TRENDS in Cognitive Sciences Vol.7 No.11 November 2003 489

Measuring word recognition in
reading: eye movements
and event-related potentials

Sara C. Sereno' and Keith Rayner?

'Psychology Department, University of Glasgow, Glasgow, Scotland, G12 8QB, UK
2psychology Department, University of Massachusetts, Amherst, MA 01003, USA

The investigation of visual word recognition has been a
major accomplishment of cognitive science. Two on-
line methodologies, eye movements and event-related
potentials, stand out in the search for the holy grail -
an absolute time measure of when, how and why we
recognize visual words while reading. Although each
technique has its own experimental limitations, we
suggest, by means of review and comparison, that
these two methodologies can be used in complemen-
tary ways to produce a better picture of the mental
action we call reading.

Reading — the visual comprehension of language — is an
artificial ability not yet subject to the pressures of
evolution. The complex structure and function of our
visual system dates from our shared primate origins
millions of years ago. The origin of spoken language is
loosely estimated to begin ~100 000 years ago. Writing
systems, on the other hand, emerged in cities in
Mesopotamia and Egypt at the earliest around 3500 BcC.
Mass literacy in the developed world was not fully
established until the second half of the nineteenth century.
Even today, a large percentage of the world’s population
has only rudimentary levels of literacy. Yet the develop-
ment of modern science and culture is predicated on
written language. What is it about reading that makes it
such a powerful tool? Central to the study of reading is
understanding visual word recognition and answering
such questions as: How does the visual form of a word
activate its meaning? When exactly does this happen?
What factors influence this process?

Words on a page enter the brain via the retina. The past
three decades of neuroanatomical and neurophysiological
work on monkeys has revealed much about the 30 or so
visual areas of the brain, including their response
characteristics and hierarchical organization into func-
tionally distinct processing streams [1]. But monkeys do
not read. In humans, visual word recognition has been
investigated using various approaches — neuropsycho-
logical, behavioral, computational, and, most recently,
neuroimaging (Box 1). To investigate on-line visual
language processing, however, a methodology must heed
the rapid rate of reading and also precisely capture the
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Box 1. Measures of visual word recognition

Our knowledge of how humans process written language has
emerged from neuropsychological work on patient populations.
The identification of focal brain lesions that resulted in language-
processing deficits led to hypotheses about the normal functioning of
such areas [35]. But the location and extent of lesions are often untidy,
and generalizations across patients problematic. Standard behavioral
testing over the past 35 years has produced a massive literature on
word recognition. Typically in these studies, a variety of reaction-time
tasks are used (e.g. lexical decision, semantic categorization, word
naming, self-paced reading) under a variety of stimulus presentation
conditions (e.g. words presented alone; words preceded or followed
by a prime or mask; word-by-word sentence presentation). Results
from this work have been used to generate and refine box-and-arrow
models of word recognition, detailing stages of processing and their
attendant properties. Running in a parallel stream, eye movement
research over the past 25 years has also investigated word
recognition, but in the context of normal reading using eye fixation
duration as the response measure.

Agap in our knowledge separates psycholinguistic behavior from a
level of neural implementation. One computational approach used to
address this problem simulates patterns of response across a network
of units (‘neurons’), forexamplein parallel distributed models of word
recognition [36,37]. More recently, neuroimaging methodologies
have begun to chart the psycholinguistic territories of the brain
[38,39]. The goal here is to determine the relationship between the
psychology and function of the mind and the physiology and structure
of the brain. Unlike single-cell recording, the resulting descriptions
encompass an immense scale. Imaging techniques based on tracking
blood flow to active sites in the brain, such as PET and fMRI, render
general pictures of localized differences of activity. Like previous tools
of cognitive science, they depend upon inference [40]. As the
hemodynamic response is a metabolic consequence of electrical
activity, it is invariably delayed. Developments based on the use of
‘smart’ contrast agents that track calcium flow or glucose uptake, for
example, promise better temporal resolution. Other imaging tech-
niques are based on measuring the electrical activity generated by the
brain via densely mapped sensor arrays positioned on the scalp.
These include magneto- and electroencephalogram (MEG and EEG)
recording. Although both provide a millisecond-by-millisecond
record of activity, MEG is superior in terms of localization of cortical
sources. Localization of the neural generators in EEG is problematic;
solving the ‘inverse problem’ (finding sources given surface record-
ings) requires multiple constraints [41]. Although the different
imaging methodologies might hint at convergence [42], itisimportant
to recognize the limits of each. Alignment of results using different
techniques is most informative when the spatiotemporal scales are
comparable.
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dynamics of concurrent mental processing. We believe that
eye movement (EM) and event-related potential (ERP)
recording represent the best of what is currently available
to identify real-time markers of word recognition.
Although the EM and ERP techniques have developed
largely independent of each other, we suggest that their
alliance can help reveal a more precise time course of word
recognition in reading.

Eye movements (EMs)

An important contribution to understanding on-line visual
language processing has come from EM research where
reading behavior is measured via the position, duration,
and sequence of eye fixations in text. The EM technique
offers certain advantages over traditional behavioral
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techniques. EMs are a normal part of reading. First,
subjects do not have to make decisions about words they
read, or name them aloud — procedures that disrupt the
flow of reading when used as a secondary task. Second, the
processing of a word in text is, in fact, reflected in its
fixation time [2—5]. For example, words that are short in
length, regular in their spelling—sound pattern, frequent
in their occurrence, or semantically or syntactically
predictable from a previous context are fixated for less
time than those that are not. Finally, because fixation time
is quite brief (on average, ~200—-250 ms), it sets temporal
constraints for processing (Box 2).

Whereas most words are typically fixated once, some-
times words are immediately refixated or entirely skipped.
Before a word is foveated, it has generally been viewed

Box 2. Constraints that eye movements place on word recognition and ERPs

A typical reading rate for college students of 300 words per minute
averagesoutto 200 ms perword. Reading, however, involves more than
identifying individual words. Because eye movements during skilled
reading reflect moment-to-moment cognitive processes, the average
fixation duration of ~250 ms constrains the amount of time for lexical
processing. The time course of events within a single fixation in reading
can be delimited (Figurel). Atthe beginning of afixation, ittakes ~60 ms
for information about the fixated word to travel to higher cortical
areas where lexical processing begins. Before the end of a fixation,
oculomotor latency (the time needed to program an eye movement)
limits the interval during which a sufficient degree of lexical processing
must be achieved [43]. Fixation duration will vary as a function of lexical
difficulty, but processing must be well under way within the first
100-200 ms of the fixation to meet a deadline for programming the next
eye movement. However, fixation time on a particular word does not
pinpoint when during the fixation the word is actually recognized.

ERPs can elucidate the stages of processing within a fixation but, to do
so, such effects must occur within the temporal confines of a typical eye
fixation (Figure I).

What drives the eyes forward in text has not been fully resolved.
EM research has sought to specify: (1) the type of information acquired
(e.g. featural, orthographic, phonological, semantic); (2) when this
information is acquired (e.g. parafoveally, foveally, before or after
initiation of saccadic programming); and (3) how decisions of when and
where to move the eyes are made. The accumulation of evidence favors
higher-level, cognitive oculomotor control in executing EMs [44-46].
It seems that a certain level of lexical access is necessary for initiating
EMs. Moreover, an attentional mechanism must be involved in normal
reading to explain such effects as the parafoveal preview benefit, the
size and asymmetry of the perceptual span (effective field of vision in
reading), and word skipping. Finding electrophysiological correlates of
these processes could provide independent verification.
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Figure |. Time line of processing a word in reading. A slightly inflated average fixation
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time (275 ms) is used to compensate for lack of parafoveal preview. After the sac-

cade from the word, a new fixation begins. On the same time line, an ERP waveform is shown, representing the averaged response to a foveal visual word (average of
40 subjects presented 288 words each). Such waveforms are recorded from an electrode over the left occipito-temporo-parietal region of the scalp [25]. ERP-com-
ponent nomenclature is a combination of the following: (1) the polarity of the component, positive- or negative-going (P or N, respectively) and (2) either the ordinal

number within a given polarity (e.g. 1, 2) or the approximate latency (in ms) of its pea
N150.
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parafoveally on the previous fixation. This parafoveal
preview assists the later (foveal) processing of the word,
conferring a benefit of around 20 ms or more, an effect
demonstrated when such information is denied [6-—8].
Because of the imperfect coupling between a given fixation
and the direct processing of a word, EM research has
sought out additional fixation duration and eye position
measures to characterize the data, and there is evidence
that the many components of word recognition can be
indexed by such measures [3]. We can infer, for example,
from word frequency effects in fixation duration, that
lexical access is well under way before the end of the
fixation. Because the terminal portion of a fixation must be
reserved for oculomotor latency (the lag between program-
ming and making an EM), any processing that affects
fixation time must occur roughly within the first 150 ms or
so of fixation (Box 2). What remains uncertain, however, is
pinpointing in real time precisely when such effects occur.

Event-related potentials (ERPs)

ERPs are stimulus-locked averages of the electroenceph-
alogram (EEG) across many presentations of stimuli. They
provide a continuous millisecond-by-millisecond record of
electrical changes related to on-going perceptual and
cognitive processing and can thus index changes related
to word recognition in real time [9,10]. ERPs recorded at
the scalp via high-density (e.g. 128-channel) sensor arrays
provide a measure of processing with fine-grained (exter-
nal) spatial as well as temporal resolution [11].

Traditional ERP studies of written language have
focused on later, endogenous components of the waveform,
such as the N400 (a negative-going wave occurring
~400 ms after stimulus onset), a component thought to
be sensitive to semantic relationships [12,13]. A challenge
to this research is the apparent discrepancy between what
a normal reading rate dictates in terms of the speed of
lexical and semantic events and what the ERP record has
mainly shown. That is, many significant ERP differences
seem to occur too late. In reading, for example, by 400 ms
the eyes have already moved onto the next word (see
Box 2). The onset of the N400 is not fixed at 400 ms, as its
name might imply, but can begin as early as 200 ms and
last as long as 600 ms post-stimulus. Nevertheless, in the
literature, the amplitude and latency of the N400 are
typically examined between 300—500 ms post-stimulus
and this time window is often considered to encompass the
process of interest.

Human electrophysiological studies assume that ERP
components from 50—150 ms post-stimulus represent
measures of signaling through a hierarchical visual
organization. Research combining ERP and fMRI has
confirmed this sequential progression [14]. There is a
developing argument that the speed of processing and
information flow through the visual system is more rapid
than has traditionally been assumed [15]. The first
afferent volley reaches frontal cortex 80 ms post-stimulus
and continues through the top-down feedback loops that
modulate further processing in sensory areas [16].

Findings based on monkey intracranial recordings
indicate a brief time frame for signal transmission [17].
In one model [18], stimulus activation of the visual system
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produces a rapid fast-forward sweep followed by a slower
set of recurrent interactions operating both within an
activated area and backwards to lower levels of the system.
By implication, the traditional ERP components might be
indicative of recurrent feedback-driven processes rather
than the first information sweep through the system [19].
Importantly, the neurophysiological evidence for quick,
distributed activation of the visual system provides a
plausible framework for the rapid completion of perceptual
and cognitive tasks.

Comparisons of EMs and ERPs

Eye fixation time in reading sets constraints for processing
but without sufficient temporal resolution. ERPs can
provide greater resolution because they are time-locked
on a millisecond-by-millisecond basis to brain events
during the presentation of a word. For ERP research to
advance knowledge about the timing of visual word
recognition, however, it must show sensitivity within
earlier components. Early, exogenous ERP components
have not readily exhibited processing differences aris-
ing from lexical variables. However, a few ERP studies
have demonstrated early effects — those occurring before
200 ms post-stimulus — commensurate with EM data
[20—-25]. For example, effects of word frequency and
contextual constraint have been demonstrated in the
N1 (first negative component, which peaks around
150 ms post-stimulus) beginning as early as 132 ms
post-stimulus [24,25].

To date, a handful of studies have used EM and ERP
techniques in a complementary way. One approach has
recorded the EEG during reading but used the electro-
oculogram (EOG) to measure EMs [26,27]. Eye position in
the text is estimated and the EEG data are averaged from
saccade offset (not from stimulus onset as with ERPs),
producing a saccade-related potential. Another approach
has directly compared EM and ERP data by using similar
materials in separate studies [8,24,25,28,29]. Effects of
word frequency, contextual predictability, lexical ambi-
guity, and rereading have been examined in this way.

Tracking the word frequency effect across behavioral
and eletrophysiological paradigms is particularly relevant
because its presence is considered a marker for successful
lexical access (Box 3). Word frequency effects have also
been used in examining how the meaning of an ambiguous
word is resolved within a context [24,29]. A high-frequency
ambiguous word such as ‘bank’ has a highly dominant
sense (money) and one or more weaker subordinate senses
(river). In a context that biases the subordinate interpret-
ation, the ambiguous target is at once a high-frequency
word form and a low-frequency word meaning. Although
EM studies have been somewhat equivocal regarding the
relative timing of the activation of alternative meanings,
the electrophysiological record seems to favor early lexical
selection of the subordinate, low-frequency sense. If word
frequency effects do indeed index lexical access, the N1
(the earliest electrophysiological marker of frequency)
could become a functional watershed separating early,
lexical access from later, post-lexical integration stages of
processing. Knowing the precise locus of an effect has
important implications for models of word recognition and
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Box 3. Measuring lexical access via word frequency

The word frequency effect represents the difference in responses to
high-frequency (HF) words that are most commonly used and low-
frequency (LF) words that occur much less often. The presence of
word frequency effects indicates that lexical access has occurred [47].
Using similar stimuli across different experimental measures —
lexical decision, EMs and ERPs — allows for a comparison of elicited
responses on a single temporal scale (Figure 1).

In a representative lexical decision (word/non-word) task, reaction
time was significantly faster to HF words (490 ms) than LF words
(553 ms) [25]. However, word recognition does not take as long as
this. The mental chronometry of a lexical decision includes, in
addition to word identification, various decision and motor prep-
aration stages [48].

A subset of lexical decision words was placed in the context of
sentences in an EM reading task in which the parafoveal preview of
HF and LF targets was varied [8]. Parafoveal preview was either valid
(the normal reading situation) or invalid (a letter string other than the
upcoming target word was displayed parafoveally; as in a single-
word presentation paradigm, the target is only viewed foveally). First
fixation duration (FFD) on the target was measured. FFD is the
average of all first fixations made on a word disregarding any
refixations (typically, words are fixated once). When the parafoveal
preview was valid, FFDs were significantly shorter on HF words
(2569 ms) than LF words (275 ms). Similarly, when the parafoveal
preview was invalid, FFDs were significantly shorter on HF words
(280 ms) than LF words (293 ms). The difference in latencies between
valid and invalid conditions provides an estimate of the preview
benifit (~20 ms).

ERPs were recorded for the identical set of HF and LF words
used in the aforementioned lexical decision task [25]. The
amplitude of the N1 component of the waveform from 132-
164 ms post-stimulus was significantly less for HF than LF
words. In another experiment, ERPs were recorded for a
different set of HF and LF words that were sentence-final targets
in a word-by-word sentence presentation paradigm [24]. Signifi-
cant amplitude differences (from 132 to 192 ms post-stimulus)
were again demonstrated in the N1.

In summary, behavioral measures such as lexical decision are
useful in identifying the stages of word recognition. EM measures,
because of their shorter duration, produce a working estimate of the
time window within which lexical access must occur, namely around
100-200 ms post-stimulus. Finally, ERPs are capable of specifying
precisely when such effects emerge in real time.
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Figure I. Temporal comparison of word frequency effects across experimental
paradigms. Responses to high-frequency (HF) and low-frequency (LF) words
using similar stimuli across three different methodologies are represented on
a time scale. Significant word frequency effects are present in the lexical
decision reaction time, the first fixation duration in EM reading tasks, and in
the ERP N1 component. The vertical black bar represents the time period
(100-200 ms) during which lexical access is estimated to occur.
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for determining whether a process is driven by bottom-up
or top-down mechanisms.

The way forward

EM research, guided by the temporal contours of the
reading task, has introduced innovations that use eye
contingent display changes — such as the ‘moving window’
[30], ‘boundary’ [7], ‘fast priming’ [31], and ‘disappearing
text’ [32] techniques — to explore the intricacies of reading.
In ERP research, the increased use of dense-mapping
arrays, the application of statistical techniques such as
principal component analysis [20,24,33] and independent
component analysis [34], corroboration from MEG studies
[23], and evidence for rapid visual and higher-order
processing have stimulated a welcome interest in the
early components that are crucial for establishing exact
time measures.

The current challenges impinge on both EM and ERP

research. It is important to show that factors affecting
fixation time can be reliably demonstrated in early ERP
components. It then becomes possible to use ERP data to
determine, for example, whether the temporal locus of an
EM effect is lexical or post-lexical. The prospect of
simultaneous EM and ERP recording also opens the door

to

possibilities such as finding the electrophysiological

marker of saccade generation during normal reading. We
know that word recognition occurs very rapidly — normal
rates of reading with comprehension demonstrate this. We
are confident that EM and ERP methodologies can be
combined more effectively than they have been to date.
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