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Event-related potentials in cognitive
neuropsychology: Methodological considerations

and an example from studies of aphasia

TAMARA Y.SWAAB
University ofCalifornia, Davis, California

Recording event-related potentials (ERPs) from neurological patients introduces some method
ologicalproblems that are unique to this type of work Important issues include, for example, the signal
to-noise ratio in patients relative to control subjects and changes in conductivity that are due to brain
lesion. Therefore, in order to be able to reliably interpret possible changes in the ERP effects of brain
damaged patients as reflecting changes in underlying cognitive processes, it is important to clearly
identify the factors that might contaminate the results of the experiments and to apply appropriate
controls. Possible controls are discussed, and, as an example, some studies illustrating the use ofERPs
in aphasic patients are reviewed.

Event-related potentials (ERPs) are now a well
established means of studying human brain function. The
power of this method lies in its flexibility and its utility
for assessing everything from sensory to motor functions.
Perhaps, however, it has been its ability to index various
aspects ofcognitive function that has most tantalized ex
perimentalists and clinicians. The focus of this paper is
on methodological issues involved in the utilization of
ERPs for the study of the functional nature of cognitive
deficits in brain-damaged patients. After a brief, selec
tive overview of the use ofERPs in neurological and psy
chiatric patients, studies that have used the ERP method
to investigate the nature of the deficits that underlie prob
lems in spoken language comprehension in aphasic pa
tients will be reviewed. These studies ofERPs in aphasia
will serve to illustrate the methodological issues that arise
in cognitive neuropsychological studies that use ERPs.

Clinical Studies
Traditionally, ERPs have been used clinically either as

a way to localize the source of a particular sensory deficit
or as a diagnostic tool in certain patient populations. The
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absence or delay of early sensory potentials can help to
determine the locus of lesions in particular parts of the
nervous system. For example, auditory ERPs (see, e.g.,
Stockard, Stockard, & Sharbrough, 1980) and somato
sensory ERPs (see, e.g., Jones, 1982) can be used to lo
calize damage to specific sites within the ascending sen
sory pathways (see Regan, 1989, for an' overview). One
of the most well-known clinical applications ofERPs is
in audiometry, where, in addition to behavioral measures,
the ERP has proved to be very reliable in determining
whether there is hearing loss (see, e.g., Galambos, Hicks,
& Wilson, 1982), and this has been especially useful in
populations unable to provide accurate or reliable re
sponses in behavioral testing (see, e.g., Smith & Picton,
1985). Similarly, visual ERPs have been successfully uti
lized in the diagnosis of disorders specifically affecting
the visual system (see, e.g., Kuroiwa & Celesia, 1981), as
well as diseases such as multiple sclerosis that might af
fect vision (see, e.g., Halliday, 1982).

Relatively early in the history ofERP recording, how
ever, researchers also evaluated the possibility of using
changes in the amplitude and/or latency ofcognitive ERPs
to address a variety ofclinical issues in neurological, psy
chiatric, and other clinical populations. At present, there is
a very large literature on the clinical applications ofERPs
for example, in schizophrenics (see, e.g., Ford, Pfeffer
baum, & Roth, 1992; Pritchard, 1986), patients with Alz
heimer's disease (AD; see, e.g., Polich, Ladish, & Bloom,
1990), and learning-disabled children (see, e.g., Kraus
et aI., 1996). A comprehensive review ofthis literature is
beyond the scope of the present paper; however, a brief
comment on the relative success of ERP studies of dif
ferent groups of patients helps illustrate both the diffi
culty and the promise of applying ERPs to clinical pop
ulations as a diagnostic or evaluative tool.

Much of the research on schizophrenic patients has
concentrated on changes in the P300 component of the
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ERP-both in order to evaluate the diagnostic utility of
P300 and in order to assess cognitive theories of schizo
phrenia (see, e.g., Ford et al., 1992; for a review, see
Pritchard, 1986). P300 is a "cognitive ERp," because it is
not elicited by the sensory aspects of the stimuli per se
but instead is related to cognitive factors, such as atten
tion and task relevance, and can even be elicited by the
absence of a relevant stimulus (for a review on the P300
component, see Johnson, 1988). Most studies have em
ployed some version of the classical oddball paradigm
(see Donchin, 1979), in which the subjects have to detect
infrequent targets in a series offrequentIy occurring non
targets. In normal, neurologically unimpaired subjects,
P300 amplitude increases for low probability stimuli that
are relevant and attended to by the subjects, and P300 la
tency increases as a function of the duration of stimulus
evaluation time. Evidence from a large body ofwork has
led researchers to propose that P300 is a sensitive indi
cator ofdeviance detection and, more specifically, that it
reflects the process of updating one's internal neural
model ofthe environment (context updating; see Donchin
& Coles, 1988). Thus, given the fundamental aspects of
mentation that are reflected by P300, it makes sense to use
it in the evaluation of patients with cognitive disorders.

In general, in studies of schizophrenic patients, the
amplitude ofP300 has been found to be reduced relative
to normal controls (although some evidence indicates
that this is not the case for the visual modality; see Pfef
ferbaum, Ford, White, & Roth, 1989). This reduction does
not appear to be the result of medication or of the slow
ing of response time in these patients (see Pritchard,
1986). These results indicate that P300 might be a sensi
tive marker for the diagnosis of schizophrenia. However,
P300 is also reduced in other patient populations, such as
AD patients (see, e.g., Polich et aI., 1990). In addition, it
is not clear whether changes in the P300 component can
be reliably detected at the individual subject level. Taken
together, these P300 studies in schizophrenia and AD
show that the P300 component of the ERP might be a
useful tool for discriminating groups of schizophrenic
and AD patients from normal, neurologically unimpaired
subjects, but it is unclear whether this measure is sensi
tive enough to reliably diagnose patients individually.'

In other patient populations, the use of ERPs does,
however, appear very promising as a diagnostic tool.
Kraus and colleagues (Kraus et aI., 1996) tested learning
disabled children who had a deficit in the discrimination
of the rapid acoustic changes that occur in speech (e.g.,
Idal vs. Iga/). They used the mismatch negativity (MMN)
to establish whether these problems occur at a level that
is prior to the conscious perception of these stimuli. The
MMN is sensitive to changes in a series of simple or
complex stimuli. It is elicited by physically deviant stim
uli and does not require attention or a response. They found
that the MMN was absent in learning-disabled children
who had a poor discrimination of the Idal-/gal stimulus
contrast, which indicates that their discrimination prob-

lems occurred at the level of the auditory system and not
from a higher level processing deficit. Even in individual
subjects, the MMN appeared to be a sensitive indicator
ofgood versus poor discrimination ofacoustic contrasts,
which makes this ERP component a good candidate for
the diagnosis of the locus of acoustic discrimination
problems in learning-disabled children.

ERPs and the Neural Architecture of Behavior
ERPs have also been used in efforts to investigate the

neural architecture underlying certain types ofbehavior.
For example, Knight (1996) recently proposed that a dis
tributed limbic-neocortical network is involved in the
orienting to and memory storage of novel events. He
based this proposal on evidence that was obtained by
recording ERPs from patients with various discrete neuro
logical lesions produced by stroke. Specifically, Knight
(1996) found that patients with unilateral hippocampal
lesions in either the left or the right hemisphere showed
a selective deficit in the electrophysiological response to
novel stimuli-that is, infrequent stimuli, each presented
only once, embedded in a sequence of repetitive back
ground stimuli-in auditory and somatosensory modal
ities. The novel stimuli (complex tones, wrist shocks)
were clearly deviant from the target and nontarget stim
uli in this experiment. In normal subjects, the novel stim
uli elicited a P3a component with a frontal scalp distrib
ution, whereas the hippocampally lesioned patients
showed a dramatically reduced P3a to the novel stimuli.
In earlier work, Knight and colleagues had shown that
the P3a response is also reduced in patients with local
damage to the dorsolateral prefrontal cortex and the pos
terior association cortex (Knight, 1987; Yamaguchi &
Knight, 1991). Thus, the evidence from the P3a in various
patient groups allowed Knight (1996) to define a corti
cal system for the processing of novelty.

It should be emphasized that this lesion approach is
only fruitful in helping to delineate the anatomic and
physiological underpinnings ofbehavior in combination
with the neuropsychological evaluation ofthe behavioral
problems. Also, the patients that are to be tested should
have very focal lesions, as defined by computerized to
mography (CT) or magnetic resonance imaging (MRI;
see, e.g., Knight, 1997). Under these circumstances, the
findings from this lesion approach, in combination with
findings from intracranial recordings in patients and from
animal studies (see Swick, Kutas, & Neville, 1994), can
help to determine the neural sources ofERP components,
so that inferences can be made about the functional
anatomical significance ofERPs. In recent years, the spec
ification of the neural sources of ERP components has
been further facilitated by studies ofneurologically normal
subjects that have combined ERPs with neuroimaging
methods that have a high anatomical resolution, such as
positron emission tomography (PET) and functional mag
netic resonance imaging (fMRI; see, e.g., Heinze et aI.,
1994; Mangun, Hopfinger, & Heinze, 1998).
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Distinct ERP components have been related to differ
ent cognitive processes in normal, neurologically unim
paired subjects, and this knowledge has been used to ad
dress the question of what the underlying functional
nature of cognitive deficits in brain-damaged patients
may be. The use of ERPs in the characterization of cog
nitive impairments in certain patient populations is a rel
atively recent development (see Hagoort & Kutas, 1995).
Nonetheless, ERPs have been fruitfully applied to the
study of functional deficits in a variety of neurological
patient populations. For example, ERPs have been used
to study the preservation of implicit memory (see, e.g.,
Rugg, Pearl, Walker, Roberts, & Holdstock, 1994) and the
nature of semantic deficits in patients with dementia of
the Alzheimer's type (DAT; see, e.g., Schwartz, Kutas,
Butters, Paulsen, & Salmon, 1996); to study movement
preparation (see, e.g., Cunnington, Iansek, Bradshaw, &
Phillips, 1995; Praamstra, Meyer, Cools, Horstink, &
Stegeman, 1996) and auditory selective attention in pa
tients with Parkinson's disease (Karayanidis, Andrews,
Ward, & Michie, 1995); to study perceptual processing
in patients with closed head injury (Heinze, Miinte, Go
biet, Niemann, & Ruff, 1992); to study implicit recogni
tion of familiar faces in prosopagnosia (Renault, Sig
noret, Debruille, Breton, & Bolgert, 1989); to study the
control of visual space (Proverbio, Zani, Gazzaniga, &
Mangun, 1994) and the organization of language in the
left and right hemispheres of split-brain patients (see,
e.g., Kutas, Hillyard, & Gazzaniga, 1988); and to study
the nature of the deficit that underlies spoken language
comprehension problems in aphasia (see, e.g., Hagoort,
Brown, & Swaab, 1996; Swaab, Brown, & Hagoort, 1997,
in press). At the end of the present paper, our studies
of language comprehension deficits in aphasia will be
presented as examples that illustrate the utilization of
ERPs in the investigation offunctional deficits in brain
damaged patients. But first, some methodological issues
involved in testing brain-damaged patients in general
and, more specifically, in testing brain-damaged patients
with ERPs will be discussed.

General Issues in Testing Patients
There are certain issues involved in testing patients that

are not specific to the ERP approach but need to be care
fully considered whenever patients are being tested in
scientific experiments. The first general issue has to do
with the possible inferences that one can make about the
normal functioning of the mind from the experimental
results that are found in patients with brain damage. At
least three types of difficulties can emerge in establish
ing the relation between mind and brain. First of all, the
correlation between the type ofdeficit and the locus ofthe
lesion is far from perfect. This can be illustrated with ex
amples from aphasia research. Classically, lesions in Bro
ca's area have been associated with problems in produc-
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ing speech but relatively spared comprehension, whereas
lesions in Wernicke's area have been associated with se
vere comprehension deficits but relatively fluent (although
incomprehensible) speech. However, several studies have
shown that there is no perfect relation between the locus
of the lesion and the type of aphasia syndrome. Patients
with anterior lesions will sometimes exhibit severe com
prehension problems, and, on the other hand, some pa
tients with posterior lesions, including ones in Wernicke's
area, do not always have comprehension deficits (see,
e.g., Basso, Lecours, Moraschini, & Vanier, 1985; Caplan,
Baker, & Dehaut, 1985; Poeck, De Bleser, & von Keyser
lingk, 1984). This raises the following question: What is
the appropriate level at which to map the cognitive archi
tecture onto the neural architecture? Should we think in
terms ofparticular brain areas, in terms ofdistributed net
works, or in terms ofa combination of both?

Second, cognitive processes that are identified in our
models may not always correspond to particular areas in
the brain. Often it will be the case that one brain struc
ture is subserving more than one cognitive function. On
the other hand, one function might be subserved by more
than one brain structure. Under certain circumstances,
however, mind-brain relations can be reliably identified,
even in patients with large lesions. Dronkers (1996) has
demonstrated that patients with one particular symp
tom-namely, apraxia ofspeech-showed 100% overlap
of lesion in the left precentral gyrus of the insula. In ad
dition, she was able to show that this particular brain area
was spared in patients with aphasia but without apraxia
of speech. Apparently, certain well-defined functions are
localizable to specific areas of the brain. On the other
hand, it is not likely that more complex cognitive func
tions will be subserved by one particular area ofthe brain,
and, hence, a direct mapping ofthe mind and brain might
not always be as clear as the one shown in the Dronkers
(1996) study.

The third problem in identifying the relation between
the neural and cognitive architecture is that we have to
assume transparency (Caramazza, 1992): The cognitive
system of the brain-damaged patient should be exactly
the same as that of a neurologically unimpaired person,
except for one local functional modification. It is not clear
whether the brain lesions produced by stroke, tumor, and
injury will always obey this strict rule.

The second general issue concerns the single-case ver
sus group study controversy. Caramazza and colleagues
have argued that the only way to draw valid inferences
about the unimpaired cognitive system from the impaired
cognitive functions in patients with brain damage is to
use single-case methodology (see, e.g., Caramazza, 1986;
Caramazza & Badecker, 1989; Caramazza & McCloskey,
1988; McCloskey & Caramazza, 1988). This argument is
grounded in the idea that brain damage is an "experiment
ofnature" and that grouping brain-damaged patients will
most likely violate the assumption of homogeneity. That
is, it is impossible to know whether two patients have brain
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damage that causes identical functional damage, and this
can only be established on the basis of extensive experi
mentation with these two individuals.

Several authors have taken issue against this strict
single-case approach (see, e.g., Bates, Appelbaum, &
Allard, 1991; Bub & Bub, 1988; Caplan, 1988; Hagoort,
1990; Robertson, Knight, Rafal, & Shimamura, 1993;
Whitaker & Slotnick, 1988; Zurif, Swinney, & Fodor,
1991). The defenders of group studies of patients with
brain damage point out that homogeneity is often vio
lated in the normal population as well, where single in
dividuals who show a pattern of results that deviates from
the majority are treated as noise. In this sense, normal
experimental psychology does not differ as radically from
neuropsychology as Caramazza and colleagues argue. In
addition, the single-case approach is sometimes less well
suited for addressing certain valuable questions in ex
perimental psychology. For example, in psycholinguistics,
important questions about the temporal orchestration of
real-time language processes are often best studied in ex
periments with groups of subjects that can be evaluated
statistically, so that the variation in performance that
might obscure specific small but theoretically important
effects can be reduced. This last argument also high
lights a property of statistics that is relevant with respect
to the issue of homogeneity. Large variability in perfor
mance, such as might be expected in patients that have a
variety offunctional lesions, will not lead to statistically
significant results. Statistically significant results in pa
tient groups, therefore, indicate small variability in the
particular behavior that is being tested in the experiment,
which allows one to make meaningful inferences about
(changes in) this behavior in patients.

The issue of single-case versus group studies is relevant
when we consider the use ofERPs in brain-damaged pa
tients. Under certain circumstances, it might be possible
to obtain ERP data from single subjects-for example,
by running the same experiment several times with the
same subject or by using single trial statistics. In general,
however, the small size ofthe ERP effects will require an
averagingprocedure that includes several subjects in order
to obtain reliable results, and, therefore, a strict single
case approach might not be feasible. However, single
subject data can (and should) be reported. This-together
with the patients' profile on the relevant neuropsycho
logical tests and CT- or MRI-defined lesion informa
tion-will allow the evaluation of potentially interesting
individual differences.

Issues in Using ERPs in Brain-Damaged Patients
and Possible Control Procedures

In order to be able to reliably interpret possible changes
in the ERP effects in neurological patients as reflecting
deficits in certain cognitive processes, it is important to
identify the factors that might possibly contaminate the
results of the experiments and to apply the appropriate
controls (see also Hagoort & Kutas, 1995).One ofthe pos
sible confounding variables in testing patients with ERPs

is that the signal-to-noise ratio can be worse in brain
damaged patients than in the control subjects. In the pa
tients, more trials could be contaminated by artifacts
for instance, because the patients have difficulties in
refraining from blinking. To be able to reliably interpret,
for example, a reduction in a particular ERP component
in patients relative to their control subjects, it is impor
tant to have comparable signal-to-noise ratios in these
groups. One way to make the signal-to-noise ratio in the
patient group more comparable to that in the control sub
jects is to randomly delete trials in the control group in
order to arrive at the same total number of trials per av
eraged waveform. Especially in language experiments,
however, because ofthe limited number of trials per con
dition, this might not be a viable option.? In that case, the
other possibility is to improve the signal-to-noise ratio in
the patients by using an eye correction procedure rather
than by rejecting trials (see, e.g., Brunia, Mocks, &
Van Den Berg-Lenssen, 1989; Gratton, 1998; Gratton,
Coles, & Donchin, 1983). In most eye correction proce
dures, the trials that arc contaminated by eyeblinks, eye
movements, or both are corrected, so that these trials can
be retained. This has the additional advantage ofreducing
the task demand on the patients. Not allowing subjects to
blink at certain periods of time during the experiments
resembles a dual-task situation (see, e.g., Verleger, 1991),
and even normal, neurologically unimpaired subjects
sometimes have a hard time maintaining the appropriate
blink regime. One can imagine that this dual-task situa
tion is even harder for patients with brain damage. In ad
dition, some patients with severe comprehension deficits
will simply be unable to understand when they are al
lowed to blink and when not, and, in this case, the use of
an eye correction procedure is unavoidable.

Another factor that can confound the comparison of
the ERP data of brain-damaged patients with those of
their controls is the physical differences caused by skull
defects and brain atrophy in the patients. Atrophy might
lead to changes in conductivity that actually lead to an
increase in the size of ERPs. This factor can complicate
the use of source localization techniques (e.g., BESA),
because they make strong assumptions about conductiv
ity. Also, sulcal widening might change the geometry of
sources, which could lead to apparent changes in the
topography of ERP components. In addition, given that
it is not easy to quantify the consequences of brain le
sions on volume conduction, one has to be very careful
in assigning a cognitive-functional interpretation to sub
tle differences in scalp distributions of the ERP effects
between different subject groups. At the very least, ifone
wants to make between-group comparisons of the topo
graphical distribution of the effects, a rescaling proce
dure should be applied to the data (see, e.g., McCarthy
& Wood, 1985). Also, in order to evaluate whether topo
graphic changes are specific to particular cognitive pro
cesses or are a more general, nonspecific effect of brain
damage on the topographic distribution of ERP compo
nents, it is imperative to compare multiple components



in this respect (see, e.g., Friedman, Simpson, & Ham
berger, 1993). Topographic changes in one ERP compo
nent but not in others will help determine the specificity
of these changes.

A very important issue in neuropsychology in general
and in testing patients with ERPs in particular is the se
lection of patients and the choice of control subjects. In
the selection ofthe patients, a good etiology is necessary.
In group studies, it is crucial that the selected patients are
matched on as many variables as possible. Some of the
crucial variables are: the cause ofbrain damage-for ex
ample, a cerebral vascular accident (CVA), cerebral men
ingitis, AD, a closed head injury, developmental disor
ders-exact specification of the neuropsychological
problems, and the locus of the lesion identified by an ex
perienced neurologist or radiologist from CT or MRI
scans. In the best of all worlds, the patients that one se
lects for a study should have the same cause of the brain
damage (e.g., CVA), show deficits in a particular cognitive
function (e.g., deficits in understanding complex gram
matical structure), and have a focal lesion (e.g., in the in
ferior frontal lobe of the left hemisphere). Depending on
the nature ofthe study, other variables might be important
in the selection ofthe patients. For example, in language
studies, patients should be premorbidly right-handed so
that they are left hemisphere dominant for language.'

The control subjects have to be selected carefully as
well. If the patient group of interest is aged, then the re
sults from the patients have to be compared with those
from a group ofnormal age-matched controls in order to
control for the nonspecific effects ofaging on ERP com
ponents. Age-related changes in the amplitude, latency,
and topography of ERP components have been reported
in several studies (see, e.g., Friedman et al., 1993; Iragui,
Kutas, Mitchener, & Hillyard, 1993; King & Kutas,
1995a; Knight, 1987; Polich, 1996). But one should con
sider other variables in addition to age. For example, pa
tients who have undergone temporal lobectomy for the
treatment of epilepsy are often still on anticonvulsive
drugs, which means that controls should be used that are
on the same medication (Rugg, Roberts, Potter, Pickles,
& Nagy, 1991).4

It is difficult to predict what the effect of brain dam
age itself will be on cognitive ERP components, and it is
crucial to control for possible nonspecific effects ofbrain
damage on the ERPs. One way to do this is by comparing
the results from the experimental patients with those
from a group ofbrain-damaged patients who do not have
the cognitive deficit that the experimental subjects show.
For example, when testing aphasic patients with a lesion
in the left hemisphere, a control group of nonaphasic pa
tients with a lesion in the right hemisphere can be tested
as well. A comparison of the ERP pattern of results for
the aphasic and the nonaphasic patients will reveal to what
extent changes in language-sensitive ERP components
in the aphasics are due to their underlying deficit, rather
than being a more general effect ofbrain damage on cog
nitive ERP components.
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Another way to control for the nonspecific effects of
brain damage on cognitive ERP components is to use a
within-subjects experimental design, in which the same
cognitive ERP component can be compared within sub
jects over different experimental conditions. In this way,
the pattern of results for the patient group can be com
pared with the pattern of results for the normal controls,
without the necessity of doing between-groups compar
isons of ERP amplitude and latency.

A further important control is the comparison of the
experimental ERP component to ERP components that
should not be changed by the deficit in the patient group
of interest. For example, in a test of patients with apha
sia, changes might be expected in the N400 component
that is sensitive to the semantic aspects ofthe input (see,
e.g., Kutas & Hillyard, 1980), and/or in ERP components
that are sensitive to syntactic processing-as, for exam
ple, the syntactic positive shift (SPS; Hagoort, Brown, &
Groothusen, 1993) or P600 (Osterhout & Holcomb, 1992)
and the left anterior negativity (LAN; see, e.g., Fried
erici, Pfeifer, & Hahne, 1993; King & Kutas, I995b; Klu
ender & Kutas, 1993; Miinte, Heinze, & Mangun, 1993;
Neville, Nicol, Barss, Forster, & Garret, 1991). In prin
ciple, however, these patients should show a relatively
normal P300 in a classical oddball paradigm, where sub
jects have to detect infrequent low tones in a series ofhigh
and low tones (see, e.g., Donchin, 198 I). Overall, the com
parison of the experimental cognitive ERP component
with one or more of the control components will help to
determine the extent to which possible changes in the ex
perimental component can be dissociated from the effect
ofbrain damage on cognitive ERP components in general.

Finally, one last practical issue might playa role when
testing patients with brain damage. For a variety of rea
sons, these patients often cannot be tested for very long
periods of time. It is important to allow for little breaks
throughout the whole experiment. These breaks can also
be used to repeat the instructions and to motivate the sub
jects again to focus on the experiment. In general, to be
able to obtain ERP data that are relatively free of arti
facts, the total ERP session, including the application of
the electrodes, should probably not exceed two hours.
This, of course, depends on the patient group-healthy
college-aged dyslexics, for example, would not have this
limitation (see, e.g., Johannes, Mangun, Kussmaul, &
Miinte, 1995).

In general, possible reductions in the signal-to-noise
ratio and changes in conductivity in patients, in compar
ison with their controls, are variables that might conta
minate the comparison of their ERP results. However,
these issues can be addressed by having an equal number
of trials in the patients and their controls and by being
cautious in interpreting topographical differences between
subject groups. In addition, it is important to carefully
select patient groups, so that they are matched on certain
crucial variables, to test the appropriate control groups,
and to test patients on more than one ERP component. In
practice, it might not always be possible to apply all of
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these control measures. But, in the interpretation of
changes in cognitive ERP components in brain-damaged
patients relative to their controls, it is essential to keep
these issues in mind.

Given all ofthese methodological concerns, what made
it worthwhile to use ERPs in the study of the functional
nature of cognitive deficits in brain-damaged patients?
This was motivated by some unique characteristics of
ERPs. ERPs are a real-time measure of cognitive pro
cesses as they are being executed, and they provide a con
tinuous measure ofthe neural activity underlying cognitive
processes. In principle, then, the use ofERPs introduces
the potential for very detailed analyses ofpossible changes
in the time course of cognitive processes in various pa
tient populations. In addition, continuous measurement
allows for the analysis of more than the discrete behav
ior related to a particular stimulus. For example, ERPs can
be generated by the cognitive processes that prepare a re
sponse, as well as by the response itself.

Another interesting property of ERPs is that they can
be recorded without imposing additional, potentially in
terfering task demands on the patients. This opens the
possibility of testing a variety ofpatient populations that
are hard to test in behavioral experiments. Wernicke's
aphasics, for example, often have severe comprehension
deficits, which can make it very difficult to test them in
behavioral experiments. In patients with DAT, the re
quirement of making a two-choice yes or no response
will greatly impair their performance (Ober & Shenaut,
1995); the absence ofadditional task requirements while
measuring ERPs precludes task-interference effects on
the cognitive processing operations in these patients. An
other example is the performance ofParkinson's patients
on behavioral tasks: If a Parkinson's patient shows im
paired performance on some kind ofbehavioral task-let's
say a buttonpress-is this due to an underlying cognitive
impairment or to the fact that this patient is severely im
paired in his or her movements? The continuous nature
ofthe ERP signal provides us with a means oflooking at
the cognitive processes that prepare the response and
those that follow the response, which, in principal, can help
tease apart the relative contributions of impaired cogni
tive processes and impaired motor behavior in groups
such as Parkinson's patients. In order to illustrate in more
detail how ERPs can contribute to our understanding of
the nature ofcognitive deficits in brain-damaged patients,
an example from studies of aphasia follows.

ERPS IN THE STUDY OF THE
FUNCTIONAL LOCUS OF COMPREHENSION

DEFICITS IN APHASIC PATIENTS5

The ability to understand spoken words and sentences
can be severely disrupted in aphasia, as is evident from
clinical assessment as well as from experimental results.
A central issue in aphasia research is whether these com
prehension deficits in aphasic patients are due to losses
ofstored linguistic information or, alternatively, to a dis-

ruption of the processes that access and/or exploit this
information in real time. Depending on the kinds oftasks
that were used to test comprehension deficits, studies
have found evidence supporting both loss of information
and processing deficits. Studies that used tasks such as
sentence-picture matching, object naming, and sentence
completion support the idea that some linguistic repre
sentations are missing, distorted, or no longer accessible
in aphasia (see, e.g., Berndt & Caramazza, 1980; Good
glass & Baker, 1976; Grober, Perecman, Kellar, & Brown,
1980; Zurif, Caramazza, Myerson, & Galvin, 1974). These
tasks are referred to as "off-line" tasks because they re
quire subjects to operate on the end product of the lan
guage comprehension process. That is, in an off-line task,
subjects can give their responses after the relevant lan
guage processes have been completed, which permits
strategies unrelated to language processing to be involved
in producing the response. Although important, this type
of research does not provide direct information on dis
tortions of the real-time processes that act on the stored
linguistic information (Hagoort & Kutas, 1995). Investi
gating real-time processes that occur during language un
derstanding requires "on-line" methods, which tap into the
language comprehension processes as they unfold in real
time.

Since the early eighties, aphasia research has begun to
use on-line tasks, such as lexical decision. In these stud
ies, the patients were required to make fast and accurate
responses to linguistic stimuli but were kept unaware of
the linguistic process that was being manipulated. For
example, in a lexical decision task, subjects are asked to
decide as quickly and as accurately as possible whether
a letter string or a sound sequence is a word or not. How
ever, the real, underlying question in many lexical deci
sion studies is about the processing benefits for words
that are preceded by related words or sentences versus
the costs for words that are preceded by unrelated words
or sentences. In general, these types of tasks can reveal
which real-time processing characteristics of the com
prehension process are impaired, which helps to eluci
date the functional nature of comprehension deficits in
aphasia. The conclusion from on-line studies in aphasia
has been that aphasic comprehension deficits are not en
tirely due to a loss ofstored linguistic representations but
rather to the inability to access and/or exploit these rep
resentations in real time (see, e.g., Baum, 1989; Blum
stein, Milberg, & Shrier, 1982; Friederici, 1983, 1985;
Friederici & Kilborn, 1989; Friederici, Wessels, Em
morey, & Bellugi, 1992; Haarmann & Kolk, 1991, 1994;
Hagoort, 1990, 1993, 1997; Milberg, Blumstein, &
Dworetzky, 1987; Milberg, Blumstein, Katz, Gershberg,
& Brown, 1995; Ostrin & Tyler, 1993; Swinney, Zurif, &
Nicol, 1989; Tyler, 1985; Tyler, Ostrin, Cooke, & Moss,
1995). For example, Milberg and colleagues (Milberg &
Blumstein, 1981; Milberg et aI., 1987) have found that
Wernicke's aphasics, who were severely impaired in an
explicit semantic judgment task, consistently showed se
mantic facilitation effects in a priming experiment-that



is, faster lexical decisions to target words that are related
to a previous prime word than to target words that are un
related to a previous prime word. Apparently, the lexi
cal-semantic impairments of Wernicke's aphasics are
most evident when they are asked to consciously elabo
rate on aspects ofactivated word meanings (Graf& Mand
ler, 1984; Hagoort, 1993). When lexical-semantic process
ing is assessed more implicitly, as in the priming studies
with a lexical decision task, these patients do not show an
impairment.

These results have led to the idea that real-time pro
cessing impairments must be considered an important
factor in the explanation of language comprehension
deficits in aphasia. However, it is still a matter of debate
as to what the exact nature of these processing deficits in
aphasic comprehenders may be. Several authors have en
tertained the possibility that Broca's aphasics in particu
lar have an impairment in automatically accessing the
representations in the mental lexicon (see, e.g., Baum,
1989; Milberg et al., 1987; Milberg et al., 1995; Swinney
et al., 1989). But other evidence suggests that the inte
gration of lexical information into a higher order mes
sage representation might also be impaired in aphasia
(see, e.g., Hagoort, 1990, 1993, 1997; Hagoort et al.,
1996; Swaab et al., 1997, in press; Tyler & Ostrin, 1994;
Tyler et al., 1995). The latter idea was tested in a series
of three studies in which ERPs were used to investigate
the functional locus of comprehension deficits in apha
sia (Hagoort et al., 1996; Swaab et al., 1997, in press).

TheN400
The most relevant ERP component for the studies that

will be discussed below is the N400. The N400 is a neg
ative peak in the ERP waveform that is maximal over the
centroposterior regions of the scalp (Kutas & Hillyard,
1983). In young subjects, the N400 reaches its maximum
amplitude between 380 and 440 msec after stimulus on
set. However, this may be delayed in elderly subjects (see,
e.g., Gunter, Jackson, & Mulder, 1992). Within the do
main oflanguage processing, the N400 is observed with
written input, with words or sentences that are presented
in the auditory modality, with naturally produced con
nected speech (see, e.g., Holcomb & Neville, 1991), and
with sign language (Kutas, Neville, & Holcomb, 1987).

The N400 is especially sensitive to semantic aspects
of the linguistic input. This was first reported by Kutas
and Hillyard (1980), who found that the amplitude of the
N400 to visually presented sentence-final anomalous
words ("He spread the warm bread with socks") was in
creased in comparison with the N400 to sentence-final
congruent words ("It was his first day at work"). This
difference in the amplitude of the N400 is referred to as
the N400 effect. In contrast to semantic anomalies, phys
ically deviant words (e.g., words printed in a larger font
size) elicited a positive potential rather than a negativity.
Other nonsemantic deviations, such as musical or gram-
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matical violations, also failed to elicit the N400 effect
(see, e.g., Besson & Macar, 1987; Friederici, 1995; Ha
goort et al., 1993; Kutas & Hillyard, 1983; Miinte et al.,
1993; Osterhout & Holcomb, 1992).

Important for the conclusions of our experiments in
aphasic patients (Hagoort et al. 1996; Swaab et al., 1997,
in press) is the question of what the N400 effect reflects
about the underlying comprehension processes. A num
ber of studies support the idea that, in the context of a
word or a sentence, the N400 effect is reflecting lexical
integration and not lexical access. The results of recent
lexical priming studies have shown that, in the context of
another word, the N400 effect is not modulated by the
spreading of activation in a semantic network or by au
tomatic access to lexical representations, but primarily
reflects postlexical processes that are involved in lexical
integration (Brown & Hagoort, 1993; Chwilla, 1996;
Chwilla, Brown, & Hagoort, 1995; Holcomb, 1993; Rugg,
Furda, & Lorist, 1988). Brown and Hagoort (1993) found
a priming effect for reaction times in a lexical decision
task when the presentation ofthe visual prime was masked,
but, under the same circumstances, no N400 effect was
obtained. In another priming study, Holcomb (1993)
showed that the stimulus degradation of visually pre
sented target words did not modulate the size of the
N400 effect, whereas the reaction times showed larger
priming effects to the degraded than to the normal tar
gets. These results indicate that the N400 priming effect
is not sensitive to the automatic spreading of activation
and the automatic lexical access process. In support ofthe
idea that the N400 effect is sensitive to lexical integration
processes, Chwilla (1996) found evidence that suggests
that, in the absence of an overt task such as lexical deci
sion, N400 priming effects are largely due to semantic
matching, which is not unlike the integration process that
occurs in the more common processing of sentences or
discourse (Brown & Hagoort, 1993; Neely, 1991). In
both cases, word meaning has to be matched against the
semantic specifications of the context. In sentence con
texts, the finding ofVan Petten and Kutas (1991) that the
N400 to open class words is larger at the beginning ofthe
sentence than at the end ofthe sentence is also consistent
with the idea that the N400 effect is modulated by the
lexical integration process. In light ofthese findings, the
changes in the amplitude and/or latency of the N400 ef
fects in aphasic patients, relative to their controls, are in
terpreted to reflect a deficit in lexical integration.

Methodological Considerations
Before the results ofthe studies in which we used ERPs

to investigate language comprehension deficits in aphasia
are presented, the methodological controls that were im
plemented in these studies will be discussed, with refer
ence to the issues that were addressed earlier in this paper.

In all three studies, a number ofcontrol measures were
taken. First, a group of neurologically unimpaired con-
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trol subjects who were matched with respect to age and
level of education with our aphasic patients was tested.
This was done in order to control for the nonspecific ef
fects of aging on ERPs.

Second, in two of the studies, we also tested a group
of nonaphasic patients with lesions in the right hemi
sphere (RH controls). It was established that this group
was nonaphasic on the basis of their results on the Dutch
version of the Aachen aphasia test battery (AAT; Graetz,
De Bleser, & Willmes, 1992). This RH group provided
us with a control for the nonspecific effects ofbrain dam
age on ERP components. The N400 effects for the RH con
trols were in most cases relatively normal, which showed
that brain lesions do not necessarily lead to major changes
in the size and/or latency ofall endogenous ERP effects.
In general, the comparison of the results from the apha
sic patients with those from these two control groups in
dicated that the changes ofthe N400 effects for the apha
sic patients, relative to their controls, were most likely
not a nonspecific effect of their brain lesion but were
specific to the nature of their language impairment.

As a third control, we tested all the subject groups in
the nonlinguistic classical oddball paradigm, where the
subjects were asked to count infrequent low tones in a
series of high and low tones. In all of the studies, a clear
dissociation was found between the P300 effects of this
nonlinguistic control experiment and the N400 effects of
the aphasic patients. That is, the patients that showed a re
duced N400 effect did not show a reduced P300 effect
and vice versa. With the results ofthese control studies in
mind, the changes in the N400 effects of the aphasic pa
tients can be interpreted in terms oftheir language deficit.

A number of other issues were taken into consideration
in the preparation of the experiments and in the analyses
of the data. First, our patients were selected according to
stringent criteria. The patients were all premorbidly right
handed, so that the left hemisphere was their language
dominant hemisphere. Furthermore, all but one of the
subjects had the same etiology-namely, CVA. The pa
tients were tested at least 6 months after the onset oftheir
symptoms. All of the aphasic patients were diagnosed as
Broca's or Wernicke's aphasics with the AAT. Moreover,
since we were interested in language comprehension def
icits, we made sure that all of the selected patients had
light, moderate, or severe comprehension deficits on the
comprehension subtest of the AAT. Second, we prepared
as many linguistically controlled language stimuli as pos
sible in each of the studies described below (at least 50
stimuli per condition), in order to achieve a minimum of
30 trials per individual after artifact rejection. In addition,
in two ofthe three studies, we used the eye correction pro
cedure that is described by Gratton et al. (1983), in order
to increase our signal-to-noise ratio in those studies. After
artifact rejection, the percentage ofrejected trials was, on
average, around 20% for the aphasic patients, around 23%
for the RH control patients, and around 17% for the nor
mal controls.

In the analyses of the data, we not only looked at the
group-averaged ERP results but also performed a care-

ful evaluation of the single-subject data. This evaluation
of the individual subject data revealed that, despite con
siderable variation in the size of the effects, the ERP pat
tern of results that was found in the grand averages was
also discernable in most of the individual subjects. The
data from individual subjects, therefore, supported the
conclusions that had been drawn from the group data.

The Experiments
The aim of the first experiment was to determine fur

ther the nature of lexical-semantic processing impair
ments in Broca's and Wernicke's aphasics (Hagoort et aI.,
1996). This was done by presenting these patients with
spoken words in a two-word priming paradigm. The sec
ond word ofa pair was either purely semantically but not
associatively related (from the same semantic category:
church-villa), associatively related (black-white), or un
related to the first word in a pair (book-floor). The nor
mal control subjects showed the expected N400 effect of
priming: a reduction of the N400 amplitude to the se
mantically and associatively related words relative to the
unrelated words (see Figure I). The Broca's and Wer
nicke's aphasics also showed an N400 effect ofpriming,
but the overall size of the N400 effect (the difference be
tween the related and the unrelated condition) was re
duced in the Wernicke's aphasics (see Figure I).

Interestingly, however, when the data of the aphasic
patients were analyzed according to the severity of their
comprehension deficit, irrespective of their syndrome
classification, the aphasic patients with more severe com
prehension deficits (low comprehenders) showed a clear
reduction ofthe N400 effect relative to a group of normal
controls. In contrast, the patients that had only minor com
prehension deficits (high comprehenders) showed N400
effects whose size was similar to that for the controls (not
shown in figures).

The following conclusions were drawn from these re
sults: First, the fact that similar results were found for
the associatively related and for the purely semantically
related words supports the idea that these patients are
able to access information at the level oflexical semantics
(Fischler, 1977; Shelton & Martin, 1992). Second, with re
spect to their processing deficit, the data indicate that lan
guage comprehension impairments in aphasic patients
are due to an impairment in the integration of individual
word meanings into an overall meaning representation.
This conclusion can be drawn on the basis of several
pieces ofevidence. The stimulus onset asynchrony (SOA)
between primes and targets in this experiment was
1,183 msec. It has been shown that the priming effects
that are observed at long SOAs are largely due to the use
ofprimes for generating expectancies about possible tar
gets (Becker, 1980, 1985; Posner & Snyder, 1975) and/or
to a postlexical process, which has been referred to as
postlexical meaning integration (De Groot, 1985) or se
mantic matching (Neely & Keefe, 1989). In addition, the
N400 effect is sensitive to the lexical integration process,
and, in the absence ofa task, the N400 effect most likely
reflects the process of semantic matching (Chwilla,
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Figure l. Grand average ERPs at the parietal midline electrode (Pz) for normal controls (N = 12), Broca's aphasics (N = 13), and
Wernicke's aphasics (N = 8) in the associative and the semantic list for the unrelated targets (solid line), and the related targets (dot
ted line). Data are from "Lexical-Semantic Event-Related Potential Effects in Patients With Left Hemisphere Lesions and Aphasia,
and Patients With Right Hemisphere Lesions Without Aphasia," by P. Hagoort, C. M. Brown, and T. Y. Swaab, 1996, Brain, 119,
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1996). Together, the relatively long SOA between primes
and targets, the absence ofa task, and the evidence about
the processing nature of the N400 suggest that the N400
priming effects that were observed in this experiment
were generated by a semantic matching process. In this
process, subjects match primes and targets for semantic
similarity. A successful match leads to a reduction ofthe
N400 amplitude. Therefore, the impairments, in aphasic
patients who have moderate to severe comprehension
deficits, in the matching ofrelated words for their seman
tic similarity suggests that the functional locus of lan
guage comprehension problems in these patients is at the
level of integrating individual word meanings into an
overall meaning representation of the whole utterance.

In the second study (Swaab et aI., 1997), subjects were
asked to listen to sentences that were spoken at a normal
rate. In half of the sentences, the meaning of the sen
tence-final word was anomalous with respect to the pre
ceding sentence context ("The girl dropped the candy on
the sky"); in the other halfof the sentences, the sentence
final word matched the semantic specifications of the
preceding sentence context ("The children like to play in
the garden"). The N400 was measured to the sentence
final words in both conditions. In normal subjects, the
N400 to sentence-final congruent words is typically re
duced relative to the N400 to sentence-final anomalous

words (Kutas & Hillyard, 1980). This effect reflects the
fact that, in the congruent condition, the sentence-final
word was easy to integrate into the preceding sentence
context, whereas this was not the case in the anomalous
condition. The results for the aphasic patients were ana
lyzed according to the severity of their comprehension
deficit. The results showed that, in contrast to the nor
mal controls, the low comprehenders had a smaller and
clearly delayed N400 effect. The high comprehenders
showed an N400 effect that was comparable to that ofthe
neurologically unimpaired controls. Also, the N400 ef
fect for the right-hemisphere controls was not signifi
cantly different from that for the normal controls (see
Figure 2).

One interpretation for this delay in the N400 effect of
the low comprehenders is in terms ofa deficit in access
ing lexical information. Impaired access to lexical infor
mation for different words in the sentence could result in
a delayed integration of the sentence-final word and
hence in a delay of the N400 congruity effect. However,
this interpretation seems unlikely in the light of the re
sults from recent studies that show that aphasic patients
with comprehension deficits do not have a deficit in ac
cessing lexical information (see, e.g., Hagoort, 1993,
1997; Tyler et aI., 1995). Instead, given the processing na
ture of the N400, the results of this study indicate that
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these patients are slower than is normal in the process of
integrating lexical information into the overall meaning
of the entire utterance.

The third study further investigated possible delays in
lexical integration by examining the time course of the
resolution oflexically ambiguous words in sentence con
text (Swaab et aI., in press). Ambiguous words have the
same form representation but two or more unrelated
meanings (e.g., bank). Selection of the contextually ap
propriate meaning ofambiguous words in sentence con
text requires the rapid integration of this meaning with
the preceding context. In this study, the subjects were pre
sented with sentences in three different context condi
tions, followed by a target word that was presented either
100 or 1,250 msec after the offset of the sentence-final
word. In the concordant condition, the sentence biased
the subordinate meaning of the sentence-final ambigu
ous word that was related to the target ("The tall man
planted a tree on the bank/slope"). In the discordant con
text, the sentence biased the alternative (dominant) mean
ing of the sentence-final word ("The poor man made a
call to the bank/slope"). This meaning was unrelated to
the target. And finally, in the unrelated condition, the
sentence-final word was neither ambiguous nor related
to the target ("The busy man gave his ticket to the boy/
slope"). The N400 was measured to the target words
(slope in the example).

Contextual selection of the appropriate meaning of the
sentence-final ambiguous word is evident from the fol-

lowing pattern of N400 results: a reduction of the am
plitude ofthe N400 to the targets in the concordant con
dition relative to the discordant condition and the same
amplitude ofthe N400 to the targets in the discordant con
dition relative to the unrelated condition. As can be seen
in Figure 3, this pattern was found for the normal con
trols in both interstimulus interval (lSI) versions of the
experiment (the small difference between the discordant
and the unrelated condition in the short lSI version ofthe
experiment was not significant). This indicates that there
were no relevant changes over time in the selectional sta
tus of the subordinate meaning for the normal controls:
They had selected the contextually appropriate meaning
of ambiguous words within a very short period of time.
In contrast to the elderly controls, the Broca's aphasics
did show a significant change in their pattern ofERP re
sults over time (see Figure 3). The patients showed the
same pattern of results as that for the normals at the
1,250 msec lSI. Their N400 effects differed from those
ofthe normal controls at the short lSI. In the short lSI ver
sion ofthe experiment, the Broca's aphasics showed clear
activation of the subordinate meaning when it was con
textually inappropriate (i.e., a reduction of the N400 am
plitude to the targets in the discordant condition relative
to the unrelated condition).

Twoconclusions can be drawn from this pattern of re
sults. First, in contrast to claims by Swinney et al. (1989),
Broca's aphasics are able to access the subordinate mean
ing ofambiguous words. And second, these data indicate
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that the contextual selection of the appropriate meaning
ofambiguous words is delayed in these patients. Because
the contextual selection of ambiguous words depends
on the rapid integration of the appropriate meaning into
the preceding context, this delay in contextual selection
is most likely due to a delay in the time course oflexical
integration.

trols permitted us to have confidence in assigning changes
in the aphasics' N400 effects to changes in language pro
cesses. Provided that some methodological concerns are
kept in mind and controlled, the use ofERPs offers a fruit
ful approach to the study ofquestions about the underly
ing nature of cognitive deficits in brain-damaged patients.
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NOTES

1. Research, however, that uses the P300 in schizophrenic patients
has not only focused on clinical classification but has been fruitfully
applied to the investigation of the nature of the cognitive impairments
in this disease. For a cogent discussion ofthis approach, the reader is re
ferred to Ford et al. (1992).

2. In addition, it is not desirable to make the experiment very long be
cause, for a variety ofreasons, it is often not possible to test brain-damaged
patients for more than 2 h. This is one of the practical issues involved in
testing patients that will be addressed in more detail later in the text.

3. After brain damage, the assessment of right-handedness may be
confounded by the effects ofthe lesion on the motor system-hence the
emphasis on premorbid handedness.

4. Many other variables may be important in the between-group pa
tient versus control comparison, but these are not necessarily specific
to the ERP methodology. For a review on specific variables that influ
ence the generation of the P300, see Polich and Kok (1995).

5. The studies that are reviewed were performed with Colin Brown
and Peter Hagoort at the Max Planck Institute for Psycholinguistics,
Nijmegen, The Netherlands.


