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Abstract

Anxiety is associated with enhanced action monitoring. Research to date, however, has employed extreme group

designs that fail to address the full spectrum of anxiety, and in which overlapping and co-occurring symptoms obscure

the exact nature of the relationships between anxiety and actionmonitoring. To address these limitations, relationships

between distinct dimensions of anxiety and neural indicators of actionmonitoringwere examined in a sample of female

undergraduates. Results revealed that higher anxious apprehension (i.e., worry) was associated with enhanced early

actionmonitoring activity, as indexed by the error-related negativity/correct-response negativity. Anxious arousal (i.e.,

somatic tension) on the other hand, was unrelated to measures of action monitoring. These findings suggest that the

anxiety-actionmonitoring link holds along the continuumof severity and is specific to theworry component of anxiety.

Descriptors: Error-related negativity, Anxiety, Anxious apprehension, Anxious arousal

Anxiety is a common human experience that represents an

adaptive response to threat (Marks &Nesse, 1994). Maladaptive

anxiety, however, defines one of the most prevalent mental dis-

order categories (Kessler et al., 2005). Delineating factors that

contribute to the development and maintenance of anxiety is

therefore of great relevance to individuals at all levels of severity.

A growing body of literature indicates that exaggerated action

monitoring represents one important contributory factor (Olvet

& Hajcak, 2008; Simons, 2010). Much of the research in this

area, however, has examined extreme groupsFeither college

students scoring high on anxiety or patientsFthat do not rep-

resent the full spectrum of anxiety symptoms. Moreover, such

studies often include individuals characterized by a mixture of

anxiety symptoms thus muddying the exact nature of the rela-

tionship between anxiety and action monitoring. As a first step

towards addressing these limitations, the primary aim of the

current study was to examine relationships between distinct di-

mensions of anxiety and neural correlates of action monitoring

functions in an unselected sample of college students.

Drawing on early findings and conceptualizations (Barlow,

1991; Clark & Watson, 1991; York, Borkovec, Vasey, & Stern,

1987), Nitschke, Heller, Imig, McDonald, and Miller (2001)

demonstrated that self-reported anxiety symptoms could be

decomposed into two psychometrically distinct dimensions:

anxious arousal and anxious apprehension. Anxious arousal is

defined by somatic tension and physiological hyperarousal,

whereas anxious apprehension is defined by worry. Establishing

these psychometrically distinct dimensions was critical as such

elemental psychological processes can be used to isolate specific

relationships between different forms of anxiety and actionmon-

itoring, and they likely represent more viable targets for mapping

onto biological mechanisms than highly heterogeneous and

overlapping categorical disorders (Bearden & Freimer, 2006;

Krueger, 1999; Watson, 2005).

Neuroimaging studies to date generally support the distinc-

tions indicated by the questionnaire data. The aforementioned

research group has shown that anxious arousal and anxious ap-

prehension are characterized by unique patterns of regional brain

activity. Specifically, anxious arousal has been associated with

greater right-sided parietal activity, whereas anxious apprehen-

sion has been associated with greater left-sided frontal activity in

emotion processing and resting state paradigms (Engels et al.,

2007; Heller, Nitschke, Etienne, & Miller, 1997; Nitschke, Hell-

er, Palmieri, & Miller, 1999). These findings dovetail with re-

search showing that right-hemisphere parietal areas are involved

in vigilance and arousal (Compton et al., 2003; Corbetta &

Shulman, 2002) and left-frontal regions are involved in speech

and language (Awh et al., 1996; Zatorre, Meyer, Gjedde, & Ev-

ans, 1996) and suggest that anxious arousal and anxious appre-

hension, respectively, enhance these functions.

Of specific relevance to the current investigation, anxiety has

been associated with enhanced anterior cingulate cortex

(ACC)Flocated in the medial frontal cortexFfunctioning in a

variety of tasks (e.g., Fitzgerald et al., 2005). Several electro-

physiological studies have found that anxiety is associated with

enhancements of the error-related negativity (ERN), an event-

related brain potential (ERP) component originating in the ACC

(for reviews, see Olvet &Hajcak, 2008; Simons, 2010). The ERN
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is a sharp negative deflection that shows its maximal amplitude at

fronto-central recording sites approximately 50 ms after an

erroneous response (Gehring, Goss, Coles, Meyer, & Donchin,

1993). Although its functional significance is the focus of

continued debate, there is general agreement that the ERN re-

flects ACC-mediated action monitoring processes dedicated to

optimizing performance (e.g., Botvinick, 2007). Based on

conceptualizations that the ERN reflects error processing per

se (Falkenstein, Hohnsbein, Hoorman, & Blanke, 1991;

Nieuwenhuis, Ridderinkhof, Blom, Band, &Kok, 2001), several

researchers have suggested that the enhanced ERN in anxious

individuals reflects their sensitivity to and concern over mistakes

(Hajcak, Moser, Yeung, & Simons, 2005; Weinberg, Olvet, &

Hajcak, 2010).

The exact relationship between anxiety and the ERN is un-

clear, however. Some have suggested that enhanced ERN reflects

a general underlying characteristic of all ‘internalizing’ prob-

lemsFthat is, all anxiety and depressive conditions (Olvet &

Hajcak, 2008; Simons, 2010). Yet, most studies showing a rela-

tionship between anxiety and the ERNhave examined a subset of

specific conditions such as obsessive compulsive and generalized

anxiety symptoms in isolation (Gehring, Himle, & Nisenson,

2000; Hajcak & Simons, 2002). Thus, the unique relationships

between different forms of anxiety and action monitoring pro-

cesses are not well understood. We know of only one study that

has directly tested differential relationships between subtypes of

anxiety and the ERN. Hajcak, McDonald, and Simons (2003)

showed that worried but not spider-phobic undergraduates dem-

onstrated enhanced ERN magnitude. It is possible then that en-

hanced ERN is specifically associated with anxious apprehension

(see Simons, 2010;Weinberg et al., 2010 for a similar hypothesis).

The correct-response negativity (CRN; Vidal, Burle, Bonnet,

Grapperon, & Hasbroucq, 2003; Vidal, Hasbroucq, Grapperon,

& Bonnet, 2000) and error positivity (Pe; Nieuwenhuis et al.,

2001; Overbeek, Nieuwenhuis, & Ridderinkhof, 2005) are two

additional ACC-generated action monitoring brain potentials

that may also be relevant to anxiety. The CRN is the ERN’s

correct response counterpart and peaks at approximately the

same time (i.e., 50 ms after the response) and at similar scalp

locations (i.e., fronto-central). Likewise, the CRN is believed to

reflect similar action monitoring processes as the ERN, albeit on

correct trials (Bartholow et al., 2005; Vidal et al., 2000, 2003).

Several, but not all, investigations have shown enhanced CRN

(as well as ERN) in anxious populations suggesting that anxiety

is associated with a general increase in ACC-mediated action

monitoring processes (Endrass, Klawohn, Schuster, & Kath-

mann, 2008; Endrass et al., 2010; Hajcak& Simons 2002; Hajcak

et al., 2003). The Pe follows the ERN/CRN with a peak around

300 ms and shows its maximal amplitude at centro-parietal re-

cording sites (Falkenstein, Hoormann, Christ, & Hohnsbein,

2000). Recent evidence further suggests that the Pe is comprised

of two subcomponentsFone fronto-central and one centro-

parietalFthatmight reflect different processes (Arbel &Donchin,

2009; van Veen &Carter, 2002). The centro-parietally maximal Pe

has received the most research attention (in general and in relation

to individual differences) and is thought of as a P300-like wave

that indexes error processing per se and specifically the awareness

of and attention allocated to errors (Nieuwenhuis et al., 2001;

Ridderinkhof, Ramautar, & Wijnen, 2009; Steinhauser & Yeung,

2010). We therefore focus on the centro-parietally maximal Pe in

the present study. Fewer studies of anxiety include examination of

the Pe, however. Moreover, two recent patient studies yielded

mixed findings (Endrass et al., 2008; Weinberg et al., 2010). An-

other study of undergraduates high in negative affectFa construct

linked to anxiety and depressionFshowed reduced Pe amplitude

suggestive of an impairment in error awareness (Hajcak, Mc-

Donald, & Simons, 2004).

In order to begin clarifying the relationships between different

forms of anxiety and action monitoring processes, associations

between psychometrically and theoretically distinct dimensions of

anxiety and actionmonitoring ERPs were examined. Specifically,

we examined relationships between anxious apprehension and

anxious arousal and the ERN, CRN, and Pe in a sample of un-

selected female undergraduates representing a range of anxiety

symptoms. This approach has already garnered support in that

previous research has demonstrated unique associations between

these dimensions and regional brain activity (Engels et al., 2010;

Heller et al., 1997). Extending relationships between anxiety and

action monitoring to individuals representing a range of more

moderate levels of anxiety symptoms will help lend complimen-

tary support to current conceptualizations that anxiety represents

a dimension along a continuum from mild to extreme, with dis-

ordered patients falling at the high end of extreme (Brown &

Barlow, 2009;Watson, 2005). In fact, work by Ruscio, Borkovec,

and Ruscio (2001) showed that anxious apprehensionFthat is,

worryFis dimensional in nature, with generalized anxiety disor-

der (GAD) representing the severe extreme. We selected only fe-

males for the current investigation because they are nearly twice

as likely to suffer from anxiety-related problems (Kessler et al.,

2005; Lewinsohn, Gotlib, Lewinsohn, Seeley, & Allen, 1998),

thus making them a particularly important group to study.

Based on numerous findings in nonclinical (e.g., Hajcak et al.,

2003) and clinical (e.g., Weinberg et al., 2010) samples, our

strongest prediction was that anxious apprehension would be as-

sociated with enhanced ERN magnitude. Our next strongest hy-

pothesis was that anxious apprehension would also be associated

with enhanced CRN magnitude, given that several studies have

demonstrated enhanced CRN in anxious subjects (Endrass et al.,

2008, 2010; Hajcak & Simons, 2002; Hajcak et al., 2003). These

hypotheses are further justified by theory and research in related

areas suggesting that anxious apprehension is associated with en-

hanced frontal cortex function (e.g., Heller et al., 1997). Our

hypotheses for anxious arousal and the Pe were more tentative.

Although no studies to date have directly examined the relation-

ship between anxious arousal and the ERN/CRN, Hajcak et al.

(2003) found no relationship between spider fear and ERN/CRN.

Insomuch as anxious arousal and fear share phenomenological

features (e.g., the focus on immediate danger; Nitschke, Heller, &

Miller, 2000), we cautiously hypothesized that anxious arousal

would not be associated with ERN or CRN magnitude. Again,

this hypothesis is further supported by theory and research sug-

gesting that anxious arousal is not associated with enhanced

frontal cortex function, but rather enhanced parietal cortex func-

tion (e.g., Nitschke et al., 1999). Finally, because previous studies

have been mixed with regard to the relationship between anxiety

and the Pe, our approach was exploratory.

Method

Participants

Seventy-one female undergraduates participated in the current

study for course credit. No participants discontinued their
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involvement once beginning the experiment. Four participants

were excluded from analyses because of committing fewer than

six errors per Olvet and Hajcak (2009). The final sample con-

sisted of 67 participants (M age5 19.52, SD5 1.65).

Task

The primary task consisted of a letter version of the Eriksen

Flankers task (Eriksen & Eriksen, 1974). Participants were in-

structed to respond to the center letter (target) of a five-letter

string in which the target was either congruent (for example:

MMMMM or NNNNN) or incongruent (for example:

MMNMM or NNMNN) with the distracter letters. During

each trial, flanking letters were presented 35 ms prior to target

letter onset, and all five letters remained on the screen for a

subsequent 100 ms (total trial time was 135 ms). Each trial was

followed by a variable intertrial interval (1200–1700 ms) during

which a fixation cross (1) was presented.

The experimental session included 480 trials grouped into six

blocks of 80 trials during which accuracy and speed were equally

emphasized. To elicit a sufficient number of errors for

ERP analysis, letters making up the strings differed by block

(e.g., M and N in block 1 and E and F in block 2), and mouse

button-letter assignments were reversed at the midpoint of each

block (e.g., left mouse-button click for M through 40 trials of

block 1, then right-mouse button click for M for the last 40 trials

of block 1). Characters were displayed in a standard white font

on a black background and subtended 1.31 of visual angle ver-
tically and 9.21 horizontally. All stimuli were presented on a

Pentium R Dual Core computer, using Presentation software

(Neurobehavioral Systems, Inc.) to control the presentation and

timing of all stimuli, the determination of response accuracy, and

the measurement of reaction times.

After completion of the flanker task, participants filled out a

packet of questionnaires including the Penn State Worry

Questionnaire (PSWQ; Meyer, Miller, Metzger, & Borkovec,

1990) and the Anxious Arousal (AA) subscale of the Mood and

Anxiety Symptom Questionnaire (MASQ; Watson & Clark,

1991). The PSWQ was used as the measure of anxious

apprehension and the MASQ-AA was used as the measure of

anxious arousal per Nitschke et al. (2001).

Psychophysiological Recording and Data Reduction

Continuous encephalographic (EEG) activity was recorded using

the ActiveTwo BioSemi system (BioSemi, Amsterdam, The

Netherlands). Recordings were taken from 64 Ag-AgCl

electrodes placed in a stretch-lycra cap in accordance with the

10/20 system in addition to two electrodes placed on the left and

right mastoids. Electrooculogram (EOG) activity generated by

eye movements and blinks was recorded at FP1 and three ad-

ditional electrodes placed inferior to the left pupil and on the left

and right outer canthi (all approximately 1 cm from the pupil).

During data acquisition, the Common Mode Sense active elec-

trode andDrivenRight Leg passive electrode formed the ground,

as per BioSemi’s design specifications. All signals were digitized

at 512 Hz using ActiView software (BioSemi).

Offline analyses were performed using BrainVision Analyzer

2 (BrainProducts, Gilching, Germany). Scalp electrode record-

ings were rereferenced to the numeric mean of the mastoids

and band-pass filtered with cutoffs of 0.1 and 30 Hz (12 dB/oct

rolloff). Ocular artifacts were corrected using the regression

method developed by Gratton, Coles, and Donchin (1983).

Physiological artifacts were detected using a computer-based al-

gorithm such that trials in which the following criteria were met

were rejected: a voltage step exceeding 50 mV between contiguous

sampling points, a voltage difference of more than 200 mVwithin

a trial, or a maximum voltage difference less than 0.5 mVwithin a

trial. Trials were also rejected from ERP and behavioral analyses

if the reaction time fell outside of a 200–800 ms time window and

if accuracy was o50% in the second half of a block, suggesting

the participant failed to switch stimulus-response mappings (see

above description of trial blocks). The response-locked data were

segmented into individual epochs beginning 200 ms before re-

sponse onset and continuing for 800 ms following the response.

To quantify response-locked ERPs, a baseline equal to the av-

erage activity in the 200 ms window prior to response onset was

subtracted from each data point subsequent to the response.

The ERN and CRN were then quantified as the average voltage

occurring in the 0–100 ms postresponse time window across

five fronto-central recording sites (Fz, FC1, FCz, FC2, Cz).

The Pe and its correct trial counterpart were quantified as the

average voltage occurring in the 150–350 ms postresponse time

window across five centro-parietal recording sites (Cz, CP1, CPz,

CP2, Pz).

Data Analysis Strategy

Behavioral and ERP measures were statistically evaluated using

SPSS General Linear Model software (Version 18.0). Measures

with skewness or kurtosis values greater than 2 were transformed

in order to normalize distributions. MASQ-AA scores were suc-

cessfully log transformed. The arcsine transform was performed

successfully for overall percent correct, post-error accuracy, and

postcorrect accuracy. Descriptive statistics for thesemeasures are

reported using raw data, however. Repeated measures analyses

of variance (ANOVAs) were first conducted on behavioral and

ERP measures without regard to individual difference scores on

the anxiety measures in order to establish baseline experimental

effects. All ANOVAs included one two-level factor: Accuracy

(error vs. correct). Subsequently, PSWQ and MASQ-AA scores

were entered into separate ANOVAs as covariates in order to

assess the main and interactive effects of anxious apprehension

and anxious arousal on behavioral and ERP measures. Partial

eta squared Zp
2 is reported as an estimate of effect size in ANOVA

models where .05 represents a small effect, .1 a medium effect,

and .2 a large effect (Cohen, 1973). When significant effects of

anxiety scores were detected, follow-up correlational analyses are

presented to aid in interpretation of results. Correlation coeffi-

cients (i.e., rs) ranging from .1–.23 are considered to represent

small effects, rs ranging from .24–.36 represent medium effects,

and rs greater than .37 represent large effects (Cohen, 1988). For

a similar method, see Li, Zinbarg, and Paller (2007).

Results

Anxiety Measures

The average PSWQ score across the whole sample was 40.52

(SD5 12.89, range5 12–66). The averageMASQ-AA score was

23.90 (SD5 6.13, range5 17–51). Consistent with theory and

previous findings, overlap between the anxiety dimensions was
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modest (r5 .27, p5 .03) compared to that between more coarse

measures of anxiety (e.g., between the State Trait Anxiety In-

ventory and Beck Anxiety Inventory).

Performance Measures

As is typical for the flanker task, accuracy was quite high in the

current study (M percent correct5 93.54%, SD5 5.60%).

Overall accuracy was unrelated to the anxiety measures, how-

ever (rso.12, ps4.35).

Participants exhibited faster reaction times (RTs) on error

trials (M5 372.71, SD5 52.65) than on correct trials

(M5 449.54, SD5 41.74; F(1,64)5 276.36, po.001, Zp
25 .81).

Neither anxiety measure was significantly associated with overall

RT, however (Fso2.53, ps4.11, Z2spo.04).

Participants also showed significantly slower RTs following

error trials (M5 492.03, SD5 66.16) than following correct tri-

als (M5 445.88, SD5 42.72; F(1,64)5 61.33, po.001,

Zp
25 .49)Fthe typical post-error slowing effect. Relationships

between postresponse RT and PSWQ were nonsignificant

(Fso1, ps4.48, Z2spo.01). Entering the MASQ-AA as a

covariate produced a nonsignificant main effect (Fo1, p5 .77,

Zp
25 .00) and a significant Accuracy � MASQ-AA interaction

effect (F5 4.95, p5 .03, Zp
25 .07). Follow-up correlational anal-

ysis showed that as MASQ-AA scores increased, so did post-

error minus postcorrect RT (r5 .27, p5 .03).

Overall, participants were slightly more accurate after errors

(M percent correct5 93.65%, SD5 6.95%) than after correct

responses (M percent correct5 93.50%, SD5 5.70%;

F(1,64)5 8.23, po.01, Zp
25 .11). Relationships between postre-

sponse accuracy and PSWQwere nonsignificant (Fso1, ps4.38,

Z2spo.02). Entering the MASQ-AA as a covariate produced a

nonsignificant main effect (F5 2.79, p5 .10, Zp
25 .04) and a

significant Accuracy � MASQ-AA interaction effect (F5 4.31,

p5 .04, Zp
25 .06). Follow-up correlational analysis showed that

as MASQ-AA scores increased, post-error minus postcorrect

accuracy decreased (r5 � .25, p5 .04).

ERPs

ERN. Consistent with the literature, the main effect of Accuracy

was significant (F(1,66)5 70.47, po.001, Zp
25 .52), indicating

larger negativity on error (M5 � 4.45, SD5 4.48) compared to

correct (M5 � 1.01, SD5 3.66) trials overall (see Figure 1).

When entered as a covariate, the main effect of PSWQ scores

was significant (F(1,65)5 5.52, p5 .02, Zp
25 .08). The interac-

tion between PSWQ scores and Accuracy was not significant

(F(1,65)5 2.36, p5 .13, Zp
25 .04), however. Figure 2 shows re-

sponse-locked ERPs for high- and low-PSWQ groups (top and

bottom 25% of the distribution, respectively; for illustrative

purposes only). As shown in Figure 3, follow-up correlational

analysis showed that higher PSWQ scores were associated with

greater postresponse negativity, irrespective of accuracy

(r5 � .28, p5 .02).

Entering the MASQ-AA as a covariate produced no signifi-

cant main (F(1,65)5 .08, p5 .78, Zp
25 .00) or interaction

(F(1,65)5 .53, p5 .47, Zp
25 .01) effects. The correlation between

MASQ-AA and overall postresponse negativity was negligible

(r5 � .03).

To further test the uniqueness of the relationship between anx-

ious apprehension and postresponse negativity, we conducted a

partial correlation between the PSWQ and overall postresponse

negativity while controlling forMASQ-AA scores. The correlation

between PSWQ and overall postresponse negativity remained sig-

nificant after controlling for MASQ-AA scores (partial r5 � .28,

p5 .02). Moreover, the correlation between PSWQ and overall
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Figure 1. Response-locked ERPs on error and correct trials recorded at

electrode site FCz. Voltagemaps displaying the distribution of activity on

error and correct trials are presented at the bottom.

Figure 2. Response-locked ERPs on error and correct trials for bottom

and top 25% of PSWQ distribution recorded at FCz.
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postresponse negativity was larger than that between MASQ-AA

and overall postresponse negativity (Z5 1.71, po.05, one tailed).

Pe. Consistent with the literature, the main effect of Accuracy

was significant (F(1,66)5 299.91, po.001, Zp
25 .82). As shown

in Figure 1, a larger positivity was observed on error (M5 6.47,

SD5 6.58) compared to correct (M5 � 6.39, SD5 3.77) trials

overall.

When entered as a covariate, PSWQ scores demonstrated a

significant main effect (F(1,65)5 5.71, p5 .02, Zp
25 .08; see

Figure 2). Follow-up correlational analysis showed that higher

PSWQ scores were associated with smaller postresponse

positivity, irrespective of accuracy (r5 � .28, p5 .02). The

interaction between PSWQ scores and Accuracy did not ap-

proach significance (F(1,65)5 1.37, p5 .25, Zp
25 .02).

Entering the MASQ-AA as a covariate produced no signifi-

cant main (F(1,65)o1, p5 .70, Zp
25 .00) or interaction

(F(1,65)o1, p5 .66, Zp
25 .00) effects. The correlation between

MASQ-AA and overall postresponse positivity was negligible

(r5 � .05).

As with the ERN/CRN, controlling for MASQ-AA scores

did not affect the correlation between PSWQ scores and overall

postresponse positivity (partial r5 � .28, p5 .02). Directly

comparing the correlation between PSWQ and overall postre-

sponse positivity and that between MASQ-AA and overall post-

response positivity did not result in a significant difference,

however (Z5 1.57, p5 .06, one tailed).

Finally, we conducted a regression analysis in which we en-

tered overall postresponse negativity and postresponse positivity

to predict PSWQ scores. The overall model was significant

(F(2,64)5 3.73, p5 .03) and accounted for 8% of the variance in

PSWQ scores. With both variables in the model, neither overall

postresponse negativity nor postresponse positivity was a unique,

significant predictor (bso.19, ps4.17) suggesting that their co-

variance contributed to variance in PSWQ scores.

Discussion

The primary aim of the current study was to extend previous

research by examining relationships between distinct dimensions

of anxiety and action monitoring ERPs in an unselected sample

of female undergraduates. Consistent with predictions, anxious

apprehensionFthe worry dimension of anxietyFshowed the

strongest associations with action monitoring brain potentials.

Specifically, higher anxious apprehension scores were associated

with overall enhancements of ACC-mediated early action

monitoring processes, as reflected in the ERN and CRN. Anx-

ious apprehension was also related to overall reductions in later

action monitoring activity, as reflected in the Pe and correct trial

positivity. Anxious arousal, on the other hand, was unrelated to

early or late action monitoring processes.

That anxious apprehension was associated with enhanced

ERN and CRN magnitude is consistent with a previous group

study of college students scoring high on the same measure of

anxious apprehension used here (i.e., PSWQ;Hajcak et al., 2003)

as well as several others in obsessive compulsive undergraduates

(Hajcak & Simons, 2002) and patients (Endrass et al., 2008,

2010), who are also characterized by worry and verbal rumina-

tion. We significantly extend these previous group designs by

showing an association between enhanced ERN and anxious

apprehension measured along a continuum from mild to severe.

Admittedly, only 6% of our subjects would have crossed thresh-

old on the PSWQ for a diagnosis of GAD (see Behar, Alcaine,

Zuellig, & Borkovec, 2003); however, (a) the range of scores

reported by the subjects in the current study was sufficiently wide

to apply tomany different individuals, and (b) the primary aimof

the current study was to demonstrate that relationships between

anxiety and action monitoring extend to the full range of anxious

apprehension symptoms. Our approach and findings are thus in

line with available data and current conceptualizations suggest-

ing that anxiety, and worry, in particular, are dimensional in

nature (Brown & Barlow, 2009; Ruscio et al., 2001; Watson,

2005) and further support the ‘continuity hypothesis’ of psycho-

pathology more generally (cf. Flett, Vredenberg, & Krames,

1997). That is, the relationship between anxiety and action mon-

itoring functions is quantitative, not qualitative, such that greater

anxious apprehension is associated with larger ERN/CRN am-

plitude whether measured continuously across a random sample

of individualsFas was the case hereFor categorically as in ex-

treme group and patient studies. Extending the current approach

to nonstudent groups is an important avenue for future research.

Anxious apprehension was also associated with reduced later

action monitoring, as indexed by the Pe and correct positivity.

This finding is consistent with a previous study showing reduced

Pe and correct trial positivity in a group of undergraduates scor-

ing high on a measure of negative affect (Hajcak et al., 2004).

Reduced Pe in pathological groups has been interpreted as re-

flecting impaired awareness of and attention tomistakes (Hajcak

et al., 2004; Olvet, Klein, & Hajcak, 2010). Other studies have

yielded mixed findings with regard to the relationship between

the Pe and anxiety (Endrass et al., 2008; Weinberg et al., 2010),

however, and therefore the current effect should be considered

with caution. Furthermore, visual inspection of the response-

locked averages in Figure 2 and results from the regression anal-

ysis suggest that component overlap may be contributing to the

reduced Pe in anxious apprehensionFthat is, the enhanced ERN

may be contributing to the reduction of the subsequent Pe. Post

hoc analysis further showed that the correlation between post-

response positivity and PSWQ scores was, in fact, a bit stronger

at FCz (r5 � .33) than at CPz (r5 � .27; the sites of maximum

amplitude for the ERN and Pe, respectively). Based on evidence

suggesting a two-component structure of the PeFone fronto-

central and one centro-parietal (e.g., Arbel & Donchin,

Dimensions of anxiety & ERN 5

Figure 3. A scatter plot depicting the correlation between postresponse

negativity amplitude (mV) and anxious apprehension (PSWQ).
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2009)Ffuture investigations should continue to carefully eval-

uate the unique relationship between the Pe and anxiety, ac-

counting for its subcomponents and overlap with the ERN (e.g.,

by using principal components analysis).

Anxious arousal was not associated with early or late ERP

indices of actionmonitoring processes. That anxious arousal was

not associated with ERN/CRN or Pe/correct positivity is con-

sistent with a previous study in spider phobic college students

(Hajcak et al., 2003), who also failed to show differences in these

components from controls. Our findings significantly extend this

previous study in that we used a dimensional approach and

measured anxious arousal more broadly rather than a narrow

specific fear of spiders.

What then can we conclude about the relationship between

anxiety and action monitoring ERPs? The current findings sug-

gest that the anxious apprehension dimension is most clearly

associated with action monitoring processes across multiple

methods of analysis. Specifically, anxious apprehension was as-

sociated with enhanced ERN/CRN after controlling for anxious

arousal and to a significantly greater degree than anxious

arousal. A similar pattern of results emerged for the relationship

between anxious apprehension and the Pe.

The isolation of a specific relationship between anxious ap-

prehension and enhanced ERN/CRN has important implica-

tions for interpreting past findings from group studies. Because

of the high co-occurrence of different forms of anxiety and their

symptom overlap (for a review, see Brown & Barlow, 2009), it is

difficult to determine from past studies that used extreme groups

or patients diagnosed based on Diagnostic and Statistical Man-

ual of Mental Disorders (DSM) criteria which aspect of anxiety

contributed to relationships with action monitoring ERPs. The

current findings therefore suggest that worry/verbal rumination

may be the symptom dimension mostly responsible for previous

findings in group studies of patients and undergraduate analogs.

Thus, rather than enhanced ERN/CRN representing a generic

correlate of internalizing psychopathology more generally as

suggested by Olvet and Hajcak (2008), it may be that enhanced

ERN/CRN is specifically associated with the cognitive compo-

nent of anxiety. The advantage of utilizing psychometrically dis-

tinct dimensions of anxiety is that they are more likely to map

onto basic biologic and genetic mechanisms like the ERN/CRN

than are highly heterogeneous and overlapping categorical dis-

orders (Bearden&Freimer, 2006; Krueger, 1999;Watson, 2005).

Honing the relationship between anxiety and action monitor-

ing ERPs also has implications for delineating the functional sig-

nificance of abnormal ERN/CRN in anxiety. Given relationships

between anxiety and perfectionistic concerns about mistakes (for

a review, see Egan, Wade, & Shafran, 2011), previous researchers

have suggested that the enhanced ERN/CRN in anxiety reflects a

physiologic manifestation of this maladaptive perfectionism (We-

inberg et al., 2010). This interpretation also rests on findings

suggesting that the ERN reflects the motivational significance of

errors (Hajcak et al., 2005). Although there is no direct evidence

for this claim, the current findings dovetail with this interpretation

in that worry (Fergus & Wu, 2010) and anxiety disorders char-

acterized by worry and verbal rumination such as GAD and ob-

sessive compulsive disorder (OCD; e.g., Antony, Purdon, Huta,

& Swinson, 1998) are associated with maladaptive concerns

about mistakes. What is less consistent with this interpretation,

however, is the fact that anxiety disorders characterized by anx-

ious arousal such as panic disorder and social phobia also show

elevated concerns about mistakes (for a review, see Egan et al.,

2011). Moreover, here, as in other previous work (e.g., Hajcak et

al., 2003), we show that anxious apprehension is not uniquely

associated with the ERNbut rather relates to enhanced negativity

on error and correct trials (i.e., CRN). Future studies directly

testing associations between the ERN/CRN, different forms of

anxiety, and concerns about mistakes are therefore warranted to

further clarify the specific role of concerns about mistakes in

linking anxiety to enhanced ERN/CRN.

Another possibility is that enhanced ERN/CRN in anxiety

reflects overall inefficient action monitoring. That is, although

more anxious individuals in the current study demonstrated en-

hanced action monitoring, they did not also show superior per-

formanceFconsistent with previous studies (e.g., Hajcak et al.,

2003), the current study revealed no association between anxious

apprehension and behavioral performance. This notion fits well

with research and theory suggesting a primary role of the ACC in

optimizing performance by signaling the need for increased cog-

nitive control in the face of information processing conflicts

(Bartholow et al., 2005; Botvinick, 2007) and work suggesting

that anxiety reduces the efficiency of frontal cortex-mediated

cognitive control (Eysenck, Derakshan, Santos, & Calvo, 2007).

Botvinick (2007) further suggests that the ACC not only signals

the need for increased cognitive control in the face of conflicts or

cognitive demand but also serves as a reinforcement signal for

adopting strategies that minimize future conflicts and demands

and maximize efficient information processing. In this context,

then, anxious individuals’ enhanced ERN/CRN suggests that

cognitive conflicts and demands are chronically detected and

therefore not well minimized, and that such exaggerated conflict

signals simply equalize (do not optimize) performance (com-

pared to nonanxious individuals). That our findings were specific

to anxious apprehension, the very anxiety dimension theorized to

be associated with cognitive inefficiency (Eysenck et al., 2007),

further supports this interpretation.

In the broader context of research on dimensions of anxiety,

the current findings fit with previous studies showing enhanced

frontal cortex activity in anxious apprehensive individuals

(Engels et al., 2007, 2010; Heller et al., 1997; Nitschke et al.,

1999). These previous findings were revealed in resting state and

emotional processing designs, and, therefore, the current study

extends these findings to include enhanced frontal activation

during response monitoring. One exciting avenue for future re-

search would be to test associations between these different

frontal activations.

Whereas anxious apprehension appeared to be associated

with inefficient action monitoringFthat is, exaggerated action

monitoring brain activity and unaffected behavioral perfor-

manceFanxious arousal showed no associations with action

monitoring brain activity but rather demonstrated associations

with ineffective behavioral performance. Specifically, anxious

arousal was associated with increased post-error slowing and

decreased post-error accuracy. In light of research linking anx-

ious arousal to salience and threat detection, environmental

scanning (Nitschke et al., 2000) and difficulty disengaging from

emotional stimuli (Fisher et al., 2010), the current pattern of

results suggests that individuals high in anxious arousal became

more cautious following errors (i.e., slowed downmore) but were

unable to disengage from errors in order to effectively perform

the next trial and thus were more likely to commit consecutive

errors. The current results are also consistent with a recent study

indicating the deleterious effects of anxious arousal on top-down

control during emotion processing (Engels et al., 2010) and ex-
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tend these effects to error processing. Additional research is nec-

essary to further elucidate the impact of anxious arousal on cog-

nitive task performance.

In sum, the current study extends previous research by show-

ing that not all anxiety is associated with exaggerated action

monitoring. Specifically, the current findings showed that the

anxious apprehensionFworryFdimension is uniquely associ-

ated with action monitoring processes. The current findings also

extend the anxiety-action monitoring link to include the range of

anxiety symptoms, thus suggesting a quantitative rather than a

qualitative relationship between the two. Together, the current

findings suggest specific rather than general associations between

anxiety and action monitoring functions and the need to further

clarify the functional significance of enhanced action monitoring

in the development and maintenance of anxiety along the con-

tinuum of severity.

References

Antony, M. M., Purdon, C. L., Huta, V., & Swinson, R. P. (1998).
Dimensions of perfectionism across the anxiety disorders. Behaviour
Research and Therapy, 36, 1143–1154. doi: 10.1016/S0005-
7967(98)00083-7.

Arbel, Y., & Donchin, E. (2009). Parsing the componential structure of
post-error ERPs: A principal component analysis of ERPs following
errors. Psychophysiology, 46, 1179–1189. doi: 10.1111/j.1469-8986.
2009.00857.x.

Awh, E., Jonides, J., Smith, E. E., Schumacher, E. H., Koeppe, R. A., &
Katz, S. (1996). Dissociation of storage and rehearsal in verbal working
memory: Evidence from Positron Emission Tomography. Psycho-
logical Science, 7, 25–31. doi:10.1111/j.1467-9280.1996.tb00662.x.

Barlow, D. H. (1991). Disorders of emotion. Psychological Inquiry, 2,
58–71. doi: 10.1016/j.yebeh.2010.11.010.

Bartholow, B. D., Pearson, M. A., Dickter, C. L., Sher, K. J., Fabiani,
M., & Gratton, G. (2005). Strategic control and medial frontal neg-
ativity: Beyond errors and response conflict. Psychophysiology, 42,
33–42. doi: 10.1111/j.1469-8986.2005.00258.x.

Bearden, C. E., & Freimer, N. B. (2006). Endophenotypes for psychiatric
disorders: Ready for primetime? Trends in Genetics, 22, 306–313. doi:
10.1016/j.tig.2006.04.004.

Behar, E., Alcaine, O., Zuellig, A. R., & Borkovec, T. D. (2003). Screen-
ing for generalized anxiety disorder using the Penn State Worry
Questionnaire: A receiver operating characteristic analysis. Journal of
Behavior Therapy and Experimental Psychiatry, 34, 25–43. doi:
10.1016/S0005-7916(03)00004-1.

Botvinick, M. M. (2007). Conflict monitoring and decision making:
Reconciling two perspectives on anterior cingulate function. Cogni-
tive, Affective, & Behavioral Neuroscience, 7, 356–366. doi: 10.3758/
CABN.7.4.356.

Brown, T. A., & Barlow, D. H. (2009). A proposal for a dimensional
classification system based on the shared features of the DSM-IV
anxiety and mood disorders: Implications for assessment and treat-
ment.Psychological Assessment, 21, 256–271. doi: 10.1037/a0016608.

Clark, L. A., & Watson, D. (1991). Tripartite model of anxiety and de-
pression: Psychometric evidence and taxonomic implications. Journal
of Abnormal Psychology, 100, 316–336. doi: 10.1037/0021-843X.100.
3.316\.

Cohen, J. (1973). Eta-squared and partial eta-squared in fixed factor
ANOVA designs. Educational and Psychological Measurement, 33,
107–112. doi: 10.1177/001316447303300111.

Cohen, J. (1988). Statistical power of analysis for the behavioral sciences
(2nd ed). Hillsdale, NJ: Lawrence Erlbaum Associates, Inc.

Compton, R. J., Banich, M. T., Mohanty, A., Milham, M. P., Herring-
ton, J., Miller, G. A., . . . Heller, W. (2003). Paying attention to
emotion: An fMRI investigation of cognitive and emotional Stroop
tasks.Cognitive, Affective, and Behavioral Neuroscience, 3, 81–96. doi:
10.3758/CABN.3.2.81.

Corbetta, M., & Shulman, G. L. (2002). Control of goal-directed and
stimulus-driven attention in the brain. Nature Reviews Neuroscience,
3, 201–215. doi: 10.1038/nrn755.

Egan, S. J., Wade, T. D., & Shafran, R. (2011). Perfectionism as a
transdiagnostic process: A clinical review. Clinical Psychology Re-
view, 31, 203–212. doi: 10.1016/j.cpr.2010.04.009.

Endrass, T., Klawhon, J., Schuster, F., & Kathmann, N. (2008). Over-
active performance monitoring in obsessive-compulsive disorder:
ERP evidence from correct and erroneous reactions. Neuro-
psychologia, 46, 1877–1887. doi: 10.1016/j.neuropsychologia.2007.
12.001.

Endrass, T., Schuermann, B., Kaufmann, C., Spielberg, R., Kniesche,
R., & Kathmann, N. (2010). Performance monitoring and error sig-

nificance in patients with obsessive-compulsive disorder. Biological
Psychology, 84, 257–263. doi: 10.1016/j.biopsycho.2010.02.002.

Engels, A. S., Heller,W.,Mohanty, A., Herrington, J. D., Banich,M. T.,
Webb, A. G., & Miller, G. A. (2007). Specificity of regional brain
activity in anxiety types during emotion processing. Psychophysiol-
ogy, 44, 352–363. doi: 10.1111/j.1469-8986.2007.00518.x.

Engels, A. S., Heller, W., Spielberg, J. M., Warren, S. L., Sutton, B. P.,
Banich, M. T., & Miller, G. A. (2010). Co-occurring anxiety influ-
ences patterns of brain activity in depression. Cognitive, Affective &
Behavioral Neuroscience, 10, 141–156. doi: 10.3758/CABN.10.1.141.

Eriksen, B. A., & Eriksen, C. W. (1974). Effects of noise letters upon the
identification of a target letter in a nonsearch task. Perception & Psy-
chophysics, 16, 143–149. doi: 10.3758/BF03203267.

Eysenck, M. W., Derakshan, N., Santos, R., & Calvo, M. G. (2007).
Anxiety and cognitive performance: Attentional control theory.
Emotion, 7, 336–353. doi: 10.1037/1528-3542.7.2.336.

Falkenstein, M., Hohnsbein, J., Hoormann, J., & Blanke, L. (1991).
Effects of cross-modal divided attention on late ERP components: II.
Error processing in choice reaction tasks. Electroencephalography and
Clinical Neurophysiology, 78, 447–455. doi: 10.1016/0013-4694(91)
90062-9.

Falkenstein, M., Hoormann, J., Christ, S., & Hohnsbein, J. (2000). ERP
components on reaction errors and their functional significance: A
tutorial. Biological Psychology, 51, 87–107. doi: 10.1016/S0301-0511
(99)00031-9.

Fergus, T. A., & Wu, K. D. (2010). Do symptoms of generalized anxiety
and obsessive-compulsive disorder share cognitive processes? Cogni-
tive Therapy and Research, 34, 168–176. doi: 10.1007/s10608-009-
9239-9.

Fisher, J. E., Sass, S. M., Heller, W., Silton, R. L., Edgar, J. C., Stewart,
J. L., & Miller, G. A. (2010). Time course of processing emotional
stimuli as a function of perceived emotional intelligence, anxiety, and
depression. Emotion, 10, 486–497. doi: 10.1037/a0018691.

Fitzgerald, K. D., Welsh, R. C., Gehring, W. J., Abelson, J. L., Himle, J.
A., Liberzon, I., & Taylor, S. F. (2005). Error-related hyperactivity
of the anterior cingulate cortex in obsessive-compulsive disorder.
Biological Psychiatry, 57, 287–294. doi: 10.1016/j.biopsych.2004.
10.038.

Flett, G. L., Vredenburg, K., & Krames, L. (1997). The continuity of
depression in clinical and nonclinical samples. Psychological Bulletin,
121, 395–416. doi: 10.1037/0033-2909.121.3.395.

Gehring, W. J., Goss, B., Coles, M. G. H., Meyer, D. E., & Donchin, E.
(1993). A neural system for error detection and compensation. Psy-
chological Science, 4, 385–390. doi: 10.1111/j.1467-9280.1993.tb
00586.x.

Gehring, W. J., Himle, J., & Nisenson, L. G. (2000). Action-monitoring
dysfunction in obsessive–compulsive disorder. Psychological Science,
11, 1–6. doi: 10.1111/1467-9280.00206.

Gratton, G., Coles, M. G. H., & Donchin, E. (1983). A new method for
off-line removal of ocular artifact.Electroencephalography and Clinical
Neurophysiology, 55, 468–484. doi: 10.1016/0013-4694(83)90135-9.

Hajcak, G., McDonald, N., & Simons, R. F. (2003). Anxiety and error-
related brain activity. Biological Psychology, 64, 77–90. doi: 10.1016/
S0301-0511(03)00103-0.

Hajcak, G., McDonald, N., & Simons, R. F. (2004). Error-related psy-
chophysiology and negative affect. Brain and Cognition, 56, 189–197.
doi: 10.1016/j.bandc.2003.11.001.

Hajcak, G., Moser, J. S., Yeung, N., & Simons, R. F. (2005). On the
ERN and the significance of errors. Psychophysiology, 42, 151–160.
doi: 10.1111/j.1469-8986.2005.00270.x.

Dimensions of anxiety & ERN 7Dimensions of anxiety & ERN 9



Hajcak, G., & Simons, R. F. (2002). Error-related brain activity in ob-
sessive-compulsive undergraduates. Psychiatry Research, 110, 63–72.
doi: 10.1016/S0165-1781(02)00034-3.

Heller, W., Nitschke, J. B., Etienne, M. A., & Miller, G. A. (1997).
Patterns of regional brain activity differentiate types of anxiety. Jour-
nal of Abnormal Psychology, 106, 376–385. doi: 10.1037/0021-843X.
106.3.376.

Kessler, R. C., Berglund, P., Demler, O., Jin, R., Merikangas, K. R., &
Walters, E. E. (2005). Lifetime prevalence and age-of-onset distribu-
tions of DSM-IV disorders in the National Comorbidity Survey
Replication. Archives of General Psychiatry, 62, 593–602. doi: 10.
1001/archpsyc.62.6.593.

Krueger, R. F. (1999). The structure of commonmental disorders. Archives
of General Psychiatry, 56, 921–926. doi: 10.1001/archpsyc.56.10.921.

Lewinsohn, P. M., Gotlib, I. H., Lewinsohn, M., Seeley, J. R., & Allen,
N. B. (1998). Gender differences in anxiety disorders and anxiety
symptoms in adolescents. Journal of Abnormal Psychology, 107, 109–
117. doi: 10.1037/0021-843X.107.1.

Li, W., Zinbarg, R. E., & Paller, K. A. (2007). Trait anxiety modulates
supraliminal and subliminal threat: Brain potential evidence for early
and late processing influences. Cognitive, Affective, & Behavioral
Neuroscience, 7, 25–36. doi: 10.3758/CABN.7.1.25.

Marks, I. M., & Nesse, R. M. (1994). Fear and fitness: An evolutionary
analysis of anxiety disorders. Ethology and Sociobiology, 15, 247–261.
doi: 10.1016/0162-3095(94)90002-7.

Meyer, T. J., Miller, M. L., Metzger, R. L., & Borkovec, T. D. (1990).
Development and validation of the Penn State Worry Questionnaire.
Behaviour Research and Therapy, 28, 487–495. doi: 10.1016/0005-
7967(90)90135-6.

Nieuwenhuis, S., Ridderinkhof, K. R., Blom, J., Band, G. P. H., & Kok,
A. (2001). Error-related brain potentials are differentially related to
awareness of response errors: Evidence from an antisaccade task.
Psychophysiology, 38, 752–760. doi: 10.1017/S0048577201001111.

Nitschke, J. B., Heller,W., Imig, J. C.,McDonald, R. P., &Miller, G. A.
(2001). Distinguishing dimensions of anxiety and depression. Cogni-
tive Therapy and Research, 25, 1–22. doi: 10.1023/A:1026485530405.

Nitschke, J. B., Heller, W., & Miller, G. A. (2000). Anxiety, stress, and
cortical brain function. In J. C. Borod (Ed.), The neuropsychology of
emotion (pp. 298–319). New York, NY: Oxford University Press.

Nitschke, J. B., Heller, W., Palmieri, P. A., & Miller, G. A. (1999).
Contrasting patterns of brain activity in anxious apprehension and
anxious arousal.Psychophysiology, 36, 628–637. doi: 10.1017/S00485
77299972013.

Olvet, D. M., & Hajcak, G. (2008). The error-related negativity (ERN)
and psychopathology: Toward an endophenotype. Clinical Psychol-
ogy Review, 28, 1343–1354. doi: 10.1016/j.cpr.2008.07.003.

Olvet, D. M., & Hajcak, G. (2009). Reliability of error-related brain
activity. Brain Research, 1284, 89–99. doi: 10.1016/j.brainres.2009.
05.079.

Olvet, D. M., Klein, D. N., & Hajcak, G. (2010). Depression symptom
severity and error-related brain activity. Psychiatry Research, 179,
30–37. doi: 10.1016/j.psychres.2010.06.008.

Overbeek, T. J. M., Nieuwenhuis, S., & Ridderinkhof, K. R. (2005).
Dissociable components of error processing: On the functional signi-
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