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Abstract Recent years have seen the advent and proliferation
of the use of implicit techniques to study learning and cognition.
One such application is the use of event-related potentials
(ERPs) to assess receptive vocabulary knowledge. Other implicit
assessment techniques that may be well-suited to other testing
situations or to use with varied participant groups have not been
used as widely to study receptive vocabulary knowledge. We
sought to develop additional implicit techniques to study recep-
tive vocabulary knowledge that could augment the knowledge
gained from the use of the ERP technique. Specifically, we used
a simple forced-choice paradigm to assess receptive vocabulary
knowledge in normal adult participants using eye movement
monitoring (EM) and pupillometry. In the same group of partic-
ipants, we also used an N400 semantic incongruity ERP para-
digm to assess their knowledge of two groups of words: those
expected to be known to the participants (high-frequency,
familiar words) and those expected to be unknown (low-fre-
quency, unfamiliar words). All three measures showed reliable
differences between the known and unknown words. EM and
pupillometry thus may provide insight into receptive vocabulary
knowledge similar to that from ERPs. The development of
additional implicit assessment techniques may increase the fea-
sibility of receptive vocabulary testing across a wider range of

participant groups and testing situations, and may make the con-
duct of such testing more accessible to a wider range of re-
searchers, clinicians, and educators.
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One of the great challenges in the study of cognition and
learning is to know what an individual knows. What would
seem to be the most direct method—just asking them—is
fraught with many limitations. For example, the representa-
tions in the cognitive architecture and the processes that oper-
ate on them are not always available to conscious access. Even
to the degree that they are, it may be difficult for the typical
adult participant to describe them using commonplace lan-
guage. And asking is simply impossible for those with limited
or absent verbal communication abilities, such as infants,
small children, those with some kinds of developmental dis-
abilities, and nonhuman animals.

For this reason, other methods to assess learning and cog-
nition have been developed that rely instead on observations
of the participants’ behavior. Inferences are then drawn be-
tween these behavioral measures and the more elusive con-
structs of interest. One such behavioral measure is reaction
time (RT): Given the assumption that cognitive processes un-
fold in time, the measurement of how long it takes an individ-
ual to respond to stimuli that vary along different dimensions
can provide insight into the number of processes being en-
gaged, the difficulty of those processes, or the time needed
to access the stored representations, all of which might mean-
ingfully differ across experimental conditions (Donders,
1969; Posner, 2005). Another example is the habituation par-
adigm, used to study cognition in infants, in which looking
time is used as a measure of interest or stimulus novelty in
babies: Babies will visually attend to a stimulus until they no
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longer perceive it as novel, and they will look away when they
tire of it. Making small alterations to a stimulus after the child
has looked away from it allows researchers to determine, on
re-presentation, whether the child is aware of the changes (if
he or she spends time looking at it again) or not (if he or she
doesn’t; Colombo & Mitchell, 2009; Fantz, 1964). These and
other behavioral methods have an extensive history of use in
the fields of cognitive psychology, cognitive neuroscience,
and education, and have contributed greatly to our current
understanding of cognition and learning.

These methods are not without limitations themselves,
however. One important limitation is that behavioral tech-
niques often require an understanding of task instructions
and/or the execution of complex behaviors in responding,
making them difficult or impossible to use with certain partic-
ipant populations. Another limitation is the ability to general-
ize their use to participant populations other than normal
adults. For example, making inferences about age-related
changes in cognitive processing from RT studies can be diffi-
cult, because such changes may be confounded with age-
related changes in motor responses. Even the habituation tech-
nique described above, which has been used successfully to
study cognition in infants, may present difficulties of interpre-
tation for groups in whom looking behavior may be unreli-
able, such as low-functioning individuals with autism. Finally,
many of these behavioral techniques depend on a participant’s
motivation to engage in and complete the task, something that
again might vary tremendously across participant groups (and
even across testing sessions, for individual participants).

For this reason, recent years have seen an emphasis on the
development of assessment techniques that do not necessarily
rely on an explicit behavioral response. These more implicit
assessment methods (which include techniques such as func-
tional magnetic resonance imaging, event-related potentials,
eye movement monitoring, and pupillometry, among others)
have the advantage of being useable even with individuals in
whom more overt verbal or behavioral responses would be
difficult or impossible to reliably obtain. Thus, they may
prove especially useful in the study of cognition and learning
in infants, small children, and patient populations, groups that
frequently have been underrepresented in studies of cognition
due to the difficulty of testing them.

Event-related potentials in the study of receptive
vocabulary knowledge

An example of the development of an implicit technique to
study an area of learning comes from the prolific recent use of
event-related potentials (ERPs) to study receptive vocabulary
knowledge. ERPs are event-locked changes in the scalp-
recorded electroencephalogram (EEG). ERPs provide infor-
mation with very fine temporal resolution (on the order of

milliseconds) about how cognitive processes unfold in real
time. Most importantly, ERPs can be meaningfully observed
even in the absence of an overt behavioral response.

Separable ERP components have been reliably associated
with separable aspects of cognitive processing; the evaluation
of different ERP components can give a direct indication of
the involvement of individual cognitive functions. One such
component that has been reliably associated with cognitive
operations is the N400, a negative-going deflection that peaks
approximately 400ms after the onset of a meaningful stimulus
(such as a word or picture; Kutas&Hillyard, 1980). The N400
has been demonstrated to index semantic integration process-
ing, by which the meaning of new stimuli is understood as
being a part of, and integrated with, the current semantic con-
text. Stimuli that are easier to integrate with their preceding
context (for example, those that are semantically congruent
with their context) elicit a smaller-amplitude N400 than words
or pictures that are more difficult to integrate (for example,
those that are semantically incongruent) with their context
(Brown & Hagoort, 1993; Holcomb, 1993; Kutas &
Federmeier, 2000; Van Petten & Kutas, 1991). The difference
in the amplitude of the N400 between congruent and incon-
gruent conditions has been called the N400 congruity effect.

This elicitation of the N400 congruity effect has been
exploited to study receptive vocabulary knowledge by pairing
a word with the meaningful context of a concurrently present-
ed picture. A reduction of the amplitude of the N400 compo-
nent is observed when the picture matches the named word
(reflecting the ease of integrating the matching stimuli) rela-
tive to when it does not (reflecting the greater difficulty in
integrating the incongruent stimuli). Critically, the integration
of the auditory word with the picture context, and the resultant
reduction of the N400 in cases of congruity, depends upon the
listener/viewer having knowledge of the word’s meaning. To
the extent that the word is unknown to the participant, the
integration between the word and its context cannot be eased
by congruity because semantic knowledge cannot be brought
to bear on the situation. In this way, an N400 congruity effect
is predicted between spoken words and pictures, but only for
words that are known to the participant. In the case of un-
known words, no reduction of the amplitude of the N400
component would be expected, because the participant cannot
use semantic knowledge to ease integration in the congruent
condition. In other words, there should not be a difference in
the ERPs for the congruent and incongruent conditions for
unknown words because if the participant does not know the
meaning of the word, he or she cannot assess whether the
word and picture match.

A number of studies have confirmed these predictions. For
example, Connolly and colleagues (Byrne et al., 1999;
Connolly & D’Arcy, 2000; Connolly, D’Arcy, Newman, &
Kemps, 2000; D’Arcy et al., 2003; Marchand, D’Arcy, &
Connolly, 2002) used this type of N400 congruity paradigm
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to assess receptive vocabulary in a series of studies with var-
ious participant groups, including healthy adults, typically de-
veloping children, adults with aphasia, and a child with cere-
bral palsy (for whom motor activity, and thus behavioral re-
sponse, was limited). They used a variety of behavioral mea-
sures to estimate each participant’s receptive vocabulary level,
then presented congruent and incongruent pictures with words
that were within or beyond that participant’s vocabulary level.
In each case, a larger N400 was observed to the auditory word
in the incongruent condition than in the congruent condi-
tion—but only for words that were within the participant’s
vocabulary level. Other research has revealed similar results
with a variety of participant groups (see, for example, Frie-
drich & Friederici, 2004, 2005a, b, 2010; Henderson, Baseler,
Clarke, Watson, & Snowling, 2011; Torkildsen et al., 2008),
and has even demonstrated the elicitation of the effect follow-
ing training on new words (Friedrich & Friederici, 2008;
Junge, Cutler, & Hagoort, 2012; Key, Molfese, & Ratajczak,
2006; Ojima, Nakamura, Matsuba-Kurita, Hoshino, &
Hagiwara, 2010; Torkildsen et al., 2009). These findings thus
support the utility of ERP measures to help discriminate sets
of known words from sets of unknown words, and demon-
strate the capability of this technique to be used in the testing
of a wide variety of participant groups (including those who
may otherwise have struggled to make overt behavioral
responses).

Despite this demonstrated utility, the ERP paradigm
carries some important potential limitations to the study
of receptive vocabulary knowledge. First, this technique
does not easily allow examination of the brain’s response
to a single item. Because the signal (the electrical activity
of the brain) is relatively weak when compared to the mul-
tiple sources of noise in the EEG recording (such as eye
movements, blinks, and muscle activity, all of which con-
tribute to the recorded electrical signal), it is only through
averaging the time-locked signal to multiple trials of a like
type (or from the same experimental condition) that the
brain potential can be sufficiently isolated from the noise.
The greater the number of trials included in the average,
the better the chance of eliminating more of the noise and
observing more of the brain’s activity. For this reason,
studies that have used ERP paradigms to study receptive
vocabulary have done so by comparing the averaged re-
sponse across many trials of like words. When this is done,
we see that the ERPs to known words differ from those to
unknown words. This is very useful information, to the
extent that researchers and experimenters can determine a
priori pools of known and unknown words. Yet imagine
the case of a clinician or a teacher, who wishes to use some
objective measure to determine precisely which words are
known and which are not, on a single word basis. This kind
of determination from ERP data is not possible, because
the observed signal to a single word on a single trial is

simply too noisy. (One possible solution to this problem
would be to run multiple trials of a single word and to
average these together, although this approach also con-
tains potential limitations, such as the fact that ERPs are
also very sensitive to lexical repetition.) For this reason,
the development of other implicit measurement techniques
that provide benefits similar to those of ERPs, but that
might also allow the examination of responses to single
words, would be useful.

A second potential limitation to the use of an ERP para-
digm to assess vocabulary is that ERP equipment (and the
training necessary to learn to use it) is not necessarily readily
accessible to the wide variety of professionals (clinicians,
teachers, speech-language pathologists, etc.) and to the fami-
lies who work with them, who might benefit from having a
greater knowledge of an individual’s receptive vocabulary
level. ERP equipment has certainly become more affordable
in recent years (even for very high-density electrode systems),
and because of this and an increase in the application of ERPs
to the study of cognition, more and more research groups in
psychology, speech-language science, and other areas of cog-
nitive neuroscience do have the potential to use this technol-
ogy to study cognitive function. However, the cost remains
relatively prohibitive for widespread access and use, especial-
ly compared to other technologies and methods of
investigation.

Finally, some participant groups (such as infants, young
children, and patients with acquired or developmental dis-
orders) may prove less amenable to ERP testing, which
may take longer than other methodologies (due to the
need to acquire many trials) and which often involves
the lengthy application of equipment that may prove intol-
erable to some (such as individuals with autism, who are
frequently observed to dislike things being placed on their
heads). Additionally, for reasons mentioned above, the iso-
lation of the brain’s electrical activity generally benefits
from a reduction in electrical activity from other sources,
such as muscles or the eyes. Keeping such sources of
extraneous electrical noise (artifacts) out of the ERP is
usually best accomplished through instructions to partici-
pants, for instance, to refrain from moving the body and
the eyes and to refrain from blinking during critical por-
tions of the trial. Participant groups who have more diffi-
culty understanding such instruction or complying with
them will necessarily have noisier data. Traditionally, the
detection of artifacts during critical trials resulted in data
loss, as such trials would be rejected from the final anal-
ysis. Recently, data-analytic procedures have been devel-
oped that allow for artifact correction (in place of artifact
rejection), but even these methods cannot guarantee the
removal of extraneous noise and often still result in data
loss that may make the inclusion of participants from cer-
tain groups difficult or impossible.
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Other implicit assessment techniques: Eye movement
monitoring and pupillometry

For these reasons, in the present study we aimed to deter-
mine whether the assessment of receptive vocabulary knowl-
edge could be extended to other implicit measurement tech-
niques—specifically, eye movement monitoring (EM) and
pupillometry. Both of these techniques have been used in
the study of a variety of cognitive processes, as we discuss
below. Additionally, they both may prove capable of provid-
ing more stable or reliable information about single words
from single trials, which could be of tremendous benefit in
determining which individual words are known to an indi-
vidual participant. Furthermore, the equipment used to col-
lect EM and pupillometry data is generally available at low-
er costs than ERP equipment, and may be available to some
clinicians or instructors to whom ERP equipment is not. To
the extent that EM and pupillometry data could be collected
from paradigms that complement those used to study recep-
tive vocabulary using ERPs, this might extend the applica-
tion of implicit techniques generally to wider participant
populations.

Eye movement monitoring EM and pupillometry both have
long histories of application to the study of various aspects of
cognitive processing. Eye movements have long been taken
to reflect current cognitive operations (Just & Carpenter,
1976; Rayner, 1998), and thus have been used extensively
to study various aspects of cognition, especially language.
Although much of this application has been in the study of
reading, eye movements have also played an important role in
our understanding of the interface between spoken word
recognition and aspects of language processing such as
phonology or semantics. For example, Cooper (1974) dem-
onstrated that participants would move their eyes to various
pictures of objects as they heard those objects named in a
story. More recently, similar demonstrations have come using
the visual world paradigm (Eberhard, Spivey-Knowlton,
Sedivy, & Tanenhaus, 1995; Tanenhaus, 2007; Tanenhaus,
Magnuson, Dahan, & Chambers, 2000; Tanenhaus, Spivey-
Knowlton, Eberhard, & Sedivy, 1995). In this paradigm, par-
ticipants are asked to look at visual displays while listening to
speech (which might include explicit instructions to manipu-
late the objects, either with their hands or with a computer
mouse, or might be presented in a more passive way without
instruction). These studies have consistently shown a tight
time-locking between the unfolding of the auditory signal
and participants’ eye movements, such that participants will
move their eyes to named objects in the display as soon as
they can recognize even a minute fragment of the auditory
stimulus. These types of paradigms have been used to study
the time course of spoken word recognition, for example, by
identifying the time at which two objects with names that

share speech onsets become disambiguated, both in adults
(Allopenna, Magnuson, & Tanenhaus, 1998; Dahan,
Magnuson, Tanenhaus, & Hogan, 2001) and in children
(Fernald, Perfors, & Marchman, 2006; Fernald, Swingley,
& Pinto, 2001; Swingley & Fernald, 2002; Trueswell,
Sekerina, Hill, & Logrip, 1999). Recently, and importantly
for our purposes, such paradigms have also been used in
the study of semantic activation during speech perception
(Dahan & Tanenhaus, 2005; Huettig & Altmann, 2005,
2011; Myung, Blumstein, & Sedivy, 2006; Myung et al.,
2010; Yee, Huffstetler, & Thompson-Schill, 2011). For ex-
ample, Yee and Sedivy (2006) showed that as participants
heard a spoken word, their eyes were more likely to move
not only to the named object in the display, but also to a
semantically related object (for instance, if the spoken word
was lock, eye movements were more likely to a picture of a
lock and also to a picture of a key, relative to unrelated pic-
tures in the display).

Odekar, Hallowell, Kruse, Moates, and Lee (2009) used a
similar visual-world-type paradigm to determine whether
patterns of eye movements could be used as valid and reli-
able indicators of semantic priming. Participants were pre-
sented with a printed prime word (such as marriage),
followed by a display of three objects. On related trials,
one of the three objects (e.g., a ring) shared a semantic/
associative relationship with the prime, whereas the other
two (for example, a nail and an ear) did not. Odekar and
colleagues found that participants were faster to look at a
given picture when presented in the related condition (i.e.,
preceded by a related prime word) as compared to when the
same picture appeared in the unrelated condition (i.e., pre-
ceded by an unrelated prime word). Specifically, participants
looked longer at related pictures both on average (mean
fixation duration) and on initial processing measures (first
fixation duration). They were also faster to move their eyes
to a picture for the first time (latency to first fixation) in the
related condition. Additionally, proportional measures, such
as proportion of fixation durations on the target picture,
showed that participants spent relatively greater amounts of
total looking time over the course of the trial on pictures that
were related to the preceding word. Finally, they found that
a higher percentage of first fixations across trials were made
to the named object on related trials, relative to unrelated
trials. These results suggest that semantic priming is indeed
reflected in differential patterns of eye movements in a
visual-world-type paradigm. On the basis of these results,
we hypothesized that the semantic relationship between an
auditory word and its visual image would similarly affect
eye movements, but only to the extent that that relationship
was known to the participant. For both semantically related
items and for known words, we expect to see an advantage
in processing that is conferred by the knowledge of a se-
mantic match between the auditory cue and the picture. Such
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an advantage would not be conferred in the cases in which
the items do not share a semantic relationship (either be-
cause they do are not close in the semantic network, or
because one does not have the necessary knowledge to de-
termine if they are related), and this should lead to greater
relative difficulties in processing. In this way, we expected
to see similar differences as those observed by Odekar and
colleagues when comparing eye movements in our known
and unknown word conditions.

Pupillometry Pupillometrymeasures changes in pupil dilation
to study various aspects of cognitive processing. Pupillary
dilation can be affected by many environmental or
participant-internal events (such as changes in lighting, emo-
tional arousal, or the onset of stress; Beatty & Lucero-Wagon-
er, 2000; Goldwater, 1972; Hess, 1965; Hess, Seltzer, &
Shlien, 1965; Loewenfeld, 1993). Importantly, however,
changes in pupil size are also observed in relation to the de-
mands elicited by cognitive tasks, and these changes have
been shown to occur independently of other influences (Gold-
water, 1972; Karatekin, Marcus, & Couperus, 2007). Such
changes are generally observed by time-locking changes in
pupil diameter to the onset of stimuli that elicit various cogni-
tive processes, and thus are often referred to as task-evoked
pupillary reflexes (Beatty, 1982; Kahneman & Beatty, 1966;
Kahneman, Beatty, & Pollack, 1967). Such task-specific
changes in pupillary diameter have long been associated with
attentional engagement and information processing: pupillary
dilation has been shown to increase with task difficulty in
many paradigms, and has thus been taken as a measure of
resource recruitment (Beatty, 1982; Hess & Polt, 1964; Hoeks
& Levelt, 1993; Kahneman & Beatty, 1966). Recently,
Kuipers and Thierry (2011, 2013) examined pupillary re-
sponses recorded during an N400 picture–word congruity par-
adigm with high frequency words. For adults, congruent pic-
ture–word pairings elicited both a reduction in the amplitude
of the N400 and smaller pupil sizes, relative to incongruent
pairings. In a second study comparing monolingual and bilin-
gual children, similar N400 congruity effects were observed in
both groups. However, only the bilingual children showed the
congruity effect in the pupillometry measures, suggesting that
there may be developmental changes in resource recruitment
during this task that might emerge earlier in children who
speak more than one language.

For our purposes, we measured pupillary dilation during a
four-alternative forced-choice task. We expected that partici-
pants would show greater cognitive resource recruitment
when asked to select the picture that matched an unknown
auditory word, relative to the very well-known and
overlearned pairings between the known words and their vi-
sual depictions used in our study.We therefore anticipated that
we would see larger changes in pupillary dilation in the un-
known condition than in the known condition.

The present study

In the present study, we used all three of these implicit assess-
ment techniques—EM, pupillometry, and ERP—to assess re-
ceptive vocabulary in a group of normal adult participants.
The use of EM to study receptive vocabulary was novel to
this study; two previous studies have used pupillometry for
this purpose, but in a different paradigm than we employed
here. We presented participants with two tasks involving pic-
tures and auditory tokens of two sets of words: words that we
expected would be known to all of the participants (such as
circle and dog) and words that were expected to be unknown
to most of the participants (such as bilby and loquat). In the
forced-choice task, participants saw four pictures on the
screen and heard one named; they were asked to use the
mouse to select the named picture while EM and pupillary
diameter data were recorded. In the congruity task, partici-
pants saw one picture on the screen and heard an auditory
token that either matched (congruent condition) or did not
match (incongruent condition) the picture. Participants indi-
cated by button-press whether the picture matched or did not
match the spoken word. ERP data were acquired during this
task. In both tasks, half of the trials involved Bknown^ words
and half involved Bunknown^ words.

We made specific predictions for each of the three implicit
measures. For EM, we predicted that eye movements would
be faster and more reliable to the named picture for known
words; for unknown words, looking behavior was expected to
be more random and variable. Specifically, on the basis of the
previous study conducted by Odekar and colleagues (2009)
for semantic priming, we expected that measures of looking
time (mean fixation duration, first fixation duration, and first
dwell duration) would be longer to known items than un-
known items. We also expected that participants would be
faster to look at the named picture for the first time (latency
to first fixation) and to return to the named picture once having
moved the eyes away from it (latency to first refixation) for
known items relative to unknown items. We expected that the
proportional measures of time spent fixating the picture (pro-
portion of fixation duration on stimulus) and of time spent
looking at the named picture whether fixating or not (propor-
tion of dwell time on stimulus) would both be greater for
known words than for unknown words. Finally, we expected
that the percentage of times that the named object would be
the first and the last object fixated during a trial would be
greater for known objects than for unknown objects. For
pupillometry, we predicted that changes in pupillary dilation
from baseline would be greater in the unknown condition,
relative to the known, reflecting greater resource recruitment
when the word’s meaning was unknown. For ERPs, we ex-
pected to replicate previous studies that have used the N400 to
assess receptive vocabulary knowledge by showing an N400
congruity effect for known words; that is, the amplitude of the
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N400 component of the ERP was expected to be larger in the
incongruent condition, relative to the congruent condition, but
only for words that were known to the participant. For un-
knownwords, prior knowledge could not be used to determine
the congruity between the auditory word and the picture, and
therefore the amplitude of the N400 was expected to be ap-
proximately the same for the congruent and incongruent con-
ditions. Thus, no N400 congruity effect was predicted for the
unknown condition.

Method

Participants

The participants were 23 adult, right-handed native speakers
of English between the ages of 19 and 61 (M = 35 years; 70 %
male, 30% female). All had self-reported normal or corrected-
to-normal vision and hearing. None of the participants report-
ed cognitive, learning, or neurological impairment, and none
were currently taking medication that might affect neurologi-
cal or cognitive functioning. Participants were recruited from
the Johns Hopkins University and surrounding community.
The experimental procedures had been approved by the Johns
Hopkins School of Medicine Institutional Review Board, and
all participants gave written informed consent before partici-
pating in the experiment. All were monetarily compensated
for participating.

Materials

Participants completed two separate tasks (a forced-choice
task and a congruity task; see below) using the same set of
160 words and pictures. Eighty of the words (hereafter called
Bknownwords^) were very high frequency (as assessed by the
Subtlex US database; Brysbaert & New, 2009;M = 3.14, SD =
0.6), and were expected to be familiar to even very young
children; these included words such as cat, airplane, and
camera. The remaining 80 words (Bunknown words^) were
low in frequency (M = 0.85, SD = 0.5), relatively unfamiliar
words that were not expected to be known by the majority of
the adult participants. Pretesting of these materials with a sep-
arate group of normal adults from the Johns Hopkins Univer-
sity community (n = 15) confirmed that these words were
relatively unknown to this group. Examples of words in this
set included cherimoya, agouti, and cainito. All words were
highly imageable. High-resolution, color digital pictures were
selected to represent each word. Pretesting with a separate
group of normal adult participants (n = 3) ensured the suitabil-
ity of the images as representations of their corresponding
concepts. High-quality, digital auditory recordings of a female
speaker pronouncing the name of each of the items were made
using Audacity software, and were edited using Computerized

Speech Lab Model 4150 software (KayPENTAX). The edited
tokens ranged in length from 500 to 1,200 ms. The recordings
were transcribed by two speech-language pathology graduate
students naïve to the purposes of the experiment. Their tran-
scriptions were compared to that of a speech-language pathol-
ogist who assisted with the recordings to ensure that the words
were completely audible. Volume was normalized across the
tokens.

Procedure

Participants completed two testing sessions. In one, partici-
pants completed either the forced-choice task (during which
EM and pupillometry data were collected) or the congruity
task (during which ERPs were recorded), along with the Pea-
body Picture Vocabulary Test (PPVT; Dunn & Dunn, 2007).
In the second session, participants completed the second of the
two tasks (forced choice or congruity), along with a word
familiarity rating task. We chose to collect EM and PD data
during the forced-choice task, and ERP data separately during
the congruity task, tomaintain consistency with previous stud-
ies that have used similar paradigms to examine semantic
processing (as described in the introduction). The three tasks
are described in further detail below.

Forced-choice task In the forced-choice recognition task, pre-
sented in E-Prime (version 2.0.8.74), participants were asked
to use the mouse to select one of four pictures presented si-
multaneously on a computer screen after having heard one of
the objects named. On each trial, participants saw a fixation
cross at the center of the screen for 1,000 ms. The fixation
cross remained on the screen as the four pictures appeared,
one in each corner of the screen (see Fig. 1). Twenty millisec-
onds later, participants heard one of the pictures named. On all
trials, the three distractor items were drawn from the same
knowledge category (known/unknown) to prevent partici-
pants from using a process of elimination on unknown trials.
The pictures remained on the screen until the participant se-
lected one with a mouse click, or for a maximum of 5 s. There
were 160 trials, one per experimental item. These were pre-
sented in eight blocks of 20 trials, in which half were known
targets and half were unknown (pseudorandomized within
blocks). One practice trial served to familiarize participants
with the paradigm at the start of the experiment. We simulta-
neously collected eye movement and pupillometry data using
an ASL Model 504 eyetracking system. The pupil diameter
was measured horizontally and was recorded every 17 ms in
pixels. Reaction times and accuracy were also recorded.

Congruity task In the congruity paradigm, also presented in
E-Prime, a picture was presented on the computer screen,
followed immediately by the auditory presentation of a single
word, which either matched (congruent condition) or did not

290 Behav Res (2016) 48:285–305



match (incongruent condition) the pictured item (see Fig. 1).
As in the forced-choice task, the mismatching pictures for the
incongruent condition were chosen from the same knowledge
category (known/unknown) as the auditory token, to avoid
strategic responses based on a process of elimination. Addi-
tionally, care was taken to ensure that the incongruent word–
picture pairs did not share the same initial phoneme. A red
fixation point (presented for 1,000 ms) began each trial,
followed by the presentation of the picture for 700 ms. The
auditory token was then presented (varying in length from 500
to 1,200 ms). The picture remained on the screen throughout
the duration of the auditory token and for another 1 s after its
offset, during which time responses were prohibited. A re-
sponse screen (indicated by a green fixation point) was then

presented for up to 5 s or until participants made a response.
Participants used two buttons on a button box to indicate
whether the auditory word and the picture matched or did
not match. They were also instructed to keep their eyes fixated
on the center of the screen, to move as little as possible, and to
refrain from blinking during the presentation of the picture
and the auditory token. This was done to minimize artifacts
in the EEG signal. There were 320 trials, two per experimental
item (one congruent pairing, one incongruent pairing). These
were presented in eight blocks of 40 trials each, in which ten
trials of each type (known–congruent, known–incongruent,
unknown–congruent, and unknown–incongruent) were
pseudorandomized. In an initial trial block, ten nonexperimen-
tal items were presented to familiarize participants with the

Fig. 1 Schematic representations
of the forced-choice paradigm
(top) and the congruency para-
digm (bottom). See the text for
details of each. For the unknown
condition in the forced-choice
example shown above, the pic-
tured objects are (clockwise, from
top left) pinion, bilby, ackee, and
millet. For the unknown condition
in the congruency example above,
the pictured items are loquats
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task. High-density ERPs were recorded during the congruity
task at 250 Hz using a Geodesics 256-channel sensor net (see
Fig. 2) and NetStation version 4.3. Impedances were kept
under 50 kΩ, where possible.

Word familiarity task Participants were asked to participate in
a word familiarity posttest after the EM, pupillometry, and
ERP testing had been completed. In the posttest, the partici-
pants were presented with each of the 160 auditory tokens and
asked to rate their familiarity with the word on a scale from 1
(very unfamiliar) to 9 (extremely familiar), with an additional
option of 0 (no familiarity whatsoever).

Data processing and analysis

The data from each of the three implicit measures were proc-
essed and analyzed separately. For all analyses, effect sizes are
reported as Cohen’s d (for t tests) or eta-squared (η2, for anal-
yses of variance [ANOVAs]), calculated for the within-
subjects measures.

Eye movements Fixation data were analyzed using ASL Re-
sults (Applied Science Laboratories, 2009). Each presentation
slide was divided into five areas of interest: the four picture
stimuli and the fixation cross in the middle of the screen. After
discarding any trials in which more than 50 % of the trial was
not detected, an average of 78 % of unknown and 75 % of
known trials remained for statistical analysis.

For each trial, we calculated a number of dependent vari-
ables derived from fixation and dwell time measures. Fixa-
tions were defined as periods of time (in milliseconds) for
which eye gaze remained at a specific location on the screen.
Fixation onsets were defined as a stable gaze duration of at
least 100 ms and a visual angle variation of less than 1 degree.
Fixation offsets were defined as three or more sequential sam-
ples that deviated from the fixation start location by more than
1 deg of visual angle. Dwell timewas defined as the amount of
time (in milliseconds) spent looking at the named picture, with
or without fixation (i.e., the time that the eyes were in the
region of interest of the named picture, whether they stayed
in one spot long enough to reach the threshold for fixation).
From these measures, the following dependent variables were
derived:

Total number of fixations: the number of fixations made
during the entire trial
Mean fixation duration: the average length of all fixations
within the area of the named picture
First fixation duration: the length of the first fixation
within the area of interest for the named picture
First dwell on stimulus: total time spent looking at the
named picture during the first dwell
Latency to first fixation: the amount of time that passed
before the first fixation on the named picture
Latency to first refixation: the amount of time that passed
before a refixation occurred in the area of interest of the
named picture (i.e., the amount of time to come back to
fixate on the named picture after the eyes had left the
region of this picture)
Proportion of fixation duration on the stimulus: the pro-
portion of fixation duration time on the named picture
relative to total fixation duration time (i.e., fixation dura-
tion on the named stimulus/total fixation durations for all
four pictures)
Proportion of dwell time on stimulus: the proportion of
the trial that was spent looking at the named picture, with
or without fixation (i.e., dwell time on the named
stimulus/length of the trial)
Percentage of trials first fixated: the percentage of trials
(out of all good trials) on which the named object was the
first picture to be fixated
Percentage of trials last fixated: the percentage of trials
(out of all good trials) on which the named object was the
last picture to be fixated

Pupillometry To convert the pixel measurement to millime-
ters, a scaling factor was calculated using a model eye provid-
ed by ASL to simulate the image received from a real eye.
When viewed by the eye tracker optics, the model eye simu-
lates a pupil image and corneal reflection. To calibrate the

Fig. 2 The 256-channel electrode montage. Color is used to indicate the
six electrode groupings used in the analysis: Green and red indicate
frontal electrodes on the left and right, respectively; blue and yellow
indicate central electrodes; and orange and purple indicate parietal
electrodes
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pupil diameter, we positioned the model eye so that the white
circle was at a normal eye distance from the optics, oriented so
that the corneal reflection appeared below the pupil.

We used the Interface software to discriminate on the model
pupil image, recorded the pupil diameter value on the computer
screen digital display window, and computed the scale factor.
To compute a scale factor (millimeters per eyetracker unit), the
diameter of the white circle (4 mm) was divided by this value.
To perform the analyses, the recorded pupil diameter values
were converted to millimeters by applying this scale factor
(value in millimeters = scale factor × recorded value).

Pupillary responses were analyzed using Microsoft Office
Excel 2007 and IBM SPSS Statistics 19. Prior to the statistical
analyses, the data were cleaned by removing artifacts due to
excessive blinking and by replacing small blinks by linear
interpolation. Trials in which 20 or more data points in a
row (340 ms or more) were missing due to a lack of fixations
were discarded. After discarding the bad trials, an average of
75 % of the unknown and 81 % of the known trials remained
for statistical analysis. For each trial, the average pupil diam-
eter during the 200 ms preceding the stimulus onset was
subtracted from the task-evoked pupil diameter. Pupil diame-
ters were then converted to millimeters by applying the scale
factor. The data were expressed as millimeter deviations from
the pretrial baseline. We calculated three dependent variables
from the pupillometry data:

Peak dilation: the size of the largest absolute change in
pupil size from baseline
Mean change in pupil size: average change in pupil size
from baseline across the trial
Maximum percent change in pupillary dilation: the pro-
portion of the peak change in pupil size to baseline pupil
size

ERPs The EEG data were preprocessed using EEGlab version
10.2.2 and MATLAB version 8.1. The data were first filtered
using a 0.1- to 30-Hz bandpass filter and referenced using an
average reference transform to the Cz electrode. Correction for
eye movement artifacts was performed by first running a prin-
cipal component analysis (PCA) on each participant to identify
the number of components required to explain 99% of the data.
Independent component analysis (ICA) was then performed
using the specified number of components. Following ICA
decomposition, eye movements, blinks and other noise compo-
nents were manually identified and removed from the data.

The resulting cleaned continuous data was segmented into
epochs time-locked to the onset of the picture stimulus. Seg-
ments extended from 800 ms before to 1,000 ms after the audi-
tory stimulus, in order to include the full response to the picture
(presented at –700 ms). Additional bad epochs were identified
and rejected using a joint probability computation. The resulting

segments were baseline-corrected using data from the first
100 ms of the segment. In total, an average of 97 % of unknown
and 97%of known trials were included in the statistical analysis.

For the purposes of statistical analysis, the electrodes were
broken into six topographic regions across the scalp, including
left and right clusters for the frontal, central, and parietal regions
(see Fig. 2). The data from these clusters were collapsed over all
electrodes. An N400 window of interest was determined on the
basis of latency expectations derived from the literature, visual
inspection of the waveforms, and running t tests. For running t
tests, the raw data were collapsed into 24-ms bins with 12 ms
overlap, and the average amplitudes were compared between
congruencies within each bin by using paired-sample t tests.
More than five bins in a row showing significant differences
between conditions (p < .05) was deemed a significant window.
On the basis of these methods, N400 congruency effects were
examined across the window of 450–700 ms post-auditory-on-
set. We first performed a 2 (knowledge: known, unknown) × 2
(congruency: congruent, incongruent) × 3 (site: frontal, central,
parietal) × 2 (hemisphere: left, right) overall ANOVA for the
window extending from 450 to 700 ms after sound presenta-
tion; significant main effects or interactions were then followed
up with additional ANOVAs and post-hoc t tests. For the sake
of clarity, we only report and follow up significant (p < .05)
main effects or interactions.

Results

Behavioral data

Forced-choice task Across all trials, participants selected the
correct (named) picture on 79.7 % of trials. Participants had
significantly higher accuracy for known trials (99.9 %) than
for unknown trials (59.5 %), t(22) = 16.07, p < .0001, d =
3.35. Participants took an average of 1974.8 ms to make their
selection across all trials. They were significantly faster to
respond on known trials (M = 1,370.4 ms) than on unknown
trials (M = 2,579.3 ms), t(18) = 17.76, p < .0001, d = 4.07.

Congruity task Across all trials, participants made a correct
response on auditory/picture congruity on 65.7 % of trials. To
compare accuracy on the congruity task, a 2 (congruency:
congruent/incongruent) × 2 (knowledge: known/unknown)
repeated measures ANOVA was run on the mean accuracy
for each participant. There was a significant interaction of
congruency and knowledge [F(1, 22) = 72.51, p < .0001,
η2 = .74]. Post-hoc paired-samples t tests showed significantly
higher accuracies for unknown incongruent (86.4 %) than
unknown congruent trials (33.2 %), t(22) = 8.54, p < .0001,
d = 1.78; this pattern may reflect a bias on unknown trials
toward responding that the auditory cue did not match the
picture. We found no accuracy differences between known
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congruent (98.2 %) and known incongruent trials (98.8 %),
t(22) = 1.53, p = .14, d = 0.32.

To compare RTs on the congruity task, a 2 (congruency:
congruent/incongruent) × 2 (knowledge: known/unknown)
repeated measures ANOVAwas run on the mean RTs. There
was a significant interaction of knowledge and congruency
[F(1, 22) = 7.21, p < .05, η2 = .002]. Post-hoc paired-samples
t tests showed significantly slower RTs for unknown congru-
ent trials (M = 927.8 ms) than for unknown incongruent trials
(M = 878.7 ms), t(22) = 2.69, p < .05, d = 0.56. No differences
in RTs was apparent between known congruent trials (M =
759.0 ms) and known incongruent trials (M = 793.0 ms),
t(22) = 1.53, p = .14, d = 0.32. That participants responded
faster to congruent trials for known words, but to incongruent
trials for unknown words, may again reflect a response bias in
the incongruent condition.

Word familiarity ratings Known words were given signifi-
cantly higher word familiarity ratings (M = 8.99) than were
unknown words (M = 2.58), t(22.05) = 31.35, p < .0001, d =
6.54.

EM data

Table 1 presents the mean values on all of the dependent
measures derived from eye movements for the known and
unknown conditions. Sample eye movement data are shown

in Fig. 3. We observed a greater total number of fixations for
unknown than for known trials, t(22) = 17.71, p < .0001, d =
3.69. On average, mean fixation durations on the named pic-
ture were longer in the known than in the unknown condition,
t(22) = 2.39, p < .05, d = 0.50. The length of the first fixation
on the named picture was longer for known than for unknown
trials, t(22) = 3.68, p < .01, d = 0.77. The length of the first
dwell on the named picture was also longer for the known than
for the unknown condition, t(22) = 3.86, p < .001, d = 0.80.
The latencies to first fixation on the named picture, t(22) =
8.56, p < .0001, d = 1.79, and to refixation, t(22) = 8.64, p <
.0001, d = 1.80, were both shorter for known than for un-
known trials. The proportion of time spent fixating on the
stimulus (i.e., proportion of fixation duration on the stimulus)
was greater in the known than in the unknown condition, t(22)
= 12.99, p < .0001, d = 2.71. The proportion of time spent
dwelling on the stimulus (i.e., looking at the named picture,
with or without fixation) was also greater in the known than in
the unknown condition, t(22) = 11.13, p < .0001, d = 2.32. The
stimulus was the first picture to be fixated on a significantly
higher percentage of known than of unknown trials, t(22) =
2.46, p < .05, d = 0.51. Finally, the stimulus was also the last
picture to be fixated on a significantly higher percentage of
known than of unknown trials, t(22) = 19.55, p < .0001, d =
4.08.

Pupillometry data

The pupillometry data are also summarized in Table 1. Larger
peak dilations (relative to baseline) were observed for un-
known than for known trials, t(22) = 9.24, p < .0001, d =
1.93. Mean changes in pupil size from baseline were also
larger for unknown than for known trials, t(22) = 8.32, p <
.0001, d = 1.73. The maximum percent change in pupillary
dilation was also larger for unknown than for known trials,
t(22) = 10.86, p < .0001, d = 2.26.

ERP data

ERPs for the four conditions, as well as topographical plots of
the incongruent–congruent difference for the known and un-
known conditions, are presented in Fig. 4.

A 2 (congruency: congruent/incongruent) × 2 (knowledge
status: known/unknown) × 3 (site: frontal/central/parietal) × 2
(hemisphere: left/right) repeated measures ANOVA was per-
formed on the average amplitudes over a window from 450 to
700 ms after sound presentation (shaded regions in Fig. 4).
The full results can be found in Table 2. We observed a sig-
nificant three-way interaction of knowledge, congruency, and
site [F(2, 44) = 6.14, p < .01, η2 = .07].

To explore this interaction, we performed a 2 (congruency)
× 2 (knowledge) ANOVA for each site (collapsed over hemi-
sphere). There was a significant interaction of congruency and

Table 1 Means and standard deviations for each dependent variable in
the eye movement monitoring and pupillometry data

Known Unknown

Dependent Variable M SD M SD

Eye Movements

Total number of fixations in trial 3.54 0.86 6.98 1.44

Mean fixation duration (ms) 416.4 146.8 354.7 147.5

First fixation duration (ms) 406.8 126.4 328.4 64.7

First dwell on stimulus (ms) 605.4 236.5 445.1 84.5

Latency to first fixation (ms) 742.7 103.2 1,045.0 221.2

Latency to first refixation (ms) 894.7 313.2 1,573.4 594.6

Proportion of fixation duration
on stimulus (%)

63.87 17.00 34.14 8.99

Proportion of dwell time
on stimulus (%)

42.14 9.61 24.03 4.73

Percentage of trials first
fixated (%)

33.50 13.32 27.58 8.38

Percentage of trials last
fixated (%)

90.76 8.13 44.98 7.55

Pupillary Dilation

Peak dilation (mm) 5.43 1.51 7.53 2.30

Mean change in pupil size (mm) 0.01 0.70 1.31 0.74

Max percent change in pupillary
dilation (%)

15.78 3.82 22.10 5.45
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knowledge at parietal sites [F(1, 22) = 7.34, p < .05, η2 = .02].
We investigated this interaction at parietal sites by performing
a two-way (congruency) ANOVA separately for the known
and unknown words. For the known condition, a main effect
of congruency emerged [F(1, 22) = 7.69, p < .05, η2 = .07]:
The mean amplitude observed to known congruent items (M =
0.08μV, SE = 0.07) was more positive than that observed to
known incongruent items (M = –0.21μV, SE = 0.10). No such
difference by congruency was observed for unknown items (F
< 1, p = .39, η2 = .002).

To summarize, a significant N400 congruency effect (a
reduction in the amplitude of the N400 for congruent trials,
relative to incongruent trials) occurred from 450 to 700 ms
over bilateral parietal electrode locations—but only for the
known items. No such N400 congruency effect was found
for the unknown items.

Effects of familiarity observed to the picture In addition to the
expected N400 congruency effect, we also observed an earlier
difference in the waveforms recorded to the picture, before the
auditory stimulus was presented. Because the auditory word
had not yet been presented, any difference observed in this
time window would be tied to knowledge differences for the
pictures themselves, and could not be linked to congruity
(since this was determined by the auditory stimulus). To ex-
amine this difference further, we collapsed the ERPs across
congruence conditions to look at the differences elicited to the
pictures in the known and unknown conditions; these ERPs
are shown in Fig. 5.

Running t tests identified a sustained difference between
the known and unknown conditions beginning approxi-
mately 200 ms after picture onset (i.e., –600 ms, relative
to the onset of the auditory stimulus). The length of this
significant window differed over sites. To compare these
effects statistically, a 2 (knowledge: known/unknown) × 3
(site: frontal/central/parietal) × 2 (hemisphere: left/right)

repeated measures ANOVA was run on the mean ampli-
tudes for the known and unknown conditions (collapsed
over congruency) over a window from 200 to 500 ms after
picture presentation (–500 to –200 ms, relative to onset of
the auditory token). This window was chosen as the min-
imum length at which all sites showed differences in the
running t tests (Fig. 5). The ANOVA showed an interaction
of knowledge and site [F(2, 44) = 28.41, p < .0001, η2 =
.07 ; see Table 3 for the full results]. To follow up this
interaction, we collapsed over hemispheres and performed a
two-way (knowledge) ANOVA for each site. Frontal sites
showed a main effect of knowledge [F(1, 22) = 30.00, p <
.0001, η2 = .01], such that the mean amplitude to the
known condition (M = –0.93μV, SE = 0.16) was more
positive than that to the unknown condition (M = –
1.19μV, SE = 0.18). This effect was also evident over
central sites, where there was also a main effect of knowl-
edge [F(1, 22) = 11.91, p < .01, η2 = .01] due to a greater
relative positivity to the known (M = –0.24μV, SE = 0.10)
than to the unknown (M = –0.39μV, SE = 0.12) condition.
At parietal sites, we also found a main effect of knowledge
[F(1, 22) = 31.89, p < .0001, η2 = .02], but here, the
polarity of the effect was reversed: There was a greater
relative positivity to unknown (M = 1.20μV, SE = 0.14)
than to known (M = 0.97μV, SE = 0.13) items.

Thus, we observed differences in the response to the visual
stimulus between the known and unknown conditions prior to
the presentation of the (congruent or incongruent) auditory
stimulus. At frontal and central electrode locations, this differ-
ence was in the form of a relatively more positive mean am-
plitude to pictures in the known condition, whereas at parietal
sites, there was a greater relative positivity to pictures in the
unknown condition. This difference onset early across all
scalp locations (beginning approximately 200ms after presen-
tation of the picture) and extended in time for several hundred
milliseconds (especially at parietal sites).

Fig. 3 Sample eye movement patterns for a single participant for a single trial in the known (left) and unknown (right) conditions. Blue dots indicate
fixations (with the size of the dot indicating the length of the fixation)
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Correlations among measures

To consider the relationship between knowledge status and
our various dependent measures, we ran Pearson’s correla-
tions between several variable pairs separately for known
and unknown items.

Behavioral measures with implicit measures First, we exam-
ined the correlations between the three behavioral measures
and the implicit measures; these results are shown in Table 4.
The first behavioral measure was the PPVT score for each
participant. For known items, we observed several negative
correlations between PPVT score and the EM duration

Fig. 4 (a) N400 effects of picture–word congruency for known and
unknown words. ERPs are grand averages across all participants,
collapsed across electrodes in the frontal, central, and parietal regions.
Gray shading indicates the N400 window (450–700 ms after the onset of

the auditory stimulus). (b) Topographic distribution of the difference
waves (incongruent – congruent) for the known and unknown
conditions across two time windows
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measures (such as mean fixation duration, first fixation dura-
tion, and proportion of dwell time on the stimulus), suggesting
that larger vocabulary scores were associated with shorter
looking times for known items. For unknown words, on the
other hand, such correlations were not observed; the only sig-
nificant correlation for this set was a positive correlation be-
tween PPVT score and the percentage of trials on which the
named item was the last to be fixated.

The second behavioral measure was the RT on the forced-
choice task. We ran correlations between these RTs and the
EM and pupillometry measures, which were collected using
the same paradigm. These are also shown in Table 4. Of note,
for known words, we observed several positive correlations
between the RT and EM measures, suggesting that longer
times to select the named picture from the display were ac-
companied by longer looking times. This was not seen for
unknown items, for which we saw only one marginally sig-
nificant correlation between RT and the EM measure of first
dwell time. There was, however, a significant negative corre-
lation between RT and the mean change in pupil size for un-
known items, suggesting that faster RTs were accompanied by
smaller changes in pupil size for unknown items.

The third behavioral measure was RTon the congruity task,
which we correlated with the N400 effect size from the con-
current ERP task. For the congruity task, RT effect sizes were
calculated by subtracting the mean RT in the congruent con-
dition from the mean RT in the incongruent condition, sepa-
rately for known and unknown items. From the ERP data, the

N400 effect was calculated by first calculating the difference
wave (incongruent minus congruent) for each individual
word, then finding the most negative peak in the difference
wave within a window from 200 to 800 ms after sound pre-
sentation. The average difference wave amplitude within a
200-ms window around the most negative difference wave
peak was then calculated, yielding an N400 effect measure
for each individual word, which was averaged over known
and unknown trials. As can be seen in Table 4, no significant
correlations emerged between the RT effect size on the con-
gruity task and N400 effect size.

Correlations among implicit measures We also ran correla-
tions among the various implicit measures themselves. The
results of these correlations are shown in Tables 5 (for known
items) and 6 (for unknown items). Some patterns are worth
highlighting. First, for both known and unknown words, the
EM measures are all highly intercorrelated, as are two of the
three pupillometrymeasures (peak dilation and maximum per-
cent change in pupil dilation), suggesting that these measures
may be tapping into the same underlying processes. There are
also a number of significant correlations between the mea-
sures from the different implicit assessment techniques; for
example, for known words (but not for unknown words), we
observed significant correlations between the N400 effect size
and EMmeasures such as the mean fixation duration and first
fixation duration.

Discussion

In the present study, we used measures from three different
implicit assessment techniques (eye movement monitoring,
pupillometry, and event-related potentials) to study receptive
vocabulary knowledge in normal adults. Specifically, we
looked for differences between these measures to high-fre-
quency, highly familiar words, which were expected to be
known by all adult participants, and to low-frequency, unfa-
miliar words, which were expected to be unknown. The be-
havioral measures that we administered supported the distinc-
tion between these two sets of words. First, offline word fa-
miliarity ratings suggested that participants were very familiar
with the high-frequency words in our known condition, and
were relatively unfamiliar with the low-frequency words in
the unknown condition. Additionally, on both the forced-
choice and congruity tasks, participants were more accurate
and faster when making responses to known than to unknown
items. These results support the distinction between the two
sets of words and suggest that these are appropriate sets in
which to look for processing differences using our implicit
measures.

The ERP technique has previously proven useful in detect-
ing differences in receptive vocabulary knowledge for known

Table 2 Results from the 2 (knowledge) × 3 (congruency) × 3 (site) × 2
(hemisphere) analysis of variance on the average amplitudes over a win-
dow from 450 to 700 ms after sound presentation

Main effect or interaction F
Value

df p
Value

η2

Value

Knowledge <1 1, 22 .57 .002

Congruency <1 1, 22 .85 .0002

Site 3.37 2, 44 <.05* .11

Hemisphere <1 1, 22 .43 .01

Knowledge× Congruency 1.30 1, 22 .27 .008

Knowledge × Site 2.31 2, 44 .10§ .03

Congruency × Site 3.89 2, 44 <.05* .04

Knowledge × Hemisphere 2.50 1, 22 .13 .004

Congruency × Hemisphere <1 1, 22 .98 <.0001

Site × Hemisphere <1 2, 44 .96 .0002

Knowledge × Congruency × Site 6.14 2, 44 <.01** .07

Knowledge × Congruency ×
Hemisphere

<1 1, 22 .78 .0002

Knowledge × Site × Hemisphere 1.52 2, 44 .23 .001

Congruency × Site × Hemisphere 3.95 2, 44 <.05* .005

Knowledge × Congruency × Site ×
Hemisphere

<1 2, 44 .79 .0003

Significant effects are indicated: § trend, p < .10, * p < .05, ** p < .01
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and unknown words in a variety of participant groups. Our
results with ERPs replicated those of several other research
groups using a similar congruency paradigm (Byrne et al.,
1999; Connolly & D’Arcy, 2000; Connolly et al., 2000;
D’Arcy et al., 2003; Friedrich & Friederici, 2004, 2005a, b,

2010; Henderson et al., 2011; Marchand et al., 2002;
Torkildsen et al., 2008). A reliable reduction in the amplitude
of the N400 was observed in congruent versus incongruent
word/picture pairings, but only for the items that were expect-
ed to be known to the participants. For the unknown word

Fig. 5 (a) Effects of picture familiarity for known and unknown words.
ERPs are averaged over congruent and incongruent conditions for known
and unknown stimuli, and collapsed across electrodes in the frontal,

central, and parietal regions. (b) Topographic distribution of the
difference waves (known – unknown) across the time window of
interest (–500 to –200 ms before sound presentation: gray shading)

298 Behav Res (2016) 48:285–305



pairings, no difference in the amplitude of the N400 was ob-
served. The observed congruency effect for the known words
would be expected if participants are able to use their knowl-
edge of word meanings to use the picture as context when
deciding whether the accompanying auditory token is congru-
ent or incongruent. However, because such underlying seman-
tic knowledge is not available in the case of the unknown
words, the ease of processing that results from a congruency
between a word and its context (and the resultant reduction of
the N400) cannot occur. The N400 effect observed in our
experiment was slightly delayed in latency relative to canon-

ical N400 effects; this is likely due to the fact that we time-
locked our ERPs to the onset of the auditory word. Processing
may not have fully engaged until the offset of this word, or at
least until enough of the word had been presented to allow for
lexical selection.

In addition to the replication of the congruency effect for
known (but not for unknown) words, we observed differences
in the ERPs elicited by the visual stimulus itself, prior to the
presentation of the auditory stimulus that determined congru-
ency. Differences (in the form of a greater relative positivity to
known pictures at frontal and central sites, and a greater rela-
tive positivity to unknown pictures at parietal electrode sites)
were observed shortly after the onset of the picture stimulus,
and remained over a period of several hundred milliseconds,
especially at parietal sites. Because the auditory stimulus had
not yet been presented, these differences were instead elicited
by the pictures themselves, and may thus reflect differences in
the familiarity with known items relative to unknown items.
For example, this pattern could be interpreted as an N400-like
effect of semantic integration, such that increased difficulty
with integrating the unknown pictures into semantic memory
elicited the observed patterns. However, if this were the case,
this would predict an increased negativity to unknown pic-
tures over parietal sites, whereas we currently see an increased
positivity in this region. Although this effect and its interpre-
tation need further replication, the finding of familiarity dif-
ferences to the pictures themselves would be a potentially

Table 3 Results from the 2 (knowledge) × 3 (site) × 2 (hemisphere)
analysis of variance on the known and unknown average amplitudes
(collapsed over congruency) over a window from –500 to –200ms before
sound presentation

Main Effect or Interaction F Value df p Value η2 Value

Knowledge 9.53 1, 22 <.01** .006

Site 25.7 2, 44 <.0001*** .49

Hemisphere <1 1, 22 .79 .0007

Knowledge × Site 28.41 2, 44 <.0001*** .07

Knowledge × Hemisphere <1 1, 22 .72 .0001

Site × Hemisphere 1.49 2, 44 .24 .006

Knowledge × Site × Hemisphere <1 2, 44 .72 <.0001

Significant effects are indicated: ** p < .01, *** p < .001

Table 4 Correlations between
implicit measure dependent
variables and behavioral
measures

Behavioral RTs are correlated
with dependent measures that
were collected during the same
paradigm only. The congruity RT
and N400 effects were based on
incongruent – congruent
differences; see the text for further
explanation. Statistically
significant correlations are
indicated with asterisks: § p < .10,
* p < .05, ** p < .01

PPVT Forced-Choice RT Congruity RT

Known Unknown Known Unknown Known Unknown

EM

Total number of fixations –.13 –.27 .41§ .29

Mean fixation duration –.49* –.29 .57* .09

First fixation duration –.44* –.13 .56* .12

First dwell time on stimulus –.34 .09 .91** .43§

Latency to first fixation .15 –.01 .42§ .11

Latency to first refixation –.26 –.36§ –.17 .07

Proportion of fixation duration on
the stimulus

–.35§ .02 .49* .14

Proportion of dwell time on
stimulus

–.42* .17 .69** .06

First (%) .02 –.04 –.23 –.06

Last (%) –.14 .54** .37 –.30

PD

Peak dilation .02 .11 –.29 –.07

Mean change in pupil size –.14 .28 –.26 –.72**

Maximum percent change in pupil
size

–.04 .10 –.14 –.01

ERP

N400 effect –.37§ –.33 .29 .11
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important addition to the body of research on the use of ERPs
to study receptive vocabulary knowledge.

Importantly, the results from our two additional implicit
assessment techniques showed similar patterns of reliable dif-
ferentiation between the processing of known and unknown
words. During a forced-choice task, we simultaneously col-
lected EM and pupillometry data. In the EM data, participants’
eye movements were generally faster to and more consistently
focused on the named picture for known than for unknown
words. The fixation duration measures (including mean fixa-
tion duration, first fixation duration, and first dwell duration)
were all longer for known than for unknown words, demon-
strating that participants spent more time looking at the named
picture when it was associated with a known word than when
it was associated with an unknown word. Participants were
faster to move their eyes to the named picture for the first time
(latency to first fixation) and to move their eyes back to the
named picture after having left it (latency to first refixation)
for known than for unknown words. Finally, proportional
measures showed a similar finding: Proportions of fixations
on the stimulus and proportions of dwell time on the stimulus
showed that participants looked more at the named picture,
and for longer amounts of time, in the known than in the
unknown condition. Thus, reliable differences were observed
across all dependent measures of eye movements, suggesting
that the processing of known words was different than that of
unknown words, in ways that suggest that identifying the
named picture was easier for participants in the known condi-
tion. Similar findings were observed in the pupillometry data,
in which all three of our dependent measures (peak dilation,
average change in pupil size, and percent change in pupillary
dilation) showed larger changes in the unknown than in the
known condition. Because pupillary dilation has been shown
to increase with task difficulty across a range of tasks in pre-
vious research, these results again support the conclusion that
processing in the forced-choice task paradigm was more dif-
ficult for words that were expected to be unknown by our
participants.

Our ERP results, then, replicated previous findings of reli-
able differences in processing measures of words depending
on their receptive vocabulary status (known or unknown). Our
EM and pupillometry results demonstrated that such differ-
ences can also be identified using other implicit assessment
techniques that, to our knowledge, have not previously been
used explicitly to study receptive vocabulary knowledge in
any participant group. Thus, the EM and pupillometry results
provide important confirmation of the ERP differences that
were observed, with the similar advantage of not having to
rely on explicit behavioral responses from participants. Cru-
cially, although we collected behavioral measures in the pres-
ent study, all three of these implicit measures yield reliable
differences between known and unknown words that do not
rely on these behavioral responses. These implicit techniques

are thus invaluable for studying receptive vocabulary knowl-
edge in populations who do not, or cannot, make overt
responses.

We also looked at the correlations between our implicit
measures and behavioral measures, as well as the correlations
between the various implicit measures themselves. We ob-
served significant relationships between a standardized mea-
sure of vocabulary (the PPVT) and several of our EM mea-
sures; a marginally significant correlation was also observed
between PPVT score and N400 effect size. We also observed
significant correlations between RTs on the forced-choice task
and a number of EMmeasures. We did not observe significant
relationships between the N400 effect size and the RT differ-
ence measure on the congruity task; this may have been due in
part to a lack of statistical power, due to the inherently noisy
ERP data.

We observed a number of significant correlations between
measures from the different assessment techniques, as can be
seen, for example, in the positive correlations between N400
effect size and some of the EM duration measures for known
words. However, in a number of cases significant correlations
were not observed across the measures. In some cases, this
may have been due to a lack of statistical power, due to the
inherent noisiness of the ERP data; for example, negative
correlations between N400 effect size and the pupillary mea-
sures (such that larger N400 differences were observed when
pupillary dilation changes were smaller, and vice versa) were
observed for both the known and unknown words, but these
correlations did not reach significance. Other cases, however,
may be due to the fact that the implicit measures reflect un-
derlying processes that, though all engaged in the service of
word and picture recognition, potentially vary quite widely in
their exact cognitive function. These differences may be ex-
acerbated by the differences in task requirements for the
forced-choice and congruity paradigms. What is important
for the present purposes is that even when the implicit mea-
sures did not correlate with each other (perhaps because they
were tapping into complementary but nonoverlapping cogni-
tive processes), all three were still capable of differentiating
groups of known words from groups of unknown words.

These results suggest that eye movements and
pupillometry might provide techniques alternative to ERPs
for the assessment of receptive vocabulary knowledge. The
availability of alternatives to ERPs for such testing might be
appealing for several reasons, as we proposed in the introduc-
tion. First, EM and pupillometry might be available to re-
searchers or clinicians for whom the ERP methodology is
not (for practical, financial, or other reasons). Being able to
use EM or pupillometry might thus make the implicit assess-
ment of receptive vocabularymore accessible to a wider group
of individuals for whom such knowledge might prove useful
(e.g., for research purposes or for the purposes of developing
rehabilitative therapy). Second, EM and pupillometry
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recording might be accomplished better with some participant
groups than are ERPs. Many eyetracking systems are capable
of collecting EM and pupillary data in a noninvasive manner,
without the need for equipment that touches the participant in
any way. This is not the case for ERP research, which requires
the placement of electrodes on participants’ scalps. Even un-
der the most ideal circumstances—for example, with modern
recording systems that try to minimize the time required for
electrode application—the process of applying the electrodes
to the scalp, and the necessity of keeping them there during
data acquisition, can prove difficult with some participant
groups (such as small children and infants), and perhaps can
be highly stressful to others (such as individuals with autism,
who have demonstrated sensitivities to and varying tolerances
for objects placed on their person). Similarly, the desire to
minimize EEG artifacts during data acquisition is more easily
accomplished with some participant groups than with others;
although eyetracking systems have their own constraints in
this regard, some participant groups may be better able to
comply with the eyetracking restrictions than with those im-
posed by ERPs.

These results suggest that in the future, the use of
eyetracking measures (EM and pupil dilation) might help to
overcome one of the greatest obstacles to using ERPs to better
understand receptive vocabulary: the need to average the de-
pendent measure across multiple items in ERP experiments.
This makes it difficult to examine the event-related signals to
individual items, such as vocabulary words. Ideally, though,
this might be exactlywhat wewould most like to do: to make a
determination, on the basis of the response to an individual
item, whether that specific item is likely to be known or un-
known to the individual participant. Such information would
be invaluable to clinicians and teachers in developing and
personalizing instruction. The use of EM and pupillometry
might offer just such a possibility, since these measures do
not depend on signal averaging across trials of like types. In
fact, the multiple dependent measures that can be recorded
using either EM or pupillometry might have the additional
advantage of allowing the trained evaluator to look at patterns
across dependent measures for a single vocabulary word to
make a determination about whether that word is or is not
known to an individual participant. We have explored these
possibilities by using ERP, EM, and pupillometry measures to
model subjective knowledge ratings using mixed-effects lo-
gistic regression (Coderre, Gordon, & Ledoux, under review).

Finally, the use of any one of these implicit measurement
techniques (EM, pupillometry, or ERPs) may prove especially
advantageous to the study of receptive vocabulary knowledge
in participant groups from whom reliable overt behavioral
responses are difficult to collect. These very frequently may
be the very participant groups in which such knowledge could
be most beneficial in terms of further learning. In ongoing
work, we have been using these same paradigms to collect

implicit measures of receptive vocabulary knowledge in typ-
ically developing children and in high- and low-functioning
individuals with autism. This last group, in particular, has
been especially difficult to study using more traditional mea-
surement techniques. Given the pervasive language and
communication deficits observed for low-functioning indi-
viduals with autism, having measures of what words may
or may not be understood by individual participants could
prove useful in terms of further instruction and in terms of
improving caregiver communication.
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