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Over the past 10 years, several researchers have tried to
clarify the mechanisms by which error processing, at both
the functionaland structural levels, is realized in our brains
(for reviews, see Coles,Scheffers, & Holroyd,1998;Falken-
stein,Hoormann, Christ,& Hohnsbein,2000). Much of this
research has been stimulated by the discovery of an elec-
trophysiologicalmarker of error detection,the error-related
negativity(ERN; Gehring,Goss, Coles, Meyer,& Donchin,
1993;or Ne, Falkenstein,Hohnsbein,Hoormann,& Blanke,
1991). When participants commit errors in reaction time
(RT) tasks or receive feedback signaling that they have
made an error, the ERN appears as a negativedeflection in
the electroencephalogram(EEG). It is believed that the sig-
nal giving rise to the ERN serves an evaluative control
function, in the sense that it can be used to learn adaptive
behaviors or to determine the need for adjustments of con-

trol settings in other parts of the cognitive system (e.g.,
Botvinick,Braver, Barch, Carter, & Cohen, 2001;Gehring
et al., 1993; Holroyd & Coles, in press).

Recently, the ERN has also been employed as a tool for
studying error processing in various neuropsychologically
impaired populations.These include patients with Parkin-
son’s disease (Falkenstein,Hielscher, et al., 2001;Holroyd,
Praamstra, Plat, & Coles, in press), schizophrenia (Ford,
1999; Kopp & Rist, 1999), obsessive-compulsivedisorder
(Gehring, Himle, & Nisenson,2000), and lateral prefrontal
damage (Gehring & Knight, 2000), all of which have been
reported to show abnormal ERNs. The general notion is that
the study of the ERN and error-related behavior in such
populationsmay be informativeabout the functionaldeficit
underlying the specific cognitive and behavioral manifes-
tations associated with each population. In addition, such
studies, in combinationwith existingknowledgeof the dys-
functioning brain circuits in specific patient groups, may
help to further establish the source of the ERN signal and
the areas to which the signal is projected. In particularwhen
complemented with a formal model of ERN function, this
type of research may also contribute to the functional vali-
dation of the ERN and to theories of error processing.
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When participantscommit errors or receive feedbacksignaling that they have made an error, a negative
brain potential is elicited.According to Holroyd and Coles’s (in press) neurocomputational model of error
processing, this error-related negativity (ERN) is elicited when the brain first detects that the conse-
quences of an action are worse than expected. To study age-relatedchanges in error processing,we ob-
tained performance and ERN measures of younger and high-functioning older adults. Experiment 1
demonstrated reduced ERN amplitudes in older adults in the context of otherwise intact brain poten-
tials. This result could not be attributed to uncertainty about the required response in older adults. Ex-
periment 2 revealedimpaired performance and reduced response- and feedback-relatedERNs of older
adults in a probabilistic learning task. These age changes could be simulated by manipulation of a single
parameter of the neurocomputational model, this manipulation corresponding to weakened phasic ac-
tivity of the mesencephalic dopamine system.
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In this paper,we will apply this research logic to the study
of error processing in healthyolder adults, a group that has
been extensively documented as having an executive con-
trol deficit (for reviews, see Moscovitch& Winocur, 1995;
Phillips& Della Sala, 1996;van derMolen& Ridderinkhof,
1998). It is as yet unknown whether this executive control
deficit may, at least in part, arise as a result of deficient
monitoring functions such as the error-detection function
associated with the ERN signal. On the basis of two exper-
iments, we attempted to address this important general
issue by investigating why the ERN is smaller in older
adults (Band & Kok, 2000; Falkenstein, Hoormann, &
Hohnsbein, 2001) and what this tells us about changes in
error processing occurring in older age. But before we
turn to these questions, we briefly review the characteris-
tics of and existing theory regarding the ERN.

The Error-Related Negativity
The ERN can be seen in the event-related brain potential

(ERP) waveform, derived by averaging EEG epochs that
are time locked to the incorrect response. The ERN is a
negativecomponentwith maximum amplitudeover fronto-
central recording sites. Its peak amplitude is reached about
80 msec followingan incorrect overt response, but its onset
may coincide with the first incorrect electromyographic
(EMG) activity associated with the erroneous response
(Gehring et al., 1993). Using source localization tech-
niques, several researchers (e.g., Dehaene, Posner, &
Tucker, 1994; Holroyd, Dien, & Coles, 1998) have local-
ized the source of the ERN in or very near the anterior cin-
gulate cortex (ACC), which is part of the brain’s limbic
system. Neuroimaging studies (e.g., Carter et al., 1998;
Kiehl, Liddle, & Hopfinger, 2000) have provided corrob-
orating evidence for the activation of the ACC in associa-
tion with errors.

The ERN is elicited after errors irrespective of response
modality(Holroydet al., 1998;Nieuwenhuis,Ridderinkhof,
Blom, Band, & Kok, 2001) and occurs after both errors of
choice (e.g., pressing an incorrect response button) and
errors of action (e.g., responding when one is not sup-
posed to; Scheffers, Coles,Bernstein,Gehring,& Donchin,
1996). Subthreshold activation of the incorrect response
(as measured by EMG) accompanied by the correct overt
response can also elicit an ERN (e.g., Coles, Scheffers, &
Holroyd, 2001). ERN amplitude varies with error aware-
ness when the degree of certainty about the required re-
sponse varies due to data limitations (Scheffers & Coles,
2000), but it appears to be unaffected by the level of
awareness when there is uncertainty about the actual er-
roneous response (Nieuwenhuis et al., 2001). These and
other results are consistent with the notion that the ERN
reflects the activity of a generic error-detection system
that has access to information that is not necessarily avail-
able to conscious error monitoring.There is also evidence
that the amplitude of the ERN increases with increasing
muscle activity in the incorrect response hand (Scheffers
et al., 1996; but see Gehring et al., 1993) and with in-
creasing number of incorrectly chosen response param-

eters (Bernstein, Scheffers, & Coles, 1995). This type of
result suggests that the ERN amplitude may be sensitive to
the size of the error or degree of incorrect response acti-
vation.

Theories of the functional significanceof the ERN have,
at least until recently, centered around the notion that the
ERN reflects a process that compares a representation of
a correct response with a representation of the actual re-
sponse (e.g., Bernstein et al., 1995; Coles et al., 2001;
Falkenstein et al., 1991; Scheffers & Coles, 2000). The
ERN amplitude reflects the degree of mismatch between
these representations. This type of account is referred to
as the “mismatch theory” of the ERN. The representation
of the actual response is likely to derive from a central
feedback system, since latencies of the ERN onset are too
short to allow for external feedback. To obey speed in-
structions, a person does not always wait to respond until
all possible information about the appropriate response is
available, but rather uses whatever information is avail-
able at the time of the response. However, the comparator
system makes use of the fact that continued stimulus pro-
cessing after the actual response tends to lead to an increas-
ingly reliable representation of the correct response. Fi-
nally, the mismatch signal—generatedwhen the comparator
detects a mismatch between the appropriate and the actual
response—is hypothesized to form the input to a remedial
action mechanism that is responsible for immediate error
correction and strategic adjustments that reduce the like-
lihood of further errors (e.g., Coles et al., 2001; Gehring
et al., 1993).

A more refined theory of the ERN, combining elements
of mismatch theory with reinforcement learningprinciples,
has recently been proposedby Holroyd and Coles (in press;
Holroyd, Reichler, & Coles, 1999). According to this the-
ory, the ERN is generated when a negative reinforcement-
learning signal is conveyed to the ACC via the mesen-
cephalic dopamine system. This signal is utilized by the
ACC to modify performance on the task at hand. A further
sketch of Holroyd and Coles’s theory and of a formal
model implementing this theory is given in the introduc-
tion to Experiment 2, in which the model was used to sim-
ulate behavioraldata and ERN amplitudesof younger and
older adults.

A final general issue of importance for the present study
is the finding of an ERN-like negativity after feedback
when such feedback indicates that an error was made (i.e.,
negative feedback; Holroyd & Coles, in press; Miltner,
Braun, & Coles, 1997). For instance, in the ERP study of
Miltner et al., participants were required to estimate a 1-
sec interval. Participants received visual, auditory, or so-
matosensory feedback that indicated whether the interval
they had produced was correct (where “correct” was de-
fined in terms of a time window around 1 sec). Following
negative feedback, a negative component occurred that
peaked around 200–300 msec after the onset of the nega-
tive feedback stimulus. Its phenomenologycorresponded
closely to that of the response-relatedERN, and source lo-
calization analyses suggested that, for all three modalities,
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the scalp distribution of the negative potential was consis-
tent with a source in or very near the ACC—the same locus
as that reported for the response-related ERN. Miltner
et al. concluded that the response-related and feedback-
related ERN (henceforth response ERN and feedback
ERN) are manifestations of the same, generic, error-
detection system.

Aging and Error Processing
Two previous studies have examined the effect of aging

on the response ERN (Band & Kok, 2000; Falkenstein,
Hoormann, & Hohnsbein, 2001). Band and Kok investi-
gated the error-related ERPs of younger (18–28 years old)
and older (60–76 years old) adults in a mental rotation
task that required speeded responding to the identity (G or
R) and parity (mirrored or normal) of a rotated (45º or
135º) stimulus. Older adults made many more errors than
younger adults but only in the more difficult (135º) rota-
tion condition. For the analysis of the ERN, all conditions
were pooled so that the average ERNs were largely deter-
mined by the ERNs in the difficult rotation condition.The
ERNs for older adults were significantly smaller than for
younger adults. Importantly, the pattern of immediate
error corrections—compared with younger adults, older
adults corrected more of their errors in the easy rotation
condition but fewer in the difficult rotation condition—
led Bandand Kok to suggest that older adults’ smaller ERN
might have been caused by their uncertainty about the re-
quired response in the difficult rotation condition. This
raises the possibility that older adults show a smaller ERN
only in tasks in which the representation of the correct re-
sponse is easily compromised.

This possibilitycan be tested by lookingat age effects on
the ERN in a basic choice RT task with simple stimulus–
response mappings and minimal data limitations. From
such choice reaction time (RT) tasks, it is known that when
participants are asked to immediately correct their errors,
or to signal any recognized errors by some arbitrary, other
response, older adults correct and signal as many of their
errors as do younger adults (Rabbitt, 1979). Interestingly,
Falkenstein,Hoormann, and Hohnsbein (2001) compared
error-related ERPs—associated with performance in such
a four-choice RT task—of a group of younger (19–25
years old) and older (54–65 years old) adults. Despite the
absence of age differences in error rates or error correc-
tion rates, older adults’ ERN amplitudes were signifi-
cantly smaller. This pattern of results—much smaller
ERNs in older adults in the context of statistically similar
error rates and correction rates—was replicated in a sec-
ond experiment by using the arrow version of the Eriksen
flanker task, in which distractor stimuli tend to activate the
incorrect response. Thus, it seems that the decrease in
ERN amplitude with aging is not necessarily related to a
weakened representation of the correct response.

On the basis of our Experiment 2, we will offer a neuro-
computational explanation of the reduced ERN in older
adults using an instantiation of Holroyd and Coles’s (in
press) model of the ERN. First, we present Experiment 1,

in which we intended to replicate the basic phenomenon—
reduced ERNs in older adults—in a task often used to
studyerror-related processing.This experimentalso enabled
us to further discount two alternative explanations of this
phenomenon: the possibility, already discussed above,
that the reduced ERN is due to a compromised represen-
tationof the correct response for older adults, and the pos-
sibility that the reduction in ERN amplitude is accompa-
nied by a general decrease in ERP component amplitudes
in older adults, and might therefore have a nonspecific
cause.

EXPERIMENT 1

In Experiment 1, a group of younger adults and a group
of healthy, high-functioning,older adults performed a let-
ter version of the Eriksen flanker task (see Coles, Gratton,
Bashore, Eriksen, & Donchin, 1985; Eriksen & Eriksen,
1974). This is a choice RT task in which the target letter is
flanked by distractor letters. These flankers can be associ-
ated with either the same (i.e., congruent) response as the
target or with the opposite (i.e., incongruent)response. It is
well known that when participantsrespond quickly to such
incongruent stimulus arrays, they tend to make many er-
rors (e.g., Coles et al., 1985;Gratton,Coles,Sirevaag, Erik-
sen, & Donchin, 1988). Thus, we pressed our participants
to respond very quickly.

Method
Participants. Sixteen younger (8 women) and 16 older (8 women)

adults participated in this experiment. The younger participants,
ranging in age from 18 to 23 years (M = 20.4 years, SD = 1.6 years),
were undergraduate students at the University of Amsterdam and re-
ceived course credits for their participation. The older participants
were recruited by advertisements in a weekly political journal. They
ranged in age from 60 to 80 years (M = 69.6 years, SD = 6.0 years)
and received a fixed payment for their participation. According to
self-report, all older adults were healthy and alert, free of psycho-
active medication, and living independently in their own homes. A
standard health questionnaire was used to select participants with no
history of perceptual, motor, or neurological disorder. Twelve older
participants had received higher education. A computerized Raven
Standard Progressive Matrices test (Raven, Court, & Raven, 1988)
was administered to compare the two age groups with respect to fluid
intelligence. Raw Raven scores were 51.6 items out of 60 (SD = 4.3)
for the younger adults and 46.7 items out of 60 (SD = 6.1) for the
older adults. All of the younger and older participants had far and
near visual acuities of at least 0.4 as measured by Snellen charts.

Stimuli. Stimuli were presented in black against a white back-
ground on a computer screen placed at a distance of 60 cm from the
participant. Each trial started with the onset of a centrally presented
fixation dot, subtending 0.3º, which remained on the screen until the
participant’s response was registered. Five hundred milliseconds after
fixation onset, a five-letter array (HHHHH, SSSSS, HHSHH, or
SSHSS) was presented for 100 msec in such a way that the central
letter of the array was placed approximately 0.7º below the fixation
dot. The angle subtended by the whole array was approximately 2.8º 3
0.6º. The response was followed by a blank screen for 500 msec, after
which a new trial was initiated.

Design and Procedure. Participants received 100 practice trials
before entering the experimental phase, which consisted of eight
blocks of 100 trials each. Each block contained 25 trials with each
of the four possible stimulus arrays. Presentation order of the stim-
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ulus arrays was randomized. Participants were instructed to respond
to one of the two target letters (central H or S) with one hand and to
the other target letter with the other hand. The assignment of re-
sponding hand to target letter was consistent for each participant and
counterbalanced across participants. A distinction was made between
congruent (i.e., target letter and flankers associated with the same re-
sponse, e.g., HHHHH) and incongruent (i.e., target letter and
flankers associated with different responses, e.g., HHSHH) stimulus
arrays. Participants were instructed to maintain an average level of
accuracy of 80%–85%. If necessary, participants were verbally en-
couraged at the end of each block to increase or decrease their speed
of responding. There were short breaks between successive blocks.

Psychophysiological recording. An ECI electrocap was used to
obtain EEG recordings from electrodes placed at Fz, Cz, Pz, C39, and
C49. These recordings were referenced to the activity recorded at an
electrode on the left earlobe. The electro-oculogram (EOG) was
recorded from tin electrodes placed above and below the left eye
(vertical EOG) and from electrodes lateral to each eye (horizontal
EOG). A ground electrode was positioned on the forehead. All elec-
trode impedances were below 8 kV. The EEG and EOG signals were
amplified using a Nihon-Kohden system with a time constant set to
5 sec and a low-pass filter of 35 Hz. The signals were digitized with
a sample rate of 250 Hz. Single trial epochs with a duration of
2,048 msec (including a 200-msec prestimulus baseline) were ex-
tracted offline.

Data analysis. The single-trial EEG signals were corrected for
EOG artifacts, using the algorithm described by Woestenburg, Ver-
baten, and Slangen (1983), and filtered with a bandpass of 1–10 Hz.
A baseline, computed as the average signal activity across the
200 msec prior to stimulus onset, was subtracted for all single trials.
Then, for each participant and each condition, the EEG epochs were
averaged both with respect to stimulus onset and response onset to
obtain stimulus-locked and response-locked ERPs. The amplitude of
the ERN was defined as the difference between the most negative
value in a window of 0–150 msec following the incorrect response
and the mean value of the signal in a window of 200–100 msec pre-
ceding the response (i.e., the preresponse baseline) in the response-
locked ERPs. Trials with RTs < 150 msec and trials with recording
artifacts were not included in the analyses (younger adults: 2.8%;
older adults: 0.9%). Performance measures (accuracy and correct RT)
for each participant were submitted to a 2 (age group) 3 2 (congru-
ency) mixed analysis of variance (ANOVA). ERN amplitudes for
each participant were submitted to a 2 (age group) 3 2 (congruency)
3 3 (electrode site: Fz, Cz, Pz) mixed ANOVA.

Results
Behavioralresults. Averagedacross the two congruency

conditions, error rates were 17.8% (SD = 2.4%) for the
youngeradults and 14.8% (SD = 4.3%) for the older adults,
a difference that was significant [F(1,30) = 6.0, p < .05].
As was expected, error rates were larger in the incongruent
(M = 24.4%, SD = 4.3%) than in the congruent (M =
8.1%, SD = 2.2%) condition [F(1,30) = 226.0, p < .001].
The effect of congruency was similar for the two age
groups:9.0% versus 26.5%for the youngeradults and 7.1%
versus 22.3% for the older adults [F(1,30) = 1.1, p = .29].

The two groups differed from each other in mean cor-
rect RT. Mean RT was 353 msec (SD = 35 msec) for the
younger adults and 419 msec (SD = 40 msec) for the older
adults [F(1,30) = 24.7, p < .001]. RTs were shorter on con-
gruent (M = 364 msec, SD = 22 msec) than on incongru-
ent (M = 408 msec, SD = 27 msec) trials [F(1,30) = 152.3,
p < .001]. This congruency effect was of similar size for

younger(334 vs. 373msec) and for older (395 vs. 444 msec)
adults [F(1,30) = 1.7, p = .21].

The two groups also differed from each other in mean
error RT. Mean error RT was 276 msec (SD = 29 msec) for
the younger adults and 362 msec (SD = 50 msec) for the
older adults [F(1,30) = 35.8, p < .001]. Error RTs were
shorter on congruent (M = 308 msec, SD = 38 msec) than
on incongruent (M = 331 msec, SD = 23 msec) trials
[F(1,30) = 14.9, p < .002]. This congruency effect was of
similar size for younger (262 vs. 289 msec) and for older
(354 vs. 372 msec) adults [F(1,30) = 0.6, p = .45].

To evaluatepossibleage differences in posterror slowing,
we compared RT as a function of accuracy on the previ-
ous trial. Across age groups, participants responded more
slowly following an error than following a correct trial
[M = 410 vs. 391 msec; F(1,30) = 13.4, p < .001], but al-
though there was a trend for increased posterror slowing
in the older age group, this trend was not significant
[younger: 365 vs. 356 msec; older: 455 vs. 426 msec;
F(1,30) = 3.9, p = .058].

ERN amplitude. The number of errors on congruent
trials was too small to obtain reliableERPs for 3 of the older
participants. Therefore, these participants were excluded
from the following psychophysiologicalanalyses.

Figure 1 shows response-lockedERPs at Fz, Cz, and Pz
for congruentand incongruenttrials for the two age groups.
As is clearly visible, the younger and older adults showed
a negative deflection—the ERN—around the time of the
incorrect response. The main effect of electrode site was
significant [F(2,54) = 48.3, p < .001], indicating that the
ERN had a frontocentral scalp distribution. Because the
ERN overlapped the leading slope of the P3—as is most
evident at Pz—the preresponse baseline correction con-
tributed to positive ERN amplitudes in some conditions.
Importantly, as in previous studies, ERN amplitude—
averaged across the two congruency conditions—was
smaller for older adults (.3 mV) than for younger adults
(22.4 mV), as confirmed by a significant main effect of
age group [F(1,27) = 7.4, p = .011]. The ERN was some-
what more pronounced after congruent errors (21.3 mV)
than after incongruenterrors (2.8 mV), but this difference
was not significant [F(1,27) = 2.5, p = .12],1 nor was the
interaction between age group and congruency ( p > .8).
None of the interactions involving the factor electrode site
were significant.

Following Falkenstein, Hoormann, and Hohnsbein
(2001), we also tried to measure the ERN at the single-trial
level. By obtaining single-trial measures of the ERN, we
could test the possibility that the reduced ERN amplitudes
of the older adults are due to a larger latency jitter of the
ERN across single-trial epochs. Thus, the ERN in the av-
erage ERP waveform might be smaller, whereas the true
ERN amplitude might not be reduced in older adults. We
selected all incongruent, incorrect trials and subjected
them to the same algorithmas that used for determining the
ERN in the individual ERP waveforms. For younger and
older groups, the distributions of the latencies associated
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with the “ERN” peak amplitudes selected by the algorithm
suggested that the algorithmwas unsuccessful.For bothage
groups, the algorithmselected many “ERNs” at the extreme
ends of the specified time window. One reason for this may
be that the ERN was often superimposedon the leadingor
trailing slope of the P3, which biased the most negative sig-
nal value in the specified time window toward one end of
the window. Apart from these boundary selections, the dis-
tributionof youngeradults was fairly humped,with a mode
around 75 msec following the response. However, the dis-
tributionof the latencies for older adultswas essentially flat,
suggesting that for older adults the ERN did not generally
exceed the random backgroundEEG fluctuations,causing
the algorithm to select noise. Thus, at least with the present
type of algorithm and our data set, it is not possible to re-
liably measure the ERN in the single-trial epochs recorded
from older adults. Nevertheless, if we assume that the
amount of EEG noise is comparable in both age groups,

then these findingsmay be an indicationthat the single-trial
ERNs were smaller for older adults.

Other ERP components. Figure 2 shows stimulus-
locked ERP waveforms at Fz, Cz, and Pz for both age
groups as a function of congruency, for trials when the re-
sponse was correct. Both age groups exhibit a rather stan-
dard stimulus-locked ERP waveform, with clearly recog-
nizableN1, P2, N2, and P3 components.Visual inspection
of the waveforms for younger and older participants indi-
cates that age differences in the early ERP components
(N1, P2, and N2) were small or absent. Furthermore, the
P3 component showed a more diffuse midline distribution
for older adults than for younger adults, with older adults’
P3 being relatively smaller at Pz and relatively larger at Fz
(see Kok, 2000).

To evaluate the reliability of these observations, we
submitted the individual peak amplitudes in the latency
range of the N1 (70–120 msec), P2 (130–180 msec), and

Figure 1. Response-locked, grand-average ERP waveforms from Experiment 1 as a
function of accuracy and congruency for younger adults (left panel) and older adults (right
panel). Time at 0 msec indicates the timing of the response.
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P3 (300–500 msec) to three separate 2 (age group) 3 2
(congruency) 3 3 (electrode site) mixed ANOVAs. Im-
portantly, none of the main effects of age group were sig-
nificant [N1, F(1,27) = 0.00, p = .99; P2, F(1,27) = 3.5,
MSe = 25.5, p = .07; P3, F(1,27) = .02, p = .89]. As ex-
pected, the interaction effect of age group and electrode
site on P3 amplitude was highly significant [F(2,54) =
13.0, p < .001]. An additional ANOVA indicated that the
frontal congruency effect in the N2 latency range (250–
400 msec; measured as the mean value of the difference
signal at Fz) was not significantly different between
youngerand olderadults [F(1,27) = 2.4,MSe = 0.7,p = .13].

Discussion
Experiment 1 yielded three important results. First, we

replicated the empirical phenomenon of interest: reduced
response-ERN amplitudes in older adults (Band & Kok,
2000; Falkenstein, Hoormann, & Hohnsbein, 2001). Sec-

ond, Experiment 1 allowed us to exclude the possibility
that the smaller ERN in our older adults was related to an
impaired representation of the desired response—for in-
stance, because of uncertainty about the presented stimu-
lus (see Band & Kok, 2000). Scheffers and Coles (2000)
have shown that ERN amplitude is positively related to
error awareness when the degree of certainty about the re-
quired response varies due to data limitations. Thus, the
smaller ERN of older adults in the incongruentflanker con-
dition could, in principle, be due to uncertainty about the
target letter, invokedby the presence of the distracting, in-
congruent flanker letters. However, in contrast to the re-
sults from two previous aging studies using the letter ver-
sion of the Eriksen flanker task (Zeef & Kok, 1993; Zeef,
Sonke, Kok, Buiten,& Kenemans, 1996), our older adults
did not show larger interference effects (on RT and error
rate) of incongruent flankers than our younger adults.
Note that if older adults were more sensitive to the data

Figure 2. Stimulus-locked, grand-average ERP waveforms from Experiment 1 as a func-
tion of congruency for youngeradults (left panel) and older adults (right panel). Time at 0 msec
indicates the timing of the stimulus onset.
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limitationsassociatedwith the incongruentcondition than
younger adults, this should, presumably, have led to in-
creased interference effects for older adults. Perhaps even
more convincing is the finding of a similar age-related re-
duction in ERN amplitude in the congruent condition, in
which confusion about the presented target was unlikely
since target and flankers were identical. These results and
those of Falkenstein, Hoormann, and Hohnsbein (2001)
suggest that smaller ERNs in older adults, at least in reg-
ular RT tasks, are not related to a decreased certainty about
the required response.

Third, consideration of the average stimulus-evoked
ERP waveforms suggests that the smaller ERN of older
adults stands out as a specific age-related effect. That is,
the reduction in ERN amplitude was not accompanied by
a general age-related amplitude reduction of other ERP
components. Falkenstein, Hoormann, and Hohnsbein
(2001) reported a similar findingbut presentedno stimulus-
locked ERPs. Our findings are also consistent with the
psychophysiologicalaging literature. On the basis of a re-
view of this literature, Kok (2000), for instance, noted that
P1 and N1 components to stimuli presented in the audi-
tory, visual, and somatosensory modalities are consis-
tently larger in older than in younger participants. In line
with our data, Kok also observed that P3s tend to have a
more diffuse or equipotentialmidline distribution in older
than in younger subjects. The absence of a general de-
crease in older adults’ ERP component amplitudes rein-
forces the notion that their smaller ERN has a specific
cause. Experiment 2 was designed to investigate this spe-
cific cause.

EXPERIMENT 2

Experiment 2 was conducted to test a hypothesis that
could account for the smaller response ERN in older
adults. This hypothesis, inspired by Holroyd and Coles’s
(in press; see also Holroyd et al., 1999) neurobiological
theory of error processing, was tested using a slightly
changed version of the probabilistic learning task de-
signed by Holroyd and Coles. In this task, participants
were required to press one of two buttons in response to
each of a series of stimuli. The participants were told to
infer the stimulus–response mappings by trial and error,
using the information provided by a positive or negative
feedback stimuluspresented at the end of each trial. A crit-
ical aspect of the task was that the six possible stimuli dif-
fered in the degree to which the response was predictive
of the value of the feedback (50%, 80%, or 100%). Thus,
for some stimuli, the value of the feedback was uncorre-
lated with the selected response, whereas for other stim-
uli, the participantcould, to varying degrees, learn to con-
trol the value of the feedback by acquiring the stimulus–
response mapping. Holroyd and Coles formalized their
theory in a process model of performance in this task. By
using this model, which simulates response accuracy and
both response-ERN and feedback-ERN amplitudes in the
probabilistic learning task, we were able to test specific

predictions derived from our hypothesis. Before we dis-
cuss this hypothesisand its predictions,we introduce Hol-
royd and Coles’s theory.

According to Holroyd and Coles’s (in press) theory, the
basal ganglia learn to predict the expected outcome—in
terms of reward and punishment—associated with various
events (e.g., stimuli, responses, or stimulus–response en-
sembles) on the basis of past experiencewith those events.
Violations of these predictions lead to a phasic alteration
in firing rate in the mesencephalic dopamine system: a
phasic increase if ongoingevents are better than predicted,
and a decrease if they are worse than predicted. This
dopaminergic error signal serves as a reinforcement-
learning signal that is used by the basal ganglia to improve
the qualityof its predictions.It doesso accordingto the “tem-
poral difference learning” algorithm (Sutton & Barto,
1998), a reinforcement learning rule for learning the ear-
liest predictors of future reward or punishment. However,
the dopaminergic error signal is also projected to the
ACC, which acts as a motor control filter, enabling one of
several neural command structures (e.g., dorsolateral pre-
frontal cortex, orbitofrontal cortex, basal ganglia) project-
ing to the ACC to take command of the motor system. The
error signal is used to train the ACC to recognize the com-
mand structure that is best suited to take control of the task
at hand. The various neural command structures them-
selves may also utilize the signal to reinforce the appro-
priate response strategy associated with each stimulus.

The ERN is assumed to be associatedwith the arrival of
a negative dopaminergic error signal at the ACC. The
larger the violationof the prediction, the larger the signal,
and the larger the ERN. Thus, if ongoing events are sud-
denly worse than expected (e.g., because of an incorrect
response to a stimulus that usually elicits the correct re-
sponse), the mesencephalicdopaminesystem carries a neg-
ative reinforcement-learning signal to the ACC, where it
elicits the ERN. Feedback ERNs are elicited when the
negative feedback stimulus itself is not (or is only partly)
predicted by earlier events. This would be the case when
the stimulus–response mappings have not yet been
learned and hence the negative feedback cannot be pre-
dicted on the basis of the response. However, as the sys-
tem gradually learns the mappings, the phasic dopamin-
ergic activity “propagates back in time,” and is elicited as
soon as an incorrect response is executed.

The neural networkmodel implementingthis theory con-
sists of several modules (Figure 3): (1) an “adaptivecritic,”
corresponding to the basal ganglia, which associates a
value with the ongoing events and outputs a “temporal dif-
ference” (TD) error, corresponding to a phasic alteration
of activity in the mesencephalic dopamine system, when
ongoingevents are betteror worse thanexpected.The adap-
tive critic uses the TD error to refine its future predictions;
(2) a set of “motor controllers,” corresponding to various
neural command structures in the brain, which serve a re-
sponse selection function and use the TD error signal to
reinforce response selections that elicit reward; (3) a “con-
trol filter,” correspondingto the ACC, which delegatescon-
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trol to one of the motor controllers, and is trained by the
TD error signal to select the controller that maximizes re-
ward; and finally (4) a set of modules for representing
stimulus input and feedback input and for executing the
response. Details of the model are described in the Appen-
dix (see also Holroyd & Coles, in press).

We generated a hypothesis regarding why the response
ERN is smaller in older adults. According to this hypoth-
esis, olderage is associatedwith a weakened mesencephalic
dopamine signal in response to negative (but also positive)
violationsof thebasal ganglia’s predictions.This “dopamine
hypothesis” can be simulated by a proportional decrease
of the TD error at the time of its computation, and is
grounded in a substantial neurobiologicalliterature docu-
menting age-related decreases in the efficiency of dopa-
minergic function (see General Discussion; see also
Braver et al., 2001; Li & Lindenberger, 1999). Figure 4 il-
lustrates the predictions of the dopamine hypothesis by
plotting, in one graph, simulated data from a “younger”
model with an intact TD error and data from an “older”

model with a proportionately decreased TD error. When
the weakened dopamine signal arrives at the ACC, it
should result in a reduced ERN amplitude, irrespective of
whether the signal is elicited by negative feedback or by
an incorrect response. These predictions of the dopamine
hypothesis are illustrated in Figure 4A for the 50% condi-
tion, in which the ERN is generated only after negative
feedback, and in Figure 4B for the 100% condition,which
shows the expected tradeoff, in the course of learning, be-
tween the amplitudes of the response ERN and the feed-
back ERN. Note that the prediction of a smaller feedback
ERN for older adults has not been tested in previous stud-
ies. The smaller reinforcement-learningsignal should also
result in reduced response accuracy in the probabilistic
learning task, since actions that elicit reward (punish-
ment) are positively (negatively) reinforced to a lesser ex-
tent. This prediction of the dopamine hypothesis is illus-
trated in Figure 4C, which shows simulated learning curves
in the 100% condition. Note that reducing the strength of
the reinforcement-learning signals should affect the steep-

Figure 3. A schematic representation of Holroyd and Coles’s (in press) model.
Arrows indicate the flow of information between the various modules. The cor-
responding neural substrate is given in parentheses below each module label.
A description of the model is provided in the text. TD, temporal difference.
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ness of the learning curve (i.e., the learning rate) but not
its asymptote. But if, as in Experiment 2, accuracy is
probed before asymptotic performance has been reached,
then accuracy should be reduced compared with a system
with intact reinforcement-learning signals.

Thus, the primary purpose of Experiment 2 was to test
the dopamine hypothesis by measuring performance and
ERNs from youngerand older adults performing the prob-
abilistic learning task and by fitting“younger” and “older”
versions of the model to the data. Another purpose of Ex-
periment 2 was to evaluate whether we could replicate the
pattern of results for younger adults reported in Holroyd
and Coles (in press, Experiment 1). Consistent with their
theory, they observed that the probability of a correct re-
sponse in a specific condition was, in general, positively
related with response-ERN amplitude and negatively re-
lated with feedback-ERN amplitude.

Method
Participants. The participants were the same as in Experiment 1.

In addition to a fixed payment (see Experiment 1, Method), all par-
ticipants received a performance-related bonus, as described below.

Stimuli. Stimuli were presented in color against a white back-
ground on a computer screen placed at a distance of 60 cm from the
participant. Each experimental block involved a new set of six im-
perative stimuli. These stimuli were images of buildings, animals, mu-
sical instruments, and so on. Images of a head of lettuce and of a
carrot served as feedback stimuli indicating to the participant that
they were rewarded or penalized on that trial. The mappings between
reward/punishment and the feedback stimuli were counterbalanced
across participants and kept fixed across the experiment. A different
feedback stimulus, an image of a cherry, was presented in case a re-
sponse deadline was missed. All stimuli were part of a public Corel
image library and were scaled to a uniform size so that they sub-
tended approximately 9.5º 3 9.5º.

Design and Procedure. On each trial, the stimulus events con-
sisted of the presentation of an imperative stimulus for 500 msec,
followed by a blank screen for 500 msec, followed by the presenta-
tion of a feedback stimulus for 500 msec, followed by a blank screen
for 500 msec. Thus, the interval between consecutive imperative
stimuli was 2 sec. Participants were required to make a two-choice

decision by pressing one of two buttons within 700 msec after the
onset of the imperative stimulus. The response deadline was intro-
duced to ensure that participants made some errors due to premature
responding in the 100% mappings even after the mappings had been
learned. If a response exceeded the deadline, the cherry stimulus
communicated to the participant that he/she was penalized 4 cents
on that trial, providing motivation for him/her to respond more
quickly. Otherwise, the feedback stimulus indicated to the partici-
pant that he/she had either earned or was penalized 2 cents of bonus
money on that trial.

Participants were not informed about the appropriate stimulus–
response mappings but were told to infer these mappings by trial and
error and to respond in such a way as to increase their bonus by as
much as possible. In each block, one of the six stimuli was mapped
to the left button, so that participants were rewarded if they pressed
the left button and penalized if they pressed the right button. An-
other stimulus was mapped to the right button in a similar fashion.
Following Holroyd and Coles (in press), we refer to these mappings
as the 100% mappings. For two other stimuli, feedback was delivered
randomly, irrespective of the given response. As a result, participants
were rewarded on 50% of the trials and penalized on 50% of the tri-
als, and these mappings are therefore called the 50% mappings. On
the same logic, the two remaining stimuli were associated with an
80% mapping.2 That is, one stimulus required a left buttonpress on
80% of the trials (referred to as valid trials) and a right buttonpress
on 20% of the trials (invalid trials), and the other stimulus required
a right buttonpress on 80% of the trials (valid) and a left buttonpress
on 20% of the trials (invalid). Like Holroyd and Coles, we also exam-
ined how performance and ERN amplitudes changed over the course
of a block of trials. We analyzed such learning effects by comparing
the dependent variables in the first and second halves of each block.

The experiment involved five blocks of 300 trials each. Each of
the six stimuli was presented 50 times in a random order. Valid and
invalid trials from the 80% mappings were randomly intermixed, the
only restriction being that the first 25 trials with each of the two
stimuli contained 5 invalid trials. Before the experimental phase,
participants received written instructions and performed one prac-
tice block of 300 trials. Before each experimental block, participants
were given the opportunity to study the six imperative stimuli used
in the upcoming block and to press a key to start the block when they
were ready. At the end of each block, participants were informed
about the total amount of bonus money they had earned throughout
the experiment. Participants began the experiment with a bonus of
HFL 2.50.

Figure 4. Simulated ERN (A and B) and response accuracy (C) data plotted by trial within block, meant to illustrate the
predictions of the dopamine hypothesis. The patterns show the effect of decreasing the temporal difference (TD) error in the
“older” model by comparing this model with a “younger” model with an intact TD error. The parameters of the younger and
older models used to generate these data were the same as those used to fit the empirical data (see Model Simulations). The
abscissa indicates the number of repeated presentations of a single stimulus from the indicated condition.
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Psychophysiological recording. Details are the same as in Ex-
periment 1. In this experiment, we also collected cardiovascular
measures from the younger participants. These data will be reported
elsewhere (van der Veen, Nieuwenhuis, van der Molen, Crone, & Jen-
nings, 2001).

Data analysis. The single-trial EEG signals were corrected for
EOG artifacts, using the algorithm described by Woestenburg et al.
(1983), and filtered with a bandpass of 1–10 Hz. A baseline, com-
puted as the average signal activity across the 300 msec prior to

stimulus onset, was subtracted for all single trials. Then, for each
participant and each condition, the EEG epochs were averaged with
respect to response onset and feedback onset to obtain response-
locked and feedback-locked ERPs. The 100 msec preceding feed-
back onset served as a baseline for the feedback-locked ERPs. Fol-
lowing Holroyd and Coles (in press), difference waveforms were
created by subtracting the signal elicited on trials with positive feed-
back from the signal elicited on trials with negative feedback. The
amplitude of the response ERN was defined as the peak negativity
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Figure 5. Simulated (model) and empirical (exp) results in Experiment 2 as a function of condition for the youngeradults/model
(left panel) and older adults/model (right panel). (A) Response accuracy. (B) Response-locked and (C) feedback-locked ERN
amplitudes. Amplitudes (in microvolts for the empirical results; in model output units for the simulated results) reflect the
subtraction of amplitude magnitudes associated with negative and positive feedback (see text for more detail). 80%v, 80% valid
condition; 80%i, 80% invalid condition.
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of the difference waveform at electrode Cz in a window 0–150 msec
following the response. The amplitude of the feedback ERN was de-
fined as the peak negativity of the difference waveform at electrode
Cz in a window 200–350 msec (as chosen after visual inspection)
following feedback onset. The following trials were discarded from
the reported analyses: (1) trials with recording artifacts or RTs <
150 msec—1.7% for younger adults and 2.5% for older adults; and
(2) trials in which no response was generated before the 700-msec
deadline—5.5% for younger adults and 8.2% for older adults. Per-
formance measures, response-ERN, and feedback-ERN amplitudes
for each participant were submitted to separate mixed ANOVAs with
age group (younger, older) as a between-subjects factor and condi-
tion (100%, 80% valid, 50%, and 80% invalid mappings) and block
half (Trial 1–150, Trial 151–300 of each block) as within-subjects
factors.

Results
We first describe the empirical behavioral results and

ERN amplitudes found for our younger and older partici-

pants. After that, we discuss the results of the simulations
associatedwith the dopaminehypothesis.We also consider
the possibilityof simulating the effects of aging by chang-
ing other model parameters.

Behavioral results. Figure 5A shows behavioral accu-
racy for younger and older adults for each condition, av-
eraged across the first and second halvesof each block.As
can be seen, the younger adults displayed higher accuracy
than the older adults in the conditions in which perfor-
mance could improve over the course of a block. The
lower-than-chance performance in the 80% invalid trials
indicates that participants responded mostly according to
the dominant (but here incorrect) mapping. The main ef-
fects of age group and condition and the interaction be-
tween these two factors were all highly significant (all Fs >
17.5, ps < .001).

As expected,participants’ accuracy performance in the
second block half showed an improvement over the first
block half in both the 100% condition and the 80% valid
condition(Table 1). Because participantsgradually learned
the dominant80% mapping, response accuracy in the 80%
invalid condition decreased as a function of block half.
Evidently, accuracy in the 50% condition did not change
with block half. The interaction between condition and
block half was highly significant [F(3,90) = 26.5,p < .001]
but similar for both age groups [three-way interaction:
F(3,90) = 2.1, p = .13].

Probably as a result of the use of a response deadline,
older adults’ RTs—averaged across all conditions—were

Table 1
Experimental and Simulated Response Accuracy as a Function

of Age Group, Condition, and Block Half

Experiment Model

Condition Younger Older Younger Older

100% 76/83 60/69 62/ 85 57/70
80% valid 69/77 56/63 59/82 56/67
50% 50/48 51/51 49/48 49/49
80% invalid 27/25 42/34 42/15 42/34

Note—Numbers indicate percentage correct in the first/second block
half.

Figure 6. Grand-average ERP waveforms for younger and older adults from two conditions in Experiment 2.
Waveforms were recorded from Cz. (A) The ERN elicited by the response in the 100% condition. Time at 0 msec
indicates the timing of the response. (B) The ERN elicited by the feedback in the 50% condition. Time at 0 msec
indicates the timing of the feedback onset.
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not much slower than younger adults’ RTs (younger:
387 msec; older: 406 msec), as confirmed by a nonsignif-
icant main effect of age group [F(1,30) = 2.9, p = .099].

ERN amplitude. Figure 6 shows illustrativeERPs, as-
sociated with positive and negative feedback, from two
conditionsin Experiment 2, for both age groups and aver-
agedacross participantsand blockhalves. Figure 6A shows
the ERNs elicited by the response in the 100% condition,
the condition in which the response ERN is largest for
both younger and older adults. The ERN of youngeradults
is evident as a clear negativitypeakingabout 80 msec after
the response. Importantly, as in Experiment 1, the average
older adults’ response ERN is substantially reduced. Fig-
ure 6B shows feedback ERNs in the 50% condition, the
only condition in which feedback is not dependent on the
given response. In this condition, the ERN is elicited pri-
marily by the feedback.For youngeradults, the ERN peaked
roughly270 msec after the presentationof a negative feed-
back stimulus (see Holroyd & Coles, in press; Miltner
et al., 1997). The ERN of older adults peaked somewhat
later, and, importantly, was clearly smaller.

Figure 5B shows response-ERN amplitudes as a func-
tion of age group and condition. Note that valid and in-
valid trials from the 80% condition were pooled, because
for the participantsthese were not distinguishableuntil the
presentation of the feedback stimulus. Response-ERN
amplitudes were smaller for the older adults [F(1,30) =
21.7, p < .001]. Consistent with Holroyd and Coles’s (in
press) theory, response-locked amplitudes increased with
the probabilityof a correct response in a certain condition
[F(2,60) = 53.3, p < .001], and this effect of conditionwas
more pronounced for younger than for older adults
[F(2,60) = 16.3, p < .001]. Note that the “true” response
ERN in the 50% condition should be absent. The negative
values reported for this condition in Figure 5B reflect un-
systematic fluctuations of the ERPs associated with neg-
ative and positive feedback.

Figure 5C shows feedback-ERNamplitudesas a function
of age group and condition. Here, the difference between
valid and invalid trials from the 80% condition is clearly
important; as predicted by Holroyd and Coles’s (in press)
theory, the largest feedback ERNs, at least for younger
adults,were observed in the 80% invalidcondition,in which
a clear expectation of positive feedback was violated by
the actual feedback. Averaged across conditions,feedback-
ERN amplitudes were smaller for older adults [F(1,30) =
9.9, p < .005]. The main effect of condition was also sig-
nificant [F(3,90) = 4.9, p < .03], but whereas younger
adults showed a pronouncedeffect of condition in the pre-
dicted direction (i.e., an inverse relation between the ERN
and the probabilityof giving a correct response), the older
adults showed, if anything, a small trend in the opposite,
unexpected direction. This was expressed in a significant
interactionof age group and condition [F(3,90) = 8.4, p <
.005]. An additional analysis includingonly the older par-
ticipants indicated that the surprising effect of condition
for the older adults was not significant [F(3,45) = 1.5, p =
.25]. Inspection of the older individuals’ data patterns re-

vealed that the absence of an effect of condition in the ex-
pected direction was consistent across participants.

Although we did not explicitlymodel block-half effects
on ERN amplitudes, these effects were generally in linewith
Holroyd and Coles’s (in press) theory. A separate statisti-
cal analysis showed that response-ERN amplitudes in-
creased with block half [F(1,30) = 19.0, p < .001]. This
block-half effect increased with the probability of giving
a correct response in a particular condition [F(2,60) =
13.2, p < .001], and was somewhat larger for younger
adults than for older adults [F(1,30) = 4.0, p = .056]. As
expected,feedback-ERN amplitudesdecreased with block
half in the conditionsin which accuracy improved, and in-
creased in the 80% invalid condition, in which accuracy
declined. However, the interaction of condition and block
half showed only a nonsignificant trend in this direction
[F(3,90) = 2.3, p = .096], probably reflecting the fact that
the block-half effects on feedback-ERN amplitude were
rather small. Age group did not enter in a reliable interac-
tion with conditionand block half [F(3,90) = 1.0, p = .40].

Model simulations. Apart from a slight adjustment of
one learningrate parameter (see the Appendix), the younger
model, which served as a starting point for our simulations
of age-related effects, was identical to the model devel-
oped by Holroyd and Coles (in press, Experiment 1). To
simulate the data from the 16 younger and 16 older human
participants, both the “younger” and “older” models were
run 16 times, with each run consistingof five blocksof 300
trials. Like the empirical ERN, the model ERN was deter-
mined by subtracting the simulated ERN on trials with
positive feedback from the simulated ERN on trials with
negative feedback.

To providesupport for the dopaminehypothesis,we tried
to simulate the empirical results of older adults by weak-
ening the TD error signal. On each time step in the simu-
lated trials,we multipliedthe older adults’TD error by a fac-
tor of 0.55 immediately after its computationand before it
was used to adapt the network weights and compute the
ERN. It is important to note that this proportionaldecrease
of the TD error was the only aspect in which the older
model differed from the younger model. Figure 5 shows
the simulation results associated with the dopamine hy-
pothesis. Because the variance of the model data was rel-
atively small, all statistical terms in the ANOVAs were
highly significant ( p < .001) for each of the measures, and
we will report no further statistics.

As was the case for the human participants, the model’s
response accuracy (Figure 5A) was relatively high in the
two conditionsthat benefited from learning and low in the
80% invalidcondition,which suffered from learning.Over-
all accuracy and—more important—the effects of condi-
tion were smaller for the older model than for the younger
model. The model’s performance in the 100% condition
and 80% valid conditionimprovedas the blocksprogressed,
and performance in the 80% invalid condition got worse
over the course of a blockof trials (Table 1). Althoughmore
pronounced, these learning effects were in the same direc-
tion as those in the empirical data.



ERROR PROCESSING IN OLDER AGE 31

The simulatedpattern of responseERNs (Figure 5B) was
also very similar to the empirical data pattern. Response-
ERN amplitudes showed a positivecorrelationwith learn-
ing and were smaller for the older than for the younger
model.The simulatedpatternof feedbackERNs (Figure 5C)
captured the important finding that feedback-related ERN
amplitudes were considerably reduced in the older partic-
ipants. The model also reproduced the negative correla-
tion between feedback-ERN amplitude and learning por-
trayed by the younger adults, but the model did not (and
cannot!) account for the absence of such a negative corre-
lation in the older adults’ data. In the Discussion, we will
offer a possible explanation for this discrepancy.

The success of a proportional decrease of the TD error
in accounting for the age differences in accuracy and ERN
amplitude does not exclude the possibility that a manipu-
lationof other model parameters may equally well account
for these differences. In a set of additionalsimulations,we
explored the possibilityof simulating the older adults’ em-
pirical data by decreasing the value of the learning rate pa-
rameters associatedwith the functionsfor TD-error-driven
learning in various modules of the model. That is, the mes-
encephalic dopamine signal is intact, but the rate of adjust-
ments that the signal brings about through its reinforcing
qualities is smaller in older age. Not surprisingly, in these
simulations, the slower learning rate led to a decrease in
response accuracy. This, in turn, influenced the relative size
of response-ERN and feedback-ERN amplitudes. More
specifically, because of its slower learning rate, the model
was less able to predict reward on the basis of the response,
resulting in relatively small response ERNs. Conversely,
because the feedback itself remained an important pre-
dictorof reward, the simulated feedback ERNs were larger
than those produced by the younger model—a clear dis-
crepancy with the empirical data. Thus, a manipulationof
the learning rate parameters could account for the reduced
response accuracy and smaller response ERNs but not for
the smaller feedback ERNs in older adults.3 Moreover, be-
cause the ERNs are abnormal solely because learning is
retarded, this type of model predicts that both the response-
ERN and feedback-ERN amplitude should return to nor-
mal once its learning curve has reached asymptote or has
otherwise caught up with the normal (i.e., unretarded)
model’s learning curve. However, the finding that older
adults may show a reduced response ERN in the context
of normal performance (as in Experiment1; see also Falken-
stein, Hoormann, & Hohnsbein, 2001) seems clearly in-
consistent with this prediction.

DISCUSSION

The general pattern of results in Experiment 2 was con-
sistent with the dopamine hypothesis of altered error pro-
cessing in older adults. Through manipulationof a single
model parameter, corresponding to a weakening of dopa-
minergic error signals, we managed to attain a consider-
able correspondencebetween the simulated and empirical
age differences: decreased response accuracy and smaller
response and feedback ERNs in older adults. Because the

model proposes that ERN amplitude is an increasing func-
tion of the size of the dopaminergic error signal, the
smaller response and feedback ERNs of the older adults
are consistent with the dopamine hypothesis. In addition,
because the signal serves a reinforcement-learning func-
tion, the reduced signal in older adults led to impaired per-
formance in situations in which learning was important.
The empirical results cannot be explained by an alterna-
tivehypothesis,according to which older adults’ dopamin-
ergic error signals are intact but are not efficientlyused for
learning.Although, like the dopamine hypothesis, this hy-
pothesis is able to account for the reduced response ERNs
and lower accuracy in our older adults, it falsely predicts
that older adults should have larger feedback ERNs than
younger adults, and it cannot account for the pattern of re-
sults in Experiment 1.

An unexpected and robust aspect of the older adults’
data was the absence of a conditioneffect on the feedback-
ERN amplitude. That is, instead of an increase with the
probability of an incorrect response in a condition, the
feedback-ERN amplitudes showed a nonsignificant trend
in the oppositedirection.The lower-order error-processing
mechanismemployedby the model cannot account for such
a pattern. One way of preserving the present theory, while
accounting for the discrepancy between simulated and
empirical data, is to assume that the amount of attention
that older adults paid to the feedback stimulus was depen-
dent on the subjectiveprobabilityof an error. That is, when
older adults were relatively sure that they had made an
error—as would be the case after errors in the 100% and
80% valid conditions—then they may have wished to con-
firm this supposition and have paid relatively more atten-
tion to the feedback stimulus, thereby increasing its impact
on the error-processing system. In contrast, attention for
feedback in the 80% invalidconditionmay havebeen rather
weak on error trials, since on these trials the participant re-
sponded according to the dominant (i.e., probably correct)
stimulus–response mapping, leading older participants to
ignore the feedback.

The pattern of results of younger adults in Experiment 2
replicated that reported by Holroyd and Coles (in press).
Response-ERN amplitude was positively correlated with
the probabilityof givinga correct response. That is, the re-
sponse ERN was larger in conditionsin which participants
could learn to control the value of the feedback by learn-
ing the correct response, and it was larger in the second half
of a block—that is, after some degree of learning had taken
place. In linewith these findings,Experiment2 also showed
that the response ERN was largest in the participantgroup
that learned more efficiently. The opposite pattern, a neg-
ative correlation between ERN amplitude and the proba-
bilityof a correct response, was observed for the feedback
ERN. This tradeoff between response-ERN and feedback-
ERN amplitude is a central issue in Holroyd and Coles’s
theory. The younger adults’ data in the 80% condition (a
condition not examined by Holroyd and Coles) also sup-
ported Holroyd and Coles’s theory of error processing.
First, as predicted by this theory, the amplitudes of the re-
sponse ERN and feedback ERN in the 80% valid condi-
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tion were intermediatebetween the ERN amplitudesin the
50% and 100% conditions. And second, the 80% invalid
condition,which was characterizedby the largest mismatch
between expected and actual feedback, was associated
with the largest feedback ERN.

GENERAL DISCUSSION

The present study was motivatedby a recently proposed
theory of the functional mechanisms and neural basis of
error processing (Holroyd & Coles, in press). According
to this theory, the ERN, a psychophysiologicalmarker of
error processing, is associatedwith the arrival of a negative
dopaminergic reinforcement-learning signal in the ACC.
This dopaminergic error signal is elicited when the brain
first detects that ongoing events are worse than expected
and is used to adjust the cognitive system for the task at
hand. Previous studies (Band & Kok, 2000; Falkenstein,
Hoormann, & Hohnsbein, 2001) have reported an age-
related reduction in ERN amplitude following incorrect
responses in choice RT tasks. In the present study, we have
replicated this result and, more importantly, have proposed
a dopamine account, based on Holroyd and Coles’s the-
ory, of why the response ERN is reduced in older adults.
According to this account, the dopaminergicsignals thought
to play a role in error processing and reinforcement learn-
ing are weakened in the older brain. This leads to reduced
ERNs in response to errors and negative feedback, and to
slower reward-based learning in older adults.

In Experiment 1, we showed that the reduced response
ERN of older adults cannot be understood as a reflection
of a general attenuationof ERP componentsin older adults.
Furthermore,Experiment1 demonstratedthatan age-related
reduction in ERN amplitude can also be observed in situ-
ations that minimize data limitations (see Falkenstein,
Hoormann, & Hohnsbein, 2001). This indicates that a re-
duced response ERN is not necessarily related to reduced
certainty about the required response in older adults (see
Band & Kok, 2000). In Experiment 2, we proposed a
dopamineaccount of altered error processing in older age,
and formalized this account using a model proposed by
Holroyd and Coles (in press). We confirmed the predic-
tions of the dopamine hypothesis with respect to age
changes in performance and ERN amplitudes in a proba-
bilistic learning task. Computer simulations indicated that
the empirical pattern of age changes—reduced response
accuracy and smaller ERNs following response errors and
negative feedback—could be adequately simulatedby ma-
nipulation of a single model parameter, corresponding to
weakened phasic activity in the mesencephalic dopamine
system. And finally, we argued that the results in Experi-
ments 1 and 2 are inconsistentwith anotherhypothesisde-
rived from Holroyd and Coles’s model—namely, that a
slower learning rate constitutes the primary cause of age-
related changes in error processing.

The dopaminehypothesiscould not account for the find-
ing that the olderadults’ feedback-ERNamplitudesshowed
no sensitivity to the degree to which the feedback in a par-
ticular experimental condition was uniquely predictive of

reward. It is important to note that this finding is incon-
sistent with any model derived from Holroyd and Coles’s
(in press) theory. Thus, we proposed that an additional,
higher order, cognitiveprocess, masking the effects of the
theorized lower order mechanism, may have been at work
in the older adults’brains.We hypothesizedthat the amount
of attention that older adults paid to the feedback stimu-
lus may have been greater for conditionsin which the sub-
jective expectation of negative feedback was higher. As a
result, the impact of negative feedback on the error-
processing system, and hence on the feedback ERN, should
be largest in conditions in which participants learned to
recognize an incorrect response most adequately (i.e., the
100% condition and, to a lesser extent, the 80% condi-
tion). Future work is needed to test this hypothesis.

If older adults have a deficient error-processing system,
this may have implications for the general issue of an ex-
ecutive control deficit in older age (for reviews, see
Moscovitch& Winocur, 1995;Phillips& Della Sala, 1996;
van der Molen & Ridderinkhof, 1998). Several authors
(Botvinick et al., 2001; Coles et al., 2001; Gehring et al.,
1993) have proposed that the activity giving rise to the
ERN may signal the demand for increased control (e.g, in-
creased focus of attention or more conservative response
settings) to other brain systems. Thus, to the extent that
older adults show impaired performance in tasks requiring
executive control processes, it may be unclear whether
such performance deficits are due to inefficiency of the
executivecontrol processes (as is usually concluded), to in-
efficiency in the monitoring processes necessary to rec-
ognize the need for executivecontrol, or to both. This issue
deserves more attention in future research.

Dopamine Dysfunction in Healthy Aging
Our proposal of weakened dopaminergicerror signals in

older adults is consistentwith various reports of age-related
disturbances in dopamine function. For instance, using
positron emission tomography (PET), Backman et al.
(2000; see also Volkow et al., 1998) found a gradual age-
related deterioration of dopaminergic receptor binding in
striatal structures. Importantly, statistical control of this
variableeliminated the age-relatedvariationin performance
of a number of cognitive tasks, suggesting that dopamin-
ergic transmission is an important factor in age-related
cognitivedecline.On the basis of anotherPET study, Kaasi-
nen et al. (2000) reported a significant age-related loss of
dopamine receptors in various brain areas, and especially
in the frontal cortex. Furthermore, it has been shown that
in monkeys, age-related decreases in neurotransmitter
concentration are most pronounced for dopamine in the
prefrontal cortex (see Goldman-Rakic & Brown, 1981).
And Arnsten and colleagues (e.g., Arnsten, 1993; Arnsten
& Goldman-Rakic, 1985) have shown that working mem-
ory deficits of aged monkeys can be alleviated by pharma-
cologicalagents enhancingthe function of their dopamine
system. Our simulations suggest that the dopaminergic
error signal is weakened at the time of its generation—
presumably in the basal ganglia—or between the time of
its generation and its impact on other brain systems; in its
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present form, our model cannot be used to discriminatebe-
tween these possibilitiesor to determine the neurophysio-
logical mechanism through which the signal is weakened.
Irrespective of exactly how and when the signal is weak-
ened, an implicationof the dopamine hypothesis seems to
be that increasing the concentration of dopamine in older
adults should lead to a reduction of age-related differences
in ERN amplitudes and reinforcement-learning abilities.
However, as noted by Braver et al. (2001), such predic-
tions are complicated by the notion that older adults have
reduced dopamine receptor concentrations in various
brain areas, which may prevent pharmacologicmanipula-
tions of dopamine levels from being fully effective.

Braver et al. (2001) have recently argued that the de-
crease in several working memory functions that occurs
with healthy aging is a direct consequenceof disturbances
in dopamine function in the dorsolateral prefrontal cortex.
They based their theory on the empirical confirmation of
several predictions regarding age effects in a continuous
performance test. The predictions were derived from a
computationalmodel of dopaminergicmodulationof pre-
frontal cortex (Braver & Cohen, 2000) that is similar in
some important respects to Holroyd and Coles’s (in press)
model of error processing. In Braver and Cohen’s model,
the mesencephalic dopamine system carries a temporal
difference error to frontal areas of the brain. This phasic
dopamine signal serves to regulate the access of infor-
mation into and out of working memory and also has a
reinforcement-learning function that allows the system to
learn what information is relevant for the task at hand.

Apart from the purported role of dopamine in cognitive
control deficits in older age, it has been hypothesized that
disturbances in dopamine function may result in an over-
all noisier information processing system in older adults.
Li and Lindenberger (1999) have reported a set of com-
putational simulations that relate aging-induced deterio-
ration of catecholinergicsystems (including the dopamin-
ergic system) to several benchmark phenomena of aging,
such as increases in mean RT and interindividual vari-
ability of RTs. Such phenomena may occur as a result of
a decreased responsivity of neurons to incoming informa-
tiondue to a reductionin catecholamines,which are thought
to serve an important neuromodulatory role.

Abnormalities in Error Processing
An interestingquestion is the extent to which the present

findings and conclusions regarding error processing in
older adults may generalize to other populations with ab-
normal ERNs. In particular, reduced response-ERN am-
plitudes have been observed in patients with Parkinson’s
disease (Falkenstein, Hielscher et al., 2001; but see Hol-
royd et al., in press) and patientswith schizophrenia(Ford,
1999; Kopp & Rist, 1999). Parkinson’s disease is mainly
characterizedby cell loss in the substantianigra leading to
dopamine depletion in striatal and other brain structures.
Schizophreniahas also been extensivelydocumentedas in-
volvingdisturbances in dopamine function.This raises the
possibility that, as we have proposed for older adults, the
smaller ERN in these populations may be caused by a re-

duction in phasic dopaminergic error-related activity. The
probabilistic learning task of Experiment 2 would be well
suited to test these hypotheses because it allows the link
between learning and the relative size of response and feed-
back ERNs, central in Holroyd and Coles’s (in press) the-
ory, to be studied in detail.Other tasks, such as the flanker
task in Experiment 1, are perhaps less appropriate to test
specific hypotheses regarding error processing in various
populationsbecause in these tasks learning tends to reach
asymptote fairly quickly. As a result, any diagnostic corre-
lationalpattern of learning indices and ERN amplitudes is
absent in data from such tasks.

Band and Kok (2000) observed not only a reduction in
the response-ERN amplitudeof older adults but also a sub-
stantial ERN-like negativity following correct trials (i.e.,
a CRN) similar to that observed in patients with frontal
lesions (Gehring & Knight, 2000) and in schizophrenia
patients (Ford, 1999; but see Kopp & Rist, 1999). An ERN-
like wave on correct trials may also sometimes be observed
for healthyyounger adults, but Coles et al. (2001) have ar-
gued that this “CRN” either represents the influence of
stimulus-evokedcomponents in the response-lockedERP
or can be attributed to error processing on correct trials—
for instance, when participants have an incorrect repre-
sentationof the required response (see Scheffers & Coles,
2000). The behavioral results of the mental rotation task
used by Band and Kok suggest that their older participants
were often uncertain about the presented stimulus, and
hence the required response. Therefore, it is likely that the
CRN of Band and Kok’s older adults can be attributed to
a subset of the correct trials on which they wrongly per-
ceived their response as incorrect. This notion is supported
by the absence of a CRN in the older adults in Experi-
ment 1 of the present study and in the study by Falken-
stein, Hoormann, and Hohnsbein (2001), two studies in
which data limitations were relatively small.

Theories of the ERN
The strength of the dopamine hypothesis hinges on the

appropriateness of Holroyd and Coles’s (in press) model
and on the proposed correspondencebetween elements of
the model and neurobiological structures. With respect to
the former, it is important to note that the data of the
younger adults in the probabilistic learning task replicated
those found by Holroyd and Coles. These data indicated
that learningof stimulus–response associations (as affected
by age group, block half, and condition) correlated posi-
tively with response-ERN amplitude and negatively with
feedback-ERN amplitude.The resulting trade off between
the response ERN and feedback ERN in the course of
learning is central to Holroyd and Coles’s claim that the
ERN is elicited as soon as the expected consequences of
ongoing events are worse than expected. The results from
a new condition (the 80% condition) were also nicely in
line with Holroyd and Coles’s theory. In particular, these
results showed that the ERN was largest when negative
feedback was highly unexpected (i.e., in the 80% invalid
condition). Our study only indirectly addresses the issue
of how neurobiological structures map onto elements of
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the model. However, the idea that the successful aging
model (with a proportional decrease of the TD error)
could easily be related to the neurobiologicalliterature on
age-related dopamine disturbance lends support to the
proposed link between TD errors and dopamine signals
(for a discussion, see Holroyd & Coles, in press).

Recently, Yeung,Botvinick,and Cohen (2001;Botvinick
et al., 2001) have proposed an alternative theory of the re-
sponse ERN. Yeung et al. argued that errors are usually
associated with response conflict in the period following
the erroneous response, the time window of the ERN.
Rather than indexingerroneous response activationper se,
the ERN reflects the neural response of the ACC when it
detects such response conflict—that is, the concurrent ac-
tivation of multiple conflicting responses. This signal is
then used by other brain structures to reduce future con-
flict. Although the conflict-monitoring theory seems able
to account for many of the same phenomena that mis-
match theories of the ERN can explain (see Yeung et al.,
2001), in its present form it does not incorporate a mech-
anism that can account for the existence of an ERN fol-
lowing negative feedback. Thus, although the conflict-
monitoring theory may be able to address the response-
related ERNs in this study, it is difficult to see how it
would address our feedback-related ERN data. A direct
comparison of Holroyd and Coles’s (in press) theory and
the conflict-monitoring theory is the subject of ongoing
research (Holroyd, Yeung, Coles, & Cohen, 2002).

To summarize, on the basis of computational simula-
tions inspired by Holroyd and Coles’s (in press) theory of
error processing, we have proposed an account of age-
related changes in error processing. According to this ac-
count,older age is associatedwith weakened dopaminergic
reinforcement-learning signals in response to errors and
negative feedback, leading to smaller ERN amplitudesand
slower reward-based learning.This dopaminehypothesis is
consistent with a substantial literature reporting age-related
disturbancesin dopamine function.Several alternativehy-
potheses regarding the reduced response-ERN amplitudes
found in older adults were disconfirmed. Our study may
inspire similar investigations of altered error processing
in other populations. Also, it indicates the importance of
considering evaluative control function deficits as a possi-
ble explanationfor performance deficits in tasks requiring
executive control and reward-based learning.
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NOTES

1. The numerical effect of congruency on ERN amplitude is probably
the result of differential contributionsof stimulus-related components to
the response-locked waveform for each of the two conditions,rather than
to “real” differences between the ERNs on congruent and incongruent
trials (for a discussion, see Coles et al., 2001). When the trials in the two
categories were matched with respect to RT, using the procedure de-
scribed by Bernstein, Scheffers, and Coles (1995), ERN amplitude was
21.3 mV for both congruent and incongruent errors.

2. The 80% condition was not part of the design of Holroyd and Coles
(in press). Instead, these authors used an “always correct” condition and
an “always incorrect” condition,in which the value of the feedback could
be entirely predicted on the basis of the imperative stimulus.

3. To reach a satisfying correspondence between empirical and simu-
lated data, we needed to change at least two of the three learning rate pa-
rameters of the older model. Decreasing the learning rate parameter
value associated with the value layer weights updating function (from
0.1 to 0.025) was necessary. In addition, either one of the parameters as-
sociated with the functions for updating the input layer-controller
weights (from 0.5 to 0.2) and the controller-filter weights (from 0.2 to
0.1) needed to be changed. Both choices of parameters led to a very ad-
equate correspondence between the empirical and simulated data (es-
sentially similar to that associated with the dopamine model) as far as ac-
curacy and response ERNs were concerned. But the feedback-ERN
amplitudes produced by these two models were approximately 2.63
(100% condition), 2.70 (80% condition), 2.83 (50% condition), and
2.97 (80% invalid condition), a substantial overestimation of the em-
pirical feedback-ERN amplitudes of older adults.

(Continued on next page)
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APPENDIX
Model Description

Apart from a few explicitlyspecified exceptions,all details of
the model were identical to those specifiedby Holroyd and Coles
(in press, Appendix A). Here, we provide a global descriptionof
the model (Figure 3). On each simulated trial, an input layer con-
sisting of six units (one for each stimulus) encoded the presented
stimulus.Restrictionsto the number and type of stimuli were the
same as in the experiment. The activation in the input layer was
sent through modifiable feedforward connections to five motor
controllers, each composed of two units, one for each response
option (left vs. right hand). Each motor controller selected, in a
winner-takes-all fashion, one response according to a proba-
bilistic function of the relative net inputs to its two units. How-
ever, the function parameterswere set so that one controllerwas
best suited to perform the task. Then, a control filter, connected
to each of the motor controllers,selectedone motor controlleras
a probabilistic function of the (modifiable) connectionweights.
The output layer consisted of two units (one for each response)
and the control filter activated the output unit associated with
the response option selected by the chosen controller. Finally,
following the response, one of two units in a feedback layer was
activated (according to the same feedback schedule as that used
for the participants):one unit in case of reward and the other one
in case of punishment.

The units in the input layer, output layer, and feedback layer
were connected through feedforward weights to a value layer in
the adaptive critic, which was composed of 22 units, represent-
ing the possible states of the network: units for representing ac-
tivation in each of the input (6), output (2), or feedback(2) units,
and one unit for each possible conjunction of active input and
output units (6 * 2 = 12). At any one time, no more than one
value unit was activated, and its activation was set equal to 1.

The activationof the value units was projected, through modifi-
able connection weights, to a summation unit, so that at each
time step within a trial, the value of this summation unit,V̂, was
equal to the weight associated with the activated value unit. At
each time step t, the adaptive critic also computed the TD error:

dt = rt + gV̂t 2V̂t21 + err,

where r was the value of the feedback signal (+1 for reward and
21 for punishment), g was a constant (i.e., a discount factor,
fixed at 1.0), and err was a noise term. All modifiable weights
in the network were constantly adjusted as a function of the TD
error, with a set of learning rate parameters determining the rate
of change.The weights between the value layer and the summa-
tion unit were adjusted to improve the predictionsof the adaptive
critic; those between the input layer and motor controllers to
learn the appropriate response to each stimulus; and those be-
tween the control filter and the motor controllers to enable the
control filter to learn to select the most appropriatecontroller.Fi-
nally, the ERN amplitudewas definedas the TD errormultiplied
by the magnitude of an “eligibility trace”—that is, a decaying
representation of the selected controller sent to the adaptive
critic (Figure 3). This form of memory trace allows the system
to maintain states (here, the selected controller) eligible for
learning (see Holroyd & Coles, in press).

Apart from the parameter adjustments meant to simulate the
effects of cognitive aging (see Results section), we made one
general adjustment to the parameter values used by Holroyd and
Coles (in press). For both the younger and older models, we
slightly changed the learning rate parameter value associated
with the value layer weights updating function (from 0.2 to 0.1).
We did this to improve the overall quality of the model fits.
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