200–250 −6.07 −.535* −3.37 −.535*
250–300 −3.70 −.366 −0.83 −.479*

Note.The group-effect values represent the mean difference (in microvolts) in the Cz electrode waveforms between the obsessive-compulsive
disorder (OCD) group and the control group. The values were calculated across the nine OCD-control pairs, for each of the six time windows
(relative to the button press). A negative value indicates that the OCD group’s waveform was more negative-going than the control group’s
waveform in that interval. Significant pairedt values (one-tailed,df 4 8) are shown in parentheses. The correlation values (computed for the OCD
group only) represent Kendall’s Tau rank-order correlation between the Yale-Brown Obsessive-Compulsive Scale (YBOCS) total score and mean
amplitude calculated over the indicated time interval. A negative correlation indicates that individuals with higher YBOCS scores (more severe
symptoms) showed more negativity in that interval than individuals with lower scores. Significant correlations (one tailed;N 4 9) are indicated by
an asterisk.
*p < .05.
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Fig. 2. Scalp current-density maps, representing the scalp topography of the error-related negativity (ERN). The left and middle maps are
derived from the control and obsessive-compulsive disorder (OCD) groups’ average difference waveforms (error trials − correct trials) and
represent the ERN effect within each group. The “Difference” map is derived from the average difference waveform (OCD group − control
group) for error trials and represents the group difference in the ERN. The view is of the top of the head with the nose pointing upward. The
maps were computed with 43 scalp electrodes; electrode sites Fp1, Fp2, Fz, Cz, Pz, Oz, T7, and T8 are shown as black dots. White regions
indicate positive values (regions where current flowed out of the head, or current sources). Shaded regions indicate negative values (regions
where current flowed into the head, or current sinks), with darker shading representing larger negative values. Each region between contour
lines represents a particular range of current-density values. The ERN is evident as a focal current sink at Cz.

Fig. 3. Single-dipole models of the within- and between-group error-related negativity (ERN) effects. Dipole solutions for the control and
obsessive-compulsive disorder (OCD) groups (left panel) were derived from the groups’ average difference waveforms (error trials − correct
trials) and represent the ERN effect within each group. The “Difference” solution (left panel) was derived from the average error-trial difference
waveform (OCD group − control group) and represents the group difference in the ERN. The right panel shows dipole source waveforms
(dipole moment as a function of time) for each dipole, plotted in arbitrary units. The vertical line denotes the moment of button press. BESA
4 Brain Electromagnetic Source Analysis.
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current-density maps, which highlight local, radial current flow. (We
used the spherical spline interpolation method of Perrin, Pernier, Ber-
trand, & Echallier, 1989, with lambda4 .00001.) Figure 2 shows
these maps at the time of each waveform’s peak (control: 55 ms;
OCD: 65 ms; difference: 130 ms). In each waveform, the ERN ap-
pears as a focal maximum at Cz, which is consistent with a medial
frontal generator.

We applied the BESA procedure (Scherg, 1990; software version
2.2) to the data from the 41 cap electrodes, fitting single-dipole so-
lutions to the three waveforms during the epoch between the button
press and each waveform’s peak at Cz. The starting model was a
single vertically oriented dipole at the center of the head. For each
waveform, BESA converged on a midline frontal source (Fig. 3, left
panel). The residual variance (RV) computed over the interval sug-
gested that each model accounted well for the observed data (OCD
RV 4 2.73%, control RV4 4.43%, difference RV4 7.92%). The
source waveforms (Fig. 3, right panel), representing the strength of the
dipole (dipole moment) as a function of time, suggest that the ERN
was prolonged in the OCD group relative to the control group, with
the point of maximal difference following the peak of the ERN itself.

DISCUSSION

Individuals with OCD show a heightened and prolonged electro-
physiological response to errors that correlates with the severity of
OCD symptoms. The likely medial frontal source for this activity is
consistent with a locus in the anterior cingulate cortex (Dehaene et al.,
1994; Holroyd et al., 1998). These results support theories linking
OCD symptoms to hyperactive error signals in a frontal-striatal-
thalamic-frontal circuit (Pitman, 1987; Schwartz, 1997). Our data
point to medial frontal action-monitoring activity as one source of the
error signals. Other error signals may arise when problems are de-
tected in the environment and in internal states.

There are a number of cognitive explanations for excessive error
signals (see Pitman, 1987). One way to understand how the ERN data
might be relevant to the symptoms of OCD is to examine the data in
the context of these hypotheses. OCD is, of course, a complex disor-
der, with many symptoms and variants. Our attempt to relate the ERN
data and theory to symptomatology must be rudimentary, and it may
not apply to all types of OCD.

The classification of events can cause excessive error signals, ei-
ther through dysfunctions in the comparator mechanism or through
conflict between the reference points of several comparators (Pitman,
1987; see also Reed, 1985). A comparator dysfunction could explain
the tendency of individuals with OCD to feel that something is wrong
when the situation seems satisfactory to an outside observer (e.g.,
when the individual continues to check the stove after successfully
turning it off). Such a dysfunction could therefore cause seemingly
correct actions to elicit error signals. We did not find a significant
group difference in ERN-like activity on correct trials. Note, however,
that a comparator dysfunction does not necessarily predict such an
effect in a Stroop task. Rather, the dysfunction could be focused on
symptom-relevant events (e.g., pertaining to cleanliness), which
would then result in domain-specific symptoms (e.g., washing). Fu-
ture studies should examine symptom-relevant events. The compara-
tor-deficit hypothesis predicts that ERPs recorded when an individual
with checking compulsions turns off a stove would show unusual
amounts of ERN activity.

Alternatively, the excessive activity may result from problems in a
separate alerting system or in systems that modulate the error signal
(e.g., attention; Pitman, 1987). Our observation of enhanced ERN
responses to errors in a non-symptom-relevant task would be consis-
tent with a generalized enhancement in such a system. Domain speci-
ficity could then arise in systems that evaluate the error signals and
generate further compensatory behavior.

An example of a theory that postulates such a source for domain
specificity is the conflict-displacement model of OCD (Holland, 1974;
Pitman, 1987, 1989). In this account, compulsive behaviors are analo-
gous to the displacement behaviors of animals: purposeless, repetitive
actions such as grooming and burying performed by animals in states
of conflict. These may be primitive, adaptive behaviors (reducing
risks of disease and danger) that are activated inappropriately in OCD
(Pitman, 1989). As Rapoport (1991) has suggested, this ethological
framework is consistent with neural circuitry in which error signals
that signify the need for action arise from the cingulate cortex (and
possibly orbitofrontal cortex; see Schwartz, 1997), triggering basal
ganglia systems responsible for particular learned or genetically pro-
grammed behaviors. Although the conflict-displacement account has
been criticized (Jakes, 1996), our data suggest that the general prin-
ciple is worthy of further study.

The ERN provides a unique window on medial frontal error pro-
cessing. Our study has shown how it can help to build a comprehen-
sive theory of OCD, by illuminating the links between neuroscience,
cognitive theory, and OCD symptomatology.

Acknowledgments—This research was supported by a University of
Michigan Rackham Faculty Grant to W.J. Gehring. Portions of these data
were reported at the Sixth International Conference on Cognitive Neuro-
science, Pacific Grove, California, 1996, and the 38th Annual Meeting of
the Society for Psychophysiological Research, Denver, Colorado, 1998.
We thank the participants for their contribution to this study. We also
thank the research assistants, including Jonas Kaplan, Kevin Hakimi, Ann
Turner Phillips, Natalie Boodin, David Fencsik, Rachel Hippner, Jason
Liem, and Elisa Rosier. We gratefully acknowledge the critical comments
of Cameron Carter, Dave Meyer, Thad Polk, Patti Reuter-Lorenz, Mark
Sabbagh, and Don Tucker, and analysis advice from Nili Benazon, Joe
Dien, Evan Fletcher, Rich Gonzalez, Wolfgang Miltner, and Jonathan Raz.

REFERENCES

American Psychiatric Association. (1994).Diagnostic and statistical manual of mental
disorders(4th ed.). Washington, DC: Author.

Baer, L., Rauch, S.L., Ballantine, T., Jr., Martuza, R., Cosgrove, R., Cassem, E., Giriunas,
I., Manzo, P.A., Dimino, C., & Jenike, M.A. (1995). Cingulotomy for intractable
obsessive-compulsive disorder.Archives of General Psychiatry, 52, 384–392.

Baxter, L.R., Jr., Schwartz, J.M., Bergman, K.S., Szuba, M.P., Guze, B.H., Mazziotta,
J.C., Alazraki, A., Selin, C.E., Ferng, H.-K., Munford, P., & Phelps, M.E. (1992).
Caudate glucose metabolic rate changes with both drug and behavior therapy for
obsessive-compulsive disorder.Archives of General Psychiatry, 49, 681–689.

Beck, A.T., Steer, R.A., & Garbin, M.G. (1988). Psychometric properties of the Beck
Depression Inventory: Twenty-five years of evaluation.Clinical Psychology Re-
view, 8, 77–100.

Breiter, H.C., Rauch, S.L., Kwong, K.K., Baker, J.R., Weisskoff, R.M., Kennedy, D.N.,
Kendrick, A.D., Davis, T.L., Jiang, A., Cohen, M.S., Stern, C.E., Belliveau, J.W.,
Baer, L., O’Sullivan, R.L., Savage, C.R., Jenike, M.A., & Rosen, B.R. (1996).
Functional magnetic resonance imaging of symptom provocation in obsessive-
compulsive disorder.Archives of General Psychiatry, 53, 595–606.

Carter, C.S., Braver, T.S., Barch, D.M., Botvinick, M.M., Noll, D., & Cohen, J.D. (1998).
Anterior cingulate cortex, error detection, and the online monitoring of perfor-
mance.Science, 280, 747–749.

Dehaene, S., Posner, M.I., & Tucker, D.M. (1994). Localization of a neural system for
error detection and compensation.Psychological Science, 5, 303–305.

Falkenstein, M., Hohnsbein, J., & Hoormann, J. (1995). Event-related potential correlates

PSYCHOLOGICAL SCIENCE

William J. Gehring, Joseph Himle, and Laura G. Nisenson

VOL. 11, NO. 1, JANUARY 2000 5



of errors in reaction tasks. In G. Karmos, M. Molna´r, V. Csépe, I. Czigler, & J.E.
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