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ARTICLE INFO ABSTRACT

Keywords: Visual narratives make use of various means to convey referential and co-referential meaning, so comprehenders
Comics must recognize that different depictions across sequential images represent the same character(s). In this study,
Anaphora we investigated how the order in which different types of panels in visual sequences are presented affects how
ERPs : L - . . . . .

o the unfolding narrative is comprehended. Participants viewed short comic strips while their electroencephalo-
Oscillations . .. L . .
Nref gram (EEG) was recorded. We analyzed evoked and induced EEG activity elicited by both full panels (showing a

Alpha full character) and refiner panels (showing only a zoom of that full panel), and took into account whether they
preceded or followed the panel to which they were co-referentially related (i.e., were cataphoric or anaphoric).
We found that full panels elicited both larger N300 amplitude and increased gamma-band power compared to
refiner panels. Anaphoric panels elicited a sustained negativity compared to cataphoric panels, which appeared
to be sensitive to the referential status of the anaphoric panel. In the time-frequency domain, anaphoric panels
elicited reduced 8-12 Hz alpha power and increased 45-65 Hz gamma-band power compared to cataphoric
panels. These findings are consistent with models in which the processes involved in visual narrative compre-
hension partially overlap with those in language comprehension.

1. Introduction

A growing literature on the cognition of visual narratives such as
comics has shown their similarity to language in terms of both structural
properties and processing demands. For instance, sequential visual
narratives share basic features with language (Cohn, 2013, 2014; Cohn
et al., 2012), models of visual narrative comprehension show strong
similarities to theories of the comprehension of text-based narratives
(Cohn, 2020a; Loschky et al., 2020), and manipulations of visual
sequencing elicit neurocognitive responses similar to those found in
sentence processing (Cohn et al., 2012; Cohn et al., 2014; Cohn and
Kutas, 2015, 2017; see Cohn, 2020a for a recent overview). In particular,
event-related potential (ERP) research has consistently shown that
electrophysiological responses to linguistic manipulations of both se-
mantics and grammar are also elicited by visual narratives. These ERP
findings therefore suggest the possibility of domain-general mechanisms
operating across the sequential meaning-making of both pictorial and
verbal modalities (Coderre et al., 2020; Cohn, 2020a; Cohn et al., 2012;
Sitnikova et al., 2008).

While ERPs have proven a useful measurement of neurocognitive
processing across domains, they are a relatively coarse-grained measure,
potentially masking more subtle differences between the processes
involved. A complementary view of the same electrophysiological sig-
nals can be provided by time-frequency analysis of oscillatory power,
which allows for a decomposition of the involved processes via modu-
lations in time as well as frequency (Bastiaansen et al., 2013). This
method therefore allows us to make more fine-grained comparisons
between the functional properties of the neurocognitive systems
responsible for comprehending language and visual narratives. In the
present study, we ask (1) whether time-frequency analysis of oscillatory
power provides insights into the neural correlates of visual narrative
comprehension complementary to the ERP literature, and (2) whether
and how oscillatory brain activity elicited by manipulations of visual
narratives is similar to that elicited by analogous manipulations in the
language domain.
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1.1. A cognitive introduction to visual narratives

The basic unit of a visual narrative sequence is a panel, which is an
encapsulated image unit that usually depicts referential and event-based
information. At the most basic level, visual sequences require a com-
prehenders to connect the semantic and referential information across
panels. The need for referential continuity in visual narratives has been
termed the “continuity constraint”, which pushes comprehenders to
recognize that representations across panels—despite potentially using
physically different arrangements of lines—depict the same character(s)
and objects repeatedly across frames, thus establishing co-referential
links across panels (Cohn, 2020b; Magliano et al., 2016). To accom-
plish continuity, the processing of visual narratives involves assessing
the basic semantics of images, whose new information is incorporated
into a growing situation model of the unfolding narrative (van Dijk and
Kintsch, 1983). The situation model can be used to make inferences
about the relationships between events depicted in (non-)adjacent
panels (Cohn, 2020a), and is updated with the addition of referential
and event-based information. This access-updating cycle iteratively oc-
curs at each unit of a sequence (see Brouwer and Hoeks, 2013; Cohn and
Foulsham, 2020).

To illustrate which aspects of visual sequences trigger these cognitive
processes, consider the structure of the visual narrative in Fig. 1. This
comic strip shows an event sequence where Lucy reaches into a bag and
tosses a piece of candy towards Charlie Brown, only to have Snoopy dive
between them and grab it out of the air. These events are segmented into
panels in a clear narrative structure: it begins with a set-up (Establisher),
before initiating an event (Initial), which climaxes (Peak) and then has
an aftermath (Release). Within the Initial, modifiers allow for further
complexity. Both Lucy and Charlie here belong to their own panels,
structurally conjoining two Initials into a single Initial phrase, while
leaving the overall environment to be inferred (“e”). Moreover, a panel
zooming in on Lucy’s hand and the candy appears in a “refiner”, which is
separated at a distance from its “head” in the full depiction of Lucy in the
first panel of the Initial.

Refiners have been argued to operate analogously to anaphoric ele-
ments in verbal language, indexing a semantically richer antecedent
(Cohn et al., in prep.). Like the more general co-referential continuity
constraint, refiners involve a more focal form of co-reference by con-
necting to a previously presented antecedent with the exact same fea-
tures, only with a broader representation (i.e., framing of a whole
character or scene, rather than the zoom of the refiner).

Considering these functional properties, one can think about the
contrast between full panels and refiners as being similar to the contrast
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between proper names and pronouns. Both full panels and proper names
are referentially independent; they can stand on their own and need not
be associated with another element in order to be appropriately inter-
preted. Both refiner panels and pronouns, instead, are semantically poor
and become associated with another element in the discourse to receive
full interpretation (i.e., they are referentially dependent). Moreover,
refiners and pronouns can both precede and follow the element to which
they are co-referentially related. In the latter case (i.e., proper name; —
pronoun;) they are called “anaphoric”, in the former case (i.e., pronoun;
— proper name;) they are called “cataphoric”. It appears that people’s
ordering preferences with respect to these elements are similar in sen-
tences and visual sequences: people prefer refiners to follow rather than
precede full panels (Cohn et al., in prep.), and they prefer anaphoric over
cataphoric co-referential pronouns (Filik and Sanford, 2008; Kennison
et al., 2009). These preferences align with the results of recent corpus
analyses. Initial analyses of a corpus of 90 comics showed differences in
the use of anaphoric refiners across cultures (Cohn, 2019), and a sub-
sequent unpublished analysis of an expanded corpus of 300+ comics has
suggested greater frequency of anaphoric to cataphoric refiners.
Nevertheless, the mapping between the (co-)referential units in verbal
and visual language is not one-to-one. An important difference is that
refiners focus attention on one aspect of the full panel, so they can shift
the local topic of the narrative (Cohn, 2013; Foulsham and Cohn, 2021).
Pronouns, instead, are mostly used when the referent is already in
discourse focus; they sustain the topic rather than shifting it (Gordon
and Hendrick, 1998; Marslen-Wilson et al., 1982; Vonk et al., 1992).

In the present study, we investigate referential and co-referential
processes in visual narrative comprehension via their effects on event-
related EEG activity. We manipulate panel type and sequence order in
a crossed two-by-two design, in which we look at semantic and refer-
ential processing by comparing full panels to refiner panels, and at co-
referential processing by comparing anaphoric panels to cataphoric
panels.

1.2. ERP correlates of visual narrative comprehension

Manipulations of visual narrative sequences have been associated
with several ERP effects, most notably the N300, N400, Late Positive
Component (LPC) and Nref. The N300 is a frontally distributed negative
potential which is elicited by pictorial stimuli and shows sensitivity to
semantic congruency: semantically incongruent or unrelated pictures in
both pictorial contexts (McPherson and Holcomb, 1999; West and Hol-
comb, 2002) and written sentence contexts (Federmeier and Kutas,
2001) elicit a larger N300 than semantically congruent or related
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Fig. 1. Visual narrative sequence using a distance dependency between a fully depicted character (Lucy in an Initial) and a “refiner”, which highlights the infor-
mative aspects of its corresponding full panel. Peanuts is © Peanuts Worldwide LLC.



C.W. Coopmans and N. Cohn

pictures. Semantic incongruency is not a necessary prerequisite, how-
ever, as full panels elicit a larger N300 than refiner panels even in
contexts that are fully congruous (Cohn and Foulsham, 2020). As the
N300 component is often associated with semantic identification or
categorization of visual objects (Draschkow et al., 2018; Hamm et al.,
2002; McPherson and Holcomb, 1999), the N300 difference between
refiners and full panels suggests that these panel types differ in the ease
with which their content can be identified and categorized. The N300 is
not commonly found in response to linguistic manipulations, arguably
because words do not have to be ‘identified’ in a similar way (see West
and Holcomb, 2002 for discussion).

The N400, in contrast, does respond quite similarly to experimental
manipulations in verbal and visual contexts. As in language, the picto-
rially elicited N400 shows strong sensitivity to expectancy and semantic
congruency, with unexpected and incongruous visual events eliciting an
increased N400 (Coderre et al., 2020; Cohn et al., 2012; Federmeier and
Kutas, 2001; McPherson and Holcomb, 1999; Reid and Striano, 2008;
West and Holcomb, 2002; Willems et al., 2008). In both the verbal and
the visual domain, the N400 component is a negative deflection that
peaks around 400 ms and is viewed as indexing access of information in
semantic memory (Kutas and Federmeier, 2011). Moreover, it has been
argued that N400 modulations in visual sequences reflect compre-
henders’ predictions about the way an incoming image will relate to the
prior narrative context (Coderre et al., 2020; Cohn, 2020a). Some of
these comprehension processes might be shared with the neurocognitive
processes underlying (predictive) language processing (Cohn, 2020a).
For instance, a recent study found that visual narrative sequences
modulate the N400 effect to written words that replace Peak panels
(Manfredi et al., 2017). While this similarity suggests that language and
visual narrative comprehension rely on cross-modal semantic resources,
the spatio-temporal characteristics of these N400 effects do show
notable differences. The N400 in language usually peaks between 300
and 500 ms, but the N400 elicited by pictorial stimuli is characterized by
a more prolonged time course (Cohn et al., 2012; West and Holcomb,
2002). And while the language-related N400 effect has a
centro-posterior topography, pictorial N400 effects are more frontally
distributed (Cohn et al., 2012; Federmeier and Kutas, 2001; Ganis et al.,
1996; West and Holcomb, 2002), indicating that the semantic networks
involved are at least partially non-overlapping (see Sitnikova et al., 2008
for discussion).

When the semantic information corresponding to an image has been
accessed, it must be integrated into the mental representation of the
preceding context. This ‘updating’ process involves integration, rean-
alysis, and/or reorganization of prior information established by the
preceding context, depending on the strength of required update (Cohn,
2020a). Updating is an ongoing process, often associated with the
positive-going LPC in ERP studies on language processing (Brouwer and
Hoeks, 2013; Burkhardt, 2006; Coopmans and Nieuwland, 2020; Delogu
et al., 2019). In visual narrative studies, it has been shown that the LPC is
sensitive to the amount of updating required to integrate incoming in-
formation with the discourse model. For instance, when panels are
embedded in a sequence of zoom panels, they elicit a stronger LPC than
when they are embedded in a sequence of full panels (Cohn and Foul-
sham, 2020). When the information in the context has been restricted in
its framing, as in the case of a sequence of zoom panels, any incoming
information requires a strong update to the discourse model (Cohn and
Foulsham, 2020). LPC modulations also occur when the contextual
framing of discourse information is completely coherent. Any shift in
character or event state, whether congruous or incongruous, triggers an
increase in LPC amplitude, suggesting that updating is an ongoing pro-
cess that does not require anomalies (Cohn and Kutas, 2015, 2017).

Of particular relevance to the current study are ERP effects associ-
ated with (co-)referential processing. Referentially ambiguous anaphors
elicit a frontally distributed sustained negativity compared to non-
ambiguous anaphors (for reviews, see Nieuwland and van Berkum,
2008; van Berkum et al., 2007). This ERP effect, called the Nref, can be

Neuropsychologia 172 (2022) 108253

elicited by different types of anaphoric expressions, including noun
phrases (e.g., van Berkum et al., 1999; Nieuwland et al., 2007), pro-
nouns (e.g., Nieuwland and van Berkum, 2006; Nieuwland, 2014), and
proper names (e.g., Coopmans and Nieuwland, 2020). It has been
argued to reflect ‘true’ referential ambiguity at the discourse level
(Nieuwland et al., 2007; van Berkum, 2009), but referential ambiguity is
not a necessary requirement to elicit an Nref effect (Coopmans and
Nieuwland, 2020; Karimi et al., 2018). In visual narrative sequences,
(unambiguous) panels following an event that is omitted from a scene
also elicit frontally distributed negativities (Cohn and Kutas, 2015), but
it is unclear whether these are related to the Nref effect or instead reflect
more general inference processes. In the remainder of the text, we will
refer to the sustained frontal negativity as Nref, but we remain agnostic
about whether they reflect the same effect as the Nref effects found in
linguistic studies of co-referential processing.

1.3. A time-frequency perspective on visual narratives

ERPs have proven a useful measure of neurocognitive processing,
both of language and visual narratives. However, as ERPs are calculated
by averaging the time-locked EEG signal across a large number of trials,
they contain only ‘evoked’ activity that is strictly phase-locked to the
external event of interest. Non-stationary activity, whose phase varies
from trial to trial, will be reduced by this procedure and can therefore
not be captured by ERP analysis (Bastiaansen et al., 2013; Tallon-Baudry
and Bertrand, 1999). The modulation of this ongoing ‘oscillatory’ ac-
tivity reflects patterns of (de)synchronization of neuronal networks,
which are thought to be related to the dynamic coupling or uncoupling
of functional systems (Buzsaki and Draguhn, 2004; Engel et al., 2001;
Singer, 2011; Varela et al., 2001). Analysis of oscillatory activity is
potentially fruitful for the study of visual narrative comprehension
because of its constantly changing demands on integration processes.
Here, we study this activity via time-frequency analysis of power, which
can be used to assess synchronization changes in local neuronal as-
sembles. As this method can quantify event-related activity that is not
strictly phase-locked to the event of interest, it provides a view on
event-related electrophysiological activity that is complementary to the
ERP approach.

To date, there are no M/EEG studies that have used time-frequency
analysis to study the neural correlates of visual narrative comprehen-
sion. In the following sections we will therefore provide a brief overview
of psycholinguistic studies that have used experimental manipulations
involving semantic congruency and referential ambiguity. We consider
the results of this literature relevant for visual narrative comprehension
because of the aforementioned literature on ERPs across modalities, and
because the oscillatory effects likely reflect domain-general processes
underlying the brain’s attempt to deal with these manipulations rather
than specific linguistic processes per se (Bastiaansen et al., 2013; Prys-
tauka and Lewis, 2019).

In a recent EEG study on the comprehension of anaphoric proper
names, Coopmans and Nieuwland (2020) presented participants with
two-sentence discourse stories in which the critical proper name in the
second sentence was either repeated or new, and either semantically
coherent or incoherent with the first sentence. In line with the view that
the successful comprehension of an anaphoric expression requires the
initial activation and the subsequent integration of the antecedent into
the discourse representation (Nieuwland and Martin, 2017),
time-frequency analysis showed two patterns of oscillatory synchroni-
zation. Repeated names, whose antecedent had to be activated in
working memory, elicited stronger theta power than new names, sug-
gesting that theta activity indexed referent activation. Integration, on
the other hand, was associated with gamma-band activity:
discourse-coherent proper names elicited stronger gamma-band syn-
chronization than discourse-incoherent proper names (see also Nieuw-
land and Martin, 2017). Both theta and gamma effects are commonly
reported in studies of language comprehension, in particular in response
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to manipulations of memory retrieval, predictability and semantic
integration.

Theta effects (3-7 Hz) in language comprehension research are often
associated with the retrieval of lexical-semantic information from long-
term memory (Bastiaansen et al., 2005, 2008; Bastiaansen and Hagoort,
2015; Piai et al., 2016). Bastiaansen et al. (2005), for instance, found
stronger theta power for content words than for function words, plau-
sibly because content words are semantically richer and therefore acti-
vate the (lexico-)semantic network more strongly. In the context of
anaphor processing, theta activity has been linked to the reactivation of
linguistic information from working memory (Coopmans and Nieuw-
land, 2020; Heine et al., 2006; Meyer et al., 2015; Nieuwland et al.,
2019). The direction of this effect, however, is not consistent across
studies, which could be due to differences in both the types of anaphoric
expressions and the experimental manipulations used to probe the
working memory system (i.e., repeated vs. new, ambiguous vs. unam-
biguous, difficult vs. easy to reactivate). Despite the mixed pattern of
results, these effects are relevant for the current study, particularly in
light of the idea that the working memory resources recruited for lan-
guage and visual narrative comprehension are partially shared
(Magliano et al., 2016).

Gamma-band activity (>30 Hz) in response to linguistic manipula-
tions is often associated with semantic integration (Bastiaansen and
Hagoort, 2003; Coopmans and Nieuwland, 2020; Fedorenko et al., 2016;
Nieuwland and Martin, 2017; Pena and Melloni, 2012; Rommers et al.,
2013) and predictability (Lewis et al., 2015; Lewis and Bastiaansen,
2015; Wang et al., 2012; Wang et al., 2018). Semantically coherent and
predictable words elicit stronger gamma-band power than words that
are unpredictable and/or difficult to integrate into the semantic repre-
sentation of the sentence (e.g., Coopmans and Nieuwland, 2020; Lewis
etal., 2015; Rommers et al., 2013; Wang et al., 2012). These studies used
purely linguistic input, but semantic integration of audio-visually pre-
sented information is also reflected in modulations in gamma-band ac-
tivity. Willems et al. (2008) found decreased gamma power in response
to pictures that were semantically incongruous with the preceding lin-
guistic context, possibly indexing the involvement of an amodal se-
mantic system, in line with the ERP literature (Coderre et al., 2020;
Sitnikova et al., 2008).

While Coopmans and Nieuwland (2020) reported no modulations in
the alpha band (8-12 Hz), alpha effects were reported in another EEG
study on referential processing. Boudewyn et al. (2015) showed that the
size of the Nref effect in response to ambiguous vs. unambiguous ana-
phors was predicted by oscillatory activity that occurred earlier, when
possible antecedents of the anaphor were introduced into the discourse.
Specifically, alpha power during the presentation of these discourse
referents was negatively correlated with the amplitude of the Nref eli-
cited by the ambiguous anaphor. Boudewyn et al. (2015) argued that if
participants do not pay close attention to the introduction of referents in
the discourse (indexed by increased alpha power), they will be less
sensitive to an ambiguity manipulation that depends on having encoded
that referential information (i.e., smaller Nref for ambiguous anaphors).
This proposed link between alpha activity and attentional (dis)engage-
ment during discourse-referential processing aligns well with the results
of a recent study about narrative comprehension, which relied on car-
toons as experimental manipulation. Guan et al. (2018) presented par-
ticipants stories consisting of five vignettes (picture-sound pairs). The
story narrative was presented in the first three vignettes. At the fourth
vignette, participants were asked a question that probed them to think
about the story protagonist’s mental state, which could either be true or
false compared to reality (i.e., a false belief task). Time-frequency
analysis of EEG activity elicited at the fourth vignette showed a sus-
tained increase in parietal-occipital alpha power for ‘false’ conditions, in
which the protagonist’s belief conflicted with reality. In line with the
finding that alpha power is increased for more effortful internal cogni-
tive activity when external information is actively suppressed (Bonne-
fond and Jensen, 2012; Foxe and Snyder, 2011), this alpha effect was
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interpreted as an index of effortful internal processing related to the
evaluation of two conflicting views (i.e., the perspective of the protag-
onist vs. reality).

1.4. The present study

The current study seeks to explore the electrophysiological signa-
tures of referential and co-referential processes in visual narrative
comprehension. To this end, we compare both evoked and induced ac-
tivity elicited by different panels in semantically coherent narrative
structures. These narrative structures contained six sequential images,
which included refiner panels that zoom in on the contents of another
full panel. Refiner panels and full panels, which differ in referential
content, are co-referentially related to one another and are therefore
presented within the same sequence: cataphoric panels served as ante-
cedent for anaphoric panels (see Fig. 2 for an example). We test for the
effect of panel type by comparing full panels to refiner panels (i.e.,
panels with blue vs. red outline in Fig. 2), and for the effect of ana-
phoricity by comparing anaphoric to cataphoric panels (i.e., panels with
solid vs. dashed outline in Fig. 2). As cataphoric panels always precede
anaphoric panels, we additionally test for the effect of ordinal sequence
position on the processing of co-reference by comparing co-referential
panels to non-co-referential panels. In Fig. 2, this corresponds to the
co-referential (anaphoric) panels in position 4 and the non-co-referential
panels in position 3 (see Section 3.3 for discussion).

We hypothesize that the neurocognitive processes triggered by these
manipulations can be dissociated in event-related EEG activity. First of
all, as refiners frame crucial information, they facilitate categorization
processes. This would lead to a reduced N300 for refiners compared to
full panels, which might or might not be followed by a modulation of the
N400 component (see Cohn and Foulsham, 2020). We expect anaphor-
icity to be associated with the Nref effect: anaphoric panels are expected
to elicit sustained negative potential compared to cataphoric panels,
indexing co-referential processing initiated in response to the relational
properties of anaphoric panels (e.g., Nieuwland and van Berkum, 2008).
We also consider the possibility that panel type and anaphoricity
interact, in particular with respect to cataphoric refiner panels and
anaphoric full panels. That is, refiner panels are unexpected and infe-
licitous when used cataphorically (Cohn et al., in prep.), which leads to
the prediction that they elicit an increased N400 compared to anaphoric
refiners (Coderre et al., 2020; Cohn et al., 2012). While no such coher-
ence effect is expected for full panels, which can be used both
anaphorically and cataphorically, these panels might modulate LPC
amplitude. We expect anaphoric full panels (which follow cataphoric
refiners) to elicit a stronger LPC, indexing greater updating cost for
panels that must be linked to a constrained situation model (Cohn and
Foulsham, 2020).

These ERP effects might be accompanied by time-frequency effects in
the theta band, which has been associated with the retrieval of lexical-
semantic information from long-term memory (Bastiaansen et al.,
2005, 2008). As full panels are semantically richer than refiners, we
predict an increase in theta power for full panels compared to refiner
panels (e.g., the content word-function word contrast in Bastiaansen
et al., 2005). Moreover, as theta has been linked to reactivation from
working memory as well, we expect anaphoric panels to elicit stronger
theta power (e.g., the repeated-new contrast in Coopmans and Nieuw-
land, 2020) and stronger gamma power than cataphoric panels,
reflecting the fact that anaphoric panels complete a co-referential de-
pendency (Coopmans and Nieuwland, 2020; Nieuwland and Martin,
2017).

2. Methods
2.1. Participants, materials and procedure

Thirty-two right-handed participants (16 female, mean age = 22.3,
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Fig. 2. Example narrative with two different sequences, in which the factors panel type and anaphoricity are crossed. In all sequences, the cataphoric panel served as

the antecedent of the anaphoric panel. Peanuts is © Peanuts Worldwide LLC.

SD = 3.6) watched short visual narratives while their EEG was
measured. All participants gave written informed consent to take part in
the EEG experiment, which was approved by the Tilburg University
School of Humanities and Digital Sciences Research Ethics and Data
Management Committee. A total of 96 comic strips was used, each
consisting of six panels, taken from a corpus of novel sequences con-
structed using panels from The Complete Peanuts by Charles Schulz. Of
each comic strip, there were four versions: in the first two versions the
full panel preceded the refiner, in the other two the refiner preceded the
full panel (see Fig. 2). Within each order, the full panel and the refiner
were either adjacent or they were separated by another panel which
occupied position 3. The critical panels in the sequences were those in
position 2, 3, and 4. Cataphoric panels always occupied position 2,
whereas anaphoric panels were either in position 3 or 4. This was part of
an anaphor-distance manipulation that was discussed in Cohn et al. (in
prep.) but not analyzed here. The four different versions of each comic
strip were equally distributed over four lists, with each list containing
one version of each strip, such that participants never saw more than one
version of the same strip. Each list also contained 72 filler sequences. For
each strip we looked at the EEG activity elicited by both the cataphoric
panel in position 2 (both refiner and full) and the anaphoric panel in
position 3 or 4 (both refiner and full).

Participants were individually tested in a soundproof both. At the
start of each trial, they had to press a button, after which a visual
narrative sequence appeared one panel at a time at the center of the
screen. Each panel remained on the screen for 1350 ms. Successive
panels were separated by 300 ms. To make sure participants paid
attention to the sequences, they had to rate the comprehensibility of
each sequence (1-7 Likert scale, ranging from “hard to understand” to
“easy to understand”) immediately after its offset.

2.2. EEG recording and preprocessing

EEG was measured using a Brain Products actiCHamp system via 32
electrodes mounted in a Standard actiCAP. The data were acquired at a
sampling rate of 250 Hz with a high cut-off filter of 70 Hz, and online
referenced to electrode Fz. Ocular activity was monitored using elec-
trodes beside the left eye and beneath the right eye.

For preprocessing, the data were high-pass filtered at 0.1 Hz (36 db/
oct), re-referenced to the average of the left and right mastoids and
segmented into epochs ranging from —1000 to 2000 ms relative to panel
onset. We then visually inspected the data and excluded bad segments
containing movement artifacts or multiple-channel muscle activity. We
used Independent Component Analysis (ICA; using ICA weights from a 1
Hz high-pass filtered version of the data) to filter artifacts resulting from

eye movements. Last, we excluded trials in which the difference between
the maximum and minimum voltage exceeded 200 pV. This procedure
excluded on average 8 segments per participant (M = 4.2% (SD = 8.0%)
of overall data; range across participants = 0-24.4%). As no participants
were excluded after preprocessing, the analyses reported are based on
the full sample of 32 participants.

2.3. ERP analysis

Before statistical analysis of the ERPs, we low-pass filtered the EEG
signal at 35 Hz (36 db/oct) to remove high-frequency activity (Luck,
2014) and performed baseline correction using a 200 ms interval pre-
ceding the critical panel. ERPs were then analyzed with linear
mixed-effects models (Baayen et al., 2008), using the lme4-package
(Bates et al., 2014) in R (version 4.0.3, R Core Team, 2021). Separate
models were applied to the N300, N400, LPC and Nref spatio-temporal
regions of interest (ROI). For the N400, LPC and Nref, we adopted the
temporal parameters used by Coopmans and Nieuwland (2020). For the
LPC, the dependent variable was the average voltage value for each trial
across the eight centro-parietal electrodes C3, Cz, C4, CP1, CP2, P3, Pz,
P4 in a 500-1000 ms time window after panel onset. At the Nref ROI, the
voltage values for each trial were averaged across the ten fronto-central
electrodes Fpl, Fp2, F7, F3, F4, F8, FC5, FC1, FC2, FC6 in a 300-1500
ms time window. The N300 ROI was composed of the same electrodes in
a 200-400 ms time window. These fronto-central electrodes were also
used for the N400 ROI (300-500 ms), because the N400 for pictorial
stimuli is more frontally distributed than the N400 elicited by linguistic
stimuli (Cohn et al., 2012; Federmeier and Kutas, 2001; Ganis et al.,
1996; West and Holcomb, 2002).

We applied separate models to all four ROIs to assess the effects of
anaphoricity and panel type. For each analysis, we started with a full
model, which had anaphoricity and panel type (both deviation coded) as
well as their interaction as main effects. We included participant as
random effect, which had a random intercept and the interaction be-
tween anaphoricity and panel type as random slope. In case of non-
convergence, we removed the interaction term and retained anaphor-
icity and panel type separately as random slope for participant. To assess
the effect of each factor, we compared the model with that factor to the
model without it using the anova function in R (a = 0.05).

2.4. Time-frequency analysis

Time-frequency analysis of oscillatory power was performed using
the Fieldtrip toolbox (Oostenveld et al., 2011), following the same
procedure as used by Coopmans and Nieuwland (2020). We performed
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time-frequency analysis in two different but partially overlapping fre-
quency ranges. For the low (2-30 Hz) frequency range, power was
extracted from each individual frequency using a 400-ms sliding Han-
ning window in time steps of 10 ms. For the high (25-70 Hz) frequency
range, we used a multitaper approach (Mitra and Pesaran, 1999) with
Slepian tapers, with a 400-ms time-smoothing and a 5-Hz
frequency-smoothing window, in frequency steps of 2.5 Hz and time
steps of 10 ms. On each individual trial, power in the event-related in-
terval was computed as a relative change from a baseline period ranging
from —500 to —250 ms relative to panel onset. We computed average
power changes for each condition and participant separately.

Differences in power across conditions were compared using non-
parametric cluster-based random permutation tests (Maris and Oos-
tenveld, 2007). First, by means of a two-sided dependent samples t-test
we performed the comparisons described below, yielding uncorrected
p-values. Neighboring data triplets of electrode, time and frequency
band whose p-values exceeded a critical a-level of .05 were clustered.
Clusters of activity were then evaluated by comparing their cluster-level
test statistic (sum of individual t-values) to a reference distribution that
was created by computing the largest cluster-level t-value on each of
1000 permutations of the same dataset. Clusters falling in the highest or
lowest 2.5th percentile were considered significant. Using the
correct-tail option to correct p-values for doing a two-sided test, we
evaluated p-values at @ = .05.

All time (0-1500 ms) and frequency points (2-30 Hz; 30-70 Hz)
were submitted to the cluster-based permutation tests, with which we
tested the following comparisons: anaphoric panels vs. cataphoric
panels (collapsed over panel type), full panels vs. refiner panels
(collapsed over anaphoricity), and the interaction between panel type
and anaphoricity. We tested for this interaction by comparing the effect
of panel type in the anaphoric condition to the same effect in the cata-
phoric condition (i.e., difference between anaphor-full and anaphor-
refiner vs. the difference between cataphor-full and cataphor-refiner).

To ensure that the reported time-frequency effects in the 2-30 Hz
frequency band provide information above and beyond the information
found in the ERPs, we also performed time-frequency analysis on the
EEG signal after subtracting, for each participant, the average ERP for
each condition (Cohen, 2014). As time-frequency data contains both
phase-locked and non-phase-locked activity, any observed difference

A B

_%p

Neuropsychologia 172 (2022) 108253

might (at least partially) be caused by such phase-locked activity, which
is the only activity contained in the ERP signal. Subtracting the average
ERP removes much phase-locked activity from the signal, such that
time-frequency analysis of the resulting signal provides a measure of
non-phase-locked activity.

3. Results
3.1. Event-related potentials

The average ERPs of all conditions in the fronto-central ROI are
presented in Fig. 3A. In the 200-400 ms N300 time window, the effect of
panel type was similar for anaphoric and cataphoric panels (§ = —0.08,
SE = 0.33), xz = 0.06, p = .80. Moreover, anaphoric and cataphoric
panels elicited similar ERP amplitude (p = —0.14, SE = 0.16), % = 0.71,
p = .40. Refiner panels elicited a less negative ERP than full panels (f =
1.04, SE = 0.16), x? = 27.47, p < .001 (see Fig. 3B for ERPs and Fig. 3D
(top) for the scalp topography of this effect of panel type).

In the 300-500 ms N400 time window, the effect of anaphoricity was
similar for refiner and full panels (§ = 0.01, SE = 0.33), 2 = 0.001, p =
.98. Cataphoric panels elicited more negative N400 amplitude than
anaphoric panels (p = —0.38, SE = 0.18), x? = 4.37, p = .04 (Fig. 3C;
scalp topography in Fig. 3D (middle)). However, this effect of ana-
phoricity appeared to be driven by the different ordinal positions of
anaphoric and cataphoric panels rather than their co-referential status
(see Section 3.3). Refiner and full panels elicited similar N400 amplitude
(p = 0.11, SE = 0.19), > = 0.35, p = .56.

At the centro-parietal LPC ROI (500-1000 ms), the effect of panel
type was similar for anaphoric and cataphoric panels (§ = 0.23, SE =
0.35), ¥ = 0.45, p = .50. Anaphoric panels elicited more negative
amplitude than cataphoric panels (p = 0.64, SE = 0.18), XZ =10.74,p=
.001. Based on the sustained nature of this effect (see Fig. 3C), however,
we believe that this is a spill-over of the Nref effect. Visual inspection of
the ERPs in Fig. 3B suggests that full panels elicited more positive ERP
amplitude than refiner panels in the LPC time window, but this differ-
ence was not significant: refiner and full panels elicited similar ampli-
tude (B = —0.18, SE = 0.17), y* = 1.34, p = .25.

In the 300-1500 ms Nref time window, the effect of anaphoricity was
similar for refiner and full panels (§ = 0.27, SE = 0.31), Xz =0.75,p =
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Fig. 3. (A) Event-related potentials (ERPs) for all conditions in the fronto-central region of interest. Negative voltage is plotted upwards. The shaded area around the
ERPs represents within-subjects standard error of the mean per time sample. (B) ERPs by panel type, collapsed over anaphoricity. (C) ERPs by anaphoricity, collapsed
over panel type. (D) Topographical plots of the difference between full and refiners panels in the 200-400 ms (N300) time window, and between anaphoric and
cataphoric panels in the 300-500 ms (N400) and 300-1500 ms (Nref) time windows.
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.39. The average ERP for anaphoric panels was more negative than the
average ERP for cataphoric panels (p = 0.90, SE = 0.18), X2 =19.11,p<
.001 (Fig. 3C; scalp topography in Fig. 3D (bottom)). Refiner and full
panels elicited similar ERP amplitude (B = —0.27, SE = 0.21), x> = 1.66,
p = .20.

These analyses show that, in the pre-defined Nref ROI, the effect of
anaphoricity was similar for refiner and full panels. The ERPs in Fig. 3A,
however, suggest that anaphoricity and panel type interact, but that this
interaction is not captured in the rather long 300-1500 ms time window.
It seems that the interaction has to do with the onset latency of the
sustained negativity rather than with its amplitude. To explore the
possibility that the Nref effect was delayed for full panels, we split the
original ROI up into two time windows: one ranging from 500 ms (the
offset of the N400 time window) to 1000 ms and the other from 1000 to
1500 ms (see also Nieuwland, 2014; Nieuwland et al., 2007). We ran two
separate linear mixed-effects models on the voltage values in both time
windows, both of which were averaged in the fronto-central ROI defined
above. The model for the 500-1000 ms effect indeed showed an inter-
action between panel type and anaphoricity (p = 0.59, SE = 0.30), >
3.85, p = .050, while the model for the 1000-1500 ms effect did not (B
—0.05, SE = 0.38), Xz = 0.02, p = .90. These exploratory results are
based on a partially data-driven decomposition of the sustained nega-
tivity and should therefore be interpreted with caution, yet they do
suggest that the onset of this effect of anaphoricity is modulated by the
type of panel eliciting the co-referential processes.

3.2. Time-frequency data

As shown in Fig. 4, all conditions elicit a visually salient early in-
crease in the theta band. Patterns in higher frequency ranges are less
consistent.

Analyses in the low frequency band showed a theta effect as a
function of panel type: refiner panels elicit stronger theta power (3-7
Hz) compared to full panels (one significant cluster, p = .004), which
was most prominent between 100 and 300 ms after panel onset and had
a fronto-central distribution (Fig. 5A). As this effect has a similar latency
and scalp distribution as the N300 effect elicited by the same contrast
(Fig. 3B and D (top)), it might be a time-frequency correlate of ERP
activity. To see whether this is the case, we used cluster-based permu-
tation tests on non-phase-locked activity elicited by full and refiner
panels. This analysis was applied in the 0-1500 ms time window and in
both a broad 2-30 Hz and a more specific 3-7 Hz frequency range.
Neither contrasts yielded significant clusters, indicating that the theta
effect is indeed driven by phase-locked activity and is therefore not
complementary to the ERP results.

In the high frequency band, full panels elicited an increase in gamma

Neuropsychologia 172 (2022) 108253

power compared to refiner panels. This effect shows up in two parts of
the gamma-band: one cluster peaks around 40 Hz (p = .032), the other
around 60 Hz (p = .022), but both have a similar time course and scalp
distribution and might thus be the same effect (Fig. 5B).

Anaphoric panels elicited a decrease in alpha-band (8-12 Hz) power
compared to cataphoric panels (one significant cluster, p = .002). This
effect was most prominent between 400 and 1000 ms after panel onset
and had a centro-parietal distribution (Fig. 6B). In the high frequency
range, we found that anaphoric panels elicited a strong increase in
45-65 Hz gamma-band activity (one significant cluster, p = .002),
which was widely distributed in time and space (Fig. 6A).

3.3. Exploratory analysis of the effects of sequence position

We recognize that the contrast between anaphoric and cataphoric
panels is confounded with their ordinal sequence position, because
cataphoric panels always precede anaphoric panels (i.e., cataphoric
panels are always in position 2, anaphoric panels are in position 3 or 4).
This might be particularly relevant for the alpha effect because alpha
activity is linked to working memory processes, which plausibly vary
across different positions in the comic strip. It is also relevant for the
N400 effect, which has been shown to be modulated by the ordinal
position of the panel or word it is elicited by (Cohn et al., 2012; Giglio
et al., 2013; van Petten and Kutas, 1990). To check whether sequence
position can explain these effects, we compared full panels that were
co-referential (i.e., anaphoric panels; heads in their dependency) to full
panels that were not co-referential (i.e., not heads). For the latter, we
used the full panels of the Initial that were preceded by the refiner but
were not co-referential with it (i.e., the picture of Charlie Brown pre-
paring to catch the candy in panel 3 of Fig. 2). This contrast between
co-referential and non-co-referential full panels is not confounded with
sequence position, because both panel types were equally often in po-
sitions 3 and 4.

We assessed the effect of co-reference on the N400 amplitude by
means of a linear mixed-effects model with condition (co-referential vs.
non-co-referential) as fixed effect and participant as random effect,
which had a random intercept and condition as random slope. This
analysis showed that, in the N400 ROI, co-referential and non-co-
referential panels elicited very similar N400 amplitude (§ = —0.11,
SE =0.21), % = 0.29, p = .59. The N400 effect of anaphoricity reported
above thus appears to be an effect of sequence position, rather than
being driven by the co-referential status of anaphoric panels.

For the time-frequency comparison of the same contrast, we
restricted our analysis to centro-parietal activity within the 8-12 Hz
alpha range and the 400-1000 ms time window (see the rectangular
outlines in Fig. 7). These parameters are based on the spatio-temporal
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properties of the alpha effect (see Fig. 6B). A two-sided paired-samples t-
test on average power in this ROI indicated that alpha power was lower
for co-referential than for non-co-referential full panels, t (31) = —2.26,
p = .031. This effect is in line with the interpretation that the decrease in
alpha power for anaphoric compared to cataphoric panels is related to
the co-referentiality of anaphoric panels, not to their sequence position.

We aimed to make the same comparison for the Nref, which was
more negative for anaphoric compared to cataphoric panels, but this
effect of anaphoricity was also sensitive to panel type. We therefore
compared non-co-referential full panels to both co-referential full panels
and co-referential refiner panels. As the interaction between

anaphoricity and panel type was time-dependent, we again we split the
Nref ROI up into two time windows, ranging from 500 to 1000 ms and
from 1000 to 1500 ms. In both time windows we compared two mixed-
effects models, one with and one without the factor condition, which
had the levels ‘co-referent refiner panel’, ‘co-referent full panel’, and
‘non-co-referent full panel’.

In the 500-1000 ms window, the factor condition was associated
with modulations of the Nref, y?> = 16.47, p < .001. Pair-wise compar-
isons (Holm-corrected) showed that this effect was driven co-referential
refiners (see Fig. 8), which elicited more negative potential than both co-
referential full panels (B = —0.63, SE = 0.21, z = —2.97, p = .006) and
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Fig. 8. Event-related potentials for co-referential refiner panels, co-referential
full panels, and non-co-referential full panels in the fronto-central region of
interest. Negative voltage is plotted upwards. The shaded area around the ERPs
represents within-subjects standard error of the mean per time sample.

non-co-referential full panels (f = —0.73, SE = 0.18, z = —3.98, p <
.001). Critically, co-referential and non-co-referential full panels did not
differ from one another (p = —0.10, SE = 0.18, z = —0.55, p = .58), as
can be seen in Fig. 8. In the 1000-1500 ms window, condition did not
predict modulations of the Nref, ¥> = 0.39, p = .82. These findings
suggest that the Nref effect can only partially be attributed to the
different ordinal positions of anaphoric and cataphoric panels in the
comic strip. That is, when we controlled for sequence position, the early
time window shows an effect of co-reference for refiners only, in line
with the interaction between anaphoricity and panel type in that win-
dow (see Section 3.1). The absence of a difference between the three
conditions in the later time window suggests that the part of the Nref
effect we observed for anaphoric panels in that later time window (i.e.,
main effect of anaphoricity; see Section 3.1) is not related to co-
referentiality but rather reflects processes specifically related to panels
later in the sequence.

4. Discussion
In this EEG study, we used ERP and time-frequency analyses to study

referential and co-referential processes involved in the comprehension
of visual narratives. Participants viewed short comic strips with refiner

panels and full panels that were co-referentially related to another. We
analyzed EEG activity elicited by both panel types, and took into account
whether they preceded (i.e., cataphoric) or followed (i.e., anaphoric) the
panel to which they were co-referentially related. ERP analyses revealed
that refiner panels elicit a reduced N300 compared to full panels, while
anaphoric panels elicit a reduced N400 as well as a sustained negativity
compared to cataphoric panels. The N400 effect appeared to be an effect
of sequence position rather than anaphoricity, while the sustained
negativity was sensitive to both the sequence position and the co-
referential status of the critical panel.

Time-frequency analyses of power showed effects in several fre-
quency bands. Full panels elicited a broad increase in gamma-band
power compared to refiner panels, while anaphoric panels elicited
reduced 8-12 Hz alpha power and increased 45-65 Hz gamma power
compared to cataphoric panels. These effects reveal both similarities to
and differences with the electrophysiological correlates of (co-)refer-
ential processing in language, suggesting that comprehending structured
sequences in both domains relies on neural resources that are partially
overlapping, and showing that time-frequency analysis provides a
completer picture on the neurocognition of visual narrative
comprehension.

4.1. Electrophysiological signatures of reference: refiners vs. full panels

Refiner panels elicited an attenuated negativity compared to full
panels, which peaked between 200 and 400 ms after panel onset (see
also Cohn and Foulsham, 2020). We interpret this component as an
N300, which has been related to object categorization or identification
(Draschkow et al., 2018; Hamm et al., 2002; McPherson and Holcomb,
1999). That is, the difference between refiners and full panels in this
early time window can reflect the neural processes involved in
extracting information about the content of the panel in order to
recognize what is being looked at. These processes are differently
engaged for refiner and full panels because they differ in complexity: as
refiner panels zoom in on specific visual features of one element in the
full panel, they attenuate demands on categorization (Cohn and Foul-
sham, 2020).

Modulations of the N300 often co-occur with a subsequent N400
effect (Cohn et al., 2012; Federmeier and Kutas, 2001; McPherson and
Holcomb, 1999; West and Holcomb, 2002), but the N400 in our study
was not modulated by panel type. In contrast to previous studies, we did
not have a strong manipulation of expectancy or semantic congruency,
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which could explain why our ERP results do not index differential de-
mands on semantic processing. Indeed, while refiners and full panels
might have differed in categorization and identification processes, as
indexed by the N300 effect, they were presented in coherently struc-
tured visual sequences, so they plausibly required comparable access to
semantic memory (Cohn and Foulsham, 2020).

The manipulation of panel type also affected gamma-band activity:
full panels elicited stronger gamma power than refiner panels. This ef-
fect appeared in two frequency ranges (i.e., 35-45 Hz and 55-65 Hz),
but both clusters showed a similar latency and scalp distribution, so we
cannot exclude the possibility that they index one effect. This gamma-
band difference might reflect a difference in object recognition for
both panel types. Traditionally, gamma activity has been implicated in
successful recognition of objects: gamma power is increased when sen-
sory (and cognitive) properties of an object can be bound together into a
coherent percept (Tallon-Baudry, 2003; Tallon-Baudry and Bertrand,
1999). However, object recognition happens quite early, as indicated by
the early onset of the N300, and leads to a transient gamma response
(Martinovic et al., 2007; Schneider et al., 2008; Tallon-Baudry, 2003).
The late onset and prolonged time course of this effect (see Fig. 5B)
therefore speak to an integratory interpretation. This need not be similar
to the type of discourse-level anaphoric integration discussed in the next
section; instead, it could index more general binding processes related to
the featural and semantic richness of full panels (e.g., Clarke et al., 2011;
Herrmann et al., 2004).

4.2. Electrophysiological signatures of co-reference: anaphoric vs.
cataphoric panels

The comparison between anaphoric and cataphoric panels revealed
two ERP effects, the first of which was a reduction in N400 amplitude for
anaphoric compared to cataphoric panels. This effect was not driven by
the co-referential status of anaphoric panels, because it disappeared
when we compared co-referential to non-co-referential full panels while
controlling for differences in sequence position. The reduced N400
therefore seems to be driven by the different ordinal positions of
anaphoric and cataphoric panels in the comic strips (i.e., cataphoric
panels always precede anaphoric panels). Panels at the start of se-
quences typically elicit a larger N400 than panels in subsequent
sequence positions (Cohn et al., 2012; Giglio et al., 2013), and similar
effects are found for words in early versus later sentence positions (van
Petten and Kutas, 1990). This reduction in N400 amplitude for later
panels likely reflects the facilitation of semantic access and/or integra-
tion due to the preceding coherent narrative structure.

The second ERP effect was a sustained negativity for anaphoric
compared to cataphoric panels, which could only partially be attributed
to their different sequence positions. We predicted an Nref effect, which
would index the processing cost associated with establishing a co-
referential dependency for anaphoric panels (Nieuwland and van Ber-
kum, 2008). The negativity we observed is less frontally distributed than
the Nref effect commonly associated with referential processing
(Nieuwland and van Berkum, 2006; van Berkum et al., 1999; van Ber-
kum et al., 2003; though see Coopmans and Nieuwland, 2020), which
might have to do with the pictorial nature of the stimuli. Moreover, the
onset of this effect was somewhat later than the Nref elicited by lin-
guistic stimuli, which usually starts around 300 ms after the onset of the
ambiguous critical word (Nieuwland and van Berkum, 2008). However,
we do not think that this necessarily reflects a later onset of referential
processing. Rather, it could be related to the fact that the contrast be-
tween anaphoric and cataphoric panels also elicited an N400 effect,
which overlaps with the Nref effect in topography and (partially) in
timing, but which had an opposite polarity. The onset of the Nref effect is
right at the offset of the N400 effect (see Fig. 3C), which supports the
possibility that these effects canceled each other out in the time window
in which they overlap.

Two additional analyses show that the sustained negativity was not
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identical for full and refiner panels. First, in the early half of the Nref
time window, between 500 and 1000 ms after panel onset, the effect for
anaphoric vs. cataphoric refiners was larger than the effect for anaphoric
vs. cataphoric full panels (see Fig. 3A). This interaction disappeared in
the subsequent 1000-1500 ms time window, which only contained a
main effect of anaphoricity. Second, when we looked at the effect of co-
reference while controlling for sequence position, we again found a
time-dependent difference between anaphoric full and refiner panels.
Specifically, the contrast between co-referential refiner panels, co-
referential full panels and non-co-referential full panels showed an
increased negativity for co-referential refiners compared to both co-
referential and non-co-referential full panels in the 500-1000 ms time
window, but no difference between the three conditions in the
1000-1500 ms time window (Fig. 8). This indicates that the effect of
anaphoricity for refiner panels reflects their anaphoric properties, while
the same effect for full panels instead reflects their later sequence
position.

We suggest that this difference between co-referential (anaphoric)
full and refiner panels is related to their different referential status (not
unlike the contrast between pronouns and proper names; Gordon and
Hendrick, 1998). As noted in the introduction, refiners are referentially
dependent, whereas full panels are not. The reduced N300 for refiners
suggests that comprehenders are quickly able to identify and categorize
the semantic content of the refiner. It is likely that refiners are also
quickly identified as being referentially dependent, hence automatically
triggering an attempt to establish a co-referential relationship, indexed
by the Nref effect. Full panels, instead, are semantically rich enough to
establish a discourse representation themselves. As they need not be
linked to another panel, they do not elicit co-referential processing right
away (for a similar account of proper names, see Barkley et al., 2015;
though see also Coopmans and Nieuwland, 2020). Eventually they do
elicit increased negative potential compared to cataphoric full panels
(Fig. 3A), but a similar effect was elicited by full panels that were not
co-referential (Fig. 8). This later effect is thus not related to anaphoric
processing, but might index the more general integration of referents
into the event structure. That is, while non-co-referential full panels are
not co-referential in the ‘anaphoric’ sense (i.e., linking two representa-
tions of the same character), they are still referentially related to the
discourse model, as they play an active role in the narrated event (i.e., in
the form of an interaction between characters, see the narrative struc-
ture in Fig. 1). The negativity for full panels in later sequence positions,
observed for both co-referential and non-co-referential full panels,
might thus reflect the participants’ attempt to link this panel to the event
structure of the visual sequence (Wittenberg et al., 2014). This process
could be a more general event structure integration process, related to
the need for co-referential continuity (Cohn, 2020b), and possibly
different from anaphoric processing. The potentially different nature of
these effects could explain why the sustained negativity has a different
time course for refiners compared to full panels.

In the time-frequency domain, the contrast between anaphoric and
cataphoric panels also yielded two effects: compared to cataphoric
panels, anaphoric panels elicited reduced 8-12 Hz alpha power
(~400-1000 ms) as well as increased 45-65 Hz gamma power
(~600-1500 ms). This particular pattern of results, in which a reduction
in alpha power is accompanied by an increase in gamma power, has
been reported in the working memory literature, where it is linked to the
control of working memory storage (for reviews, see Miller et al., 2018;
Roux and Uhlhaas, 2014). A reduction in alpha synchronization can be
linked to activation of the underlying neural sources because alpha os-
cillations are thought to regulate the flow of information in the cortex
via active inhibition of task-irrelevant brain regions (Jensen and
Mazaheri, 2010; Klimesch, 2012). Event-related alpha desynchroniza-
tion, called ‘alpha suppression’, thus reflects a release from inhibition
and therefore an increase in the engagement of the relevant brain re-
gions (Klimesch, 2012).

The alpha effect in our study appeared to be specific to co-referential
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panels, which have to be linked to a previously presented panel, rather
than being an effect of sequence position (see Fig. 7). We therefore
interpret it as alpha suppression for anaphoric panels, reflecting reduced
inhibition of the neuronal populations involved in establishing a co-
referential relationship between an anaphoric panel and its ante-
cedent. This co-referential process requires active engagement of the
working memory system, both for reactivating (a memory trace of) the
antecedent and for linking it with the representation of the anaphoric
panel. On this account, these specific processes might be supported by
activity in different frequency bands (e.g., theta, gamma), but their
regulation is controlled by alpha oscillations. Consistent view this view,
in language comprehension research, alpha suppression has been
observed in response to modulations of reactivation (e.g., previously
seen vs. unseen words, Rommers and Federmeier, 2018) as well as
integration (e.g., increased load in speech-gesture integration, Drijvers
et al., 2018). In addition, the centro-parietal topography of the alpha
effect could indicate the involvement of the parietal lobe, whose medial
regions have been associated with (modality-independent) reference
resolution (Brodbeck et al., 2016), tentatively supporting the link be-
tween alpha suppression and co-reference processing.

The broad increase in gamma-band power for anaphoric compared to
cataphoric elements might be related to their differential predictability:
cataphoric panels, which occur early in the sequence, are less predict-
able than anaphoric panels. More specifically, refiner panels are pref-
erentially used anaphorically, so cataphoric refiners are less expected
than anaphoric refiners. Full panels, instead, can be used both cata-
phorically and anaphorically. However, the anaphoric full panels in our
visual sequences were preceded by a cataphoric refiner. The cataphoric
refiner triggers the expectation for a full panel, making anaphoric full
panels more expected than cataphoric ones. Overall, then, anaphoric
panels were more expected than cataphoric panels, even though these
panel types are unlikely to differ in overall demands on semantic inte-
gration processes (i.e., all sequences were semantically coherent).

Gamma-band modulations induced by linguistic manipulations are
often linked to semantic processing (Bastiaansen and Hagoort, 2015;
Coopmans and Nieuwland, 2020; Fedorenko et al., 2016; Nieuwland and
Martin, 2017; Pena and Melloni, 2012; Rommers et al., 2013), but some
of these effects are better explained in terms of predictability than in
terms of prediction (Lewis et al., 2015; Lewis and Bastiaansen, 2015;
Wang et al., 2012, 2018). Specifically, Lewis et al. (2015) argue that
gamma-band activity reflects the checking of incoming information
against representations pre-activated in working memory. On this ac-
count, increased gamma-band synchronization is reflective of a
confirmed prediction (see also Herrmann et al., 2004). In our experi-
ment, the increase in gamma-band power for anaphoric panels could
reflect the match between the predicted and the actually presented
panel. These predictions might not be as specific as those found in lan-
guage studies, in which it has been shown that people make predictions
at several levels of representation. However, even in visual sequences,
people do have clear expectations about the content of upcoming panels.
Not only do they have general expectations about referential and se-
mantic continuity (Cohn, 2020b; Cohn et al., 2014), but they also make
specific predictions about how visual narrative sequences are likely to be
followed (Coderre et al., 2020). In visual narratives, there is both visual
and semantic overlap between the anaphoric panel and its antecedent (i.
e., the refiner is a zoomed-in version of the full panel), so it is not un-
likely that participants had expectations for what the anaphoric panel
would look like. The reduced N400 for panels in later sequence positions
is in line with this possibility. It has been shown that predictability
modulates the N400 amplitude in a similar way in visual narratives and
in sentence processing (Coderre et al., 2020), so we consider it reason-
able that the gamma-band increase for anaphoric compared to cata-
phoric panels reflects the predictability of anaphoric panels.
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5. Conclusion

Visual narrative comprehension is thought to rely on neurocognitive
mechanisms that are also recruited by the language system. In this EEG
study, we studied reference and co-reference in visual narrative
comprehension through electrophysiological measures in the time and
frequency domain. While we mainly examined the consequences of co-
reference in terms of the effects elicited by the second element in a co-
referential dependency, an interesting question for future research is
how real-time processing of visual narratives is affected by the first
element, whose properties might cue the existence of a (co-referentially)
related panel downstream. For instance, are the predictive processes
initiated by antecedent panels, such as cataphoric refiners, similar to
those involved in comprehending distance dependencies in language (e.
g., wh-phrases, cataphoric pronouns)? A time-frequency approach to
such questions will complement the ERP literature and thereby lead to a
stronger embedding of the study of visual narratives in the cognitive
neuroscience of language.
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