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Abstract

Autistic individuals have shown differences from non-autistic individuals when understanding
stories, regardless of whether those stories are told through words or pictures. One aspect of
narrative comprehension that is thought to facilitate comprehension is the prediction of upcoming
words or events in a story. Prediction is typically assessed using cloze probabilities: the
predictability of a word in a linguistic narrative, or a panel in a visual narrative. In studies
measuring event-related potentials (ERPs) with non-autistic adults, more predictable (“high
cloze”) words/panels elicit reduced N400 amplitudes compared to less predictable (“low cloze™)
words/panels. Autistic individuals may have differences in predictive processes compared to non-
autistic individuals, which could contribute to differences in narrative comprehension across
modalities. Here, we report two studies using the cloze probability paradigm to investigate
predictive processing mechanisms in the context of linguistic and visual narrative comprehension
among autistic and non-autistic adults. Non-autistic adults showed modulations of the N400 ERP
component by cloze in both linguistic and visual domains, which replicates prior literature. Autistic
adults showed earlier N400 modulations by cloze in both modalities. This suggests that autistic
adults employ a more bottom-up processing style during narrative comprehension which supports
models that propose differences with prediction in autistic individuals.



PREDICTABILITY IN NARRATIVE COMPREHENSION IN AUTISTIC ADULTS 4

1. Introduction

Understanding a story is a complicated task, regardless of whether it is told in words (a
“linguistic narrative”) or pictures (a “visual narrative”). In any modality, narrative comprehension
requires many different cognitive functions like keeping track of characters, settings, and events
(Zwaan & Radvansky, 1998); generating inferences about events (Cohn & Kutas, 2015; Magliano
et al., 2016; McCloud, 1993); processing narrative structure (Cohn, 2013b; Cohn et al., 2012); and
attending to relevant details (Gernsbacher, 1997; Loschky et al., 2020). The current studies focus
on one particular cognitive function that is believed to underlie successful narrative
comprehension: predicting upcoming events (Coderre et al., 2020; Cohn, 2020c¢).

For individuals who struggle with narrative comprehension, difficulties may stem from
inefficiencies in any one of these cognitive processes. Autistic individuals often experience
difficulties with narrative comprehension across both linguistic and visual modalities, and it has
been proposed that differences in predictive processing may explain a wide range of perceptual
and cognitive differences in autism (Lawson et al., 2014; Pellicano & Burr, 2012; Sinha et al.,
2014; van Boxtel & Lu, 2013). The current studies examine whether differences in prediction
mechanisms in autistic individuals affect their narrative comprehension abilities compared to non-
autistic individuals.

In the following sections we will first explore how measures of predictability have been
utilized to understand predictive processing mechanisms in linguistic and visual modalities. Next,
we will consider narrative comprehension abilities in autistic individuals and the potential role that
prediction may play in comprehension for these individuals. Finally, we introduce the two studies
reported here, which will compare the role of prediction in linguistic and visual narrative
comprehension between autistic and non-autistic individuals.

1.1 Prediction in sentences and linguistic narratives

The role of prediction in language processing remains a widely debated topic (Federmeier,
2007; Ito et al., 2017; Kuperberg, 2016; Martin et al., 2013; Rabovsky & McRae, 2014; Venker et
al., 2019), but it has been proposed that active prediction of an upcoming word in a sentence can
facilitate word recognition and free up neural resources for other aspects of processing
(Federmeier, 2007; Venker et al., 2019). Prediction during language processing is typically
examined by manipulating cloze probability (Federmeier, 2007; Kutas & Hillyard, 1984), the
expectancy of a specific word given the contextual constraints of a preceding sentence. In “high-
cloze” sentences, the target word is highly predictable given the preceding sentence context (e.g.
“He mailed the letter without a STAMP” (Kutas & Hillyard, 1984)). In “low-cloze” sentences, the
target word is less predictable given the sentence context (e.g. “The bill was due at the end of the
HOUR?”; Kutas & Hillyard, 1984).

In studies using ERPs recorded at the scalp, target words in high-cloze sentences generate a
reduced negative amplitude (the N400 ERP component) compared to low-cloze target words. That
is, the more predictable a word is given the constraints of the preceding sentence context, the
smaller the N400 amplitude. This effect is continuous, such that cloze rating is inversely correlated
with N400 negative amplitude (with larger negative amplitudes occurring for lower-cloze words;
Van Petten & Luka, 2012). There is still debate and discussion around the specific functions of
semantic processing that the N400 component reflects (Brouwer et al., 2012; Kutas & Hillyard,
1980; Lau et al., 2008; Kutas & Federmeier, 2011). These theories lie upon a spectrum of debate
that ranges from its function reflecting pre-lexical feedforward processing — from a perceptual unit
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into a linguistic item through lexical processing — to the post-lexical integration or “unification”
of semantic information from the lexicon (Kutas & Federmeier, 2011). The preceding stance is
corroborated by some evidence that has revealed that N400 effects can be elicited by pseudowords
that are not likely to be a part of a mental lexicon, suggesting that perhaps the N400 may function
to reflect the processing of linguistic stimuli prior to when a word is recognized and the meaning
is accessed from it (Deacon et al., 2004). The debate rests in a middle position where many assume
that overall, the N400 reflects processing at the semantic access level, yet there is not yet a
comprehensive standpoint as to what exactly it may reflect (Kutas & Federmeier, 2011). However,
despite these psycholinguistic debates that aim at determining the exact function of the N400, this
component’s sensitivity to contextual predictability has made it an important tool for investigating
predictive processing in language.

1.2 Prediction in visual narratives

Linguistic debates about the nature of predictive processing related to the N400 have, for the
most part, remained focused on the verbal modality. However, N400s have long been
acknowledged as a default neural mechanism for multi-modal semantic processing, since similar
N400 responses are elicited by meaningful pictures, sounds, and other sensory stimuli (Kutas &
Federmeier, 2011).

Indeed, discourse and narrative research has accumulated a wealth of evidence suggesting that
visual and linguistic narratives rely on domain-general semantic retrieval mechanisms. For
instance, similar to written sentences, incongruous or unexpected panels in a visual narrative
sequence evoke a larger N400 than congruous panels (Reid & Striano, 2008; West & Holcomb,
2002). Given these similarities between visual and linguistic narrative comprehension, it is
plausible that prediction also plays an important role in understanding stories told through pictures.

Several studies have explored the role of prediction in visual narrative comprehension. Zacks
et al. have argued that comprehenders segment visual narratives into subsections across boundaries
that are marked by a sudden increase in prediction error (Zacks et al., 2007) and that such
predictions appear to be modulated by such segmental boundaries (Zacks et al., 2011). Cohn &
Paczynski (2013) found that characters depicting preparatory actions within a visual narrative can
help cue upcoming actions. In an ERP study, Reid & Striano (2008), found larger N400s to
unpredictable actions in a sequence compared to predictable actions. This prior literature suggests
that comprehenders routinely use the unfolding context of a story, whether presented linguistically
or visually, to form predictions about upcoming events.

Most recently, Coderre et al. (2020) provided the first evidence that the N400 component is
modulated by cloze in a continuous manner in visual narratives, much like in linguistic narratives.
Predictability in visual narratives can be tested using the same type of cloze probability paradigm
as in language studies, in which a target panel is more or less expected based on the prior narrative
context. Using short visual narratives of comic strips, which, like sentences, unfold across a
sequence with predictable or unpredictable outcomes, Coderre et al. (2020) found a continuous
modulation of neural responses by cloze, such that higher cloze ratings for a particular panel in a
visual sequence were associated with smaller N400 effects. Predictability is thus not a feature of
verbal linguistic processing specifically and appears to play a similar role in non-verbal
comprehension of sequential images as in language comprehension, providing further evidence for
shared cognitive mechanisms for semantic processing across domains.

Given the role of prediction in both visual and linguistic narrative comprehension, any
differences in predictive processing among individuals could lead to differences in narrative
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comprehension abilities. In the current study, we focus on one such population that has been
proposed to have differences in both predictive processing and narrative comprehension abilities
across modalities: autistic individuals.

1.3 Narrative comprehension in autism

Autism is a lifelong neurodevelopmental condition that affects how people experience and
interact with the world. Approximately 1 in 44 children are autistic' (Maenner et al., 2021), and
this prevalence is believed to be similar in adults (CDC, 2022).

Difficulties with language processing are no longer a criterion for being diagnosed as autistic
(APA, 2013). However, many autistic individuals, both children and adults, appear to process
language in a different way than neurotypical individuals, particularly for more complex functions
like comprehension (Groen et al., 2008; Tager-Flusberg et al., 2005). As many as 65% of autistic
individuals have significant challenges in reading comprehension (Jones et al., 2009; Mcintyre et
al., 2017; Nation et al., 2006), which can lead to difficulties in school, work, and everyday life.

While many studies have documented differences in narrative comprehension in autistic
individuals (Jolliffe & Baron-Cohen, 2000; Kaland et al., 2007; Nuske & Bavin, 2011; Pijnacker
et al., 2010), the focus has mainly been on comprehension abilities in linguistic narratives. Yet
increasing evidence suggests that autistic individuals also often show differences in understanding
visual stories. For instance, autistic children have shown poorer performance in arranging pictures
to tell a story (Baron-Cohen et al., 1986), inferring missing panels from visual event sequences
(Davis et al., 2007), and predicting the final image of event sequences (Zalla et al., 2010) compared
to non-autistic children. Analyses averaging across studies suggests autistic individuals have
roughly a 15% decline in performance on visual narrative tasks compared to neurotypical
participants (Cohn, 2020b).

In a previous ERP study (Coderre et al., 2018), our group demonstrated that autistic adults
were less sensitive to a contextually-incongruent panel at the end of a visual narrative, just as they
were less sensitive to a contextually-incongruent word at the end of a linguistic narrative,
compared to neurotypical adults. Therefore, it seems that autistic individuals experience domain-
general differences in sequential meaning-making that extend beyond the linguistic modality.

1.4 Predictive abilities in autism

These differences in narrative comprehension abilities across domains in autistic individuals
may relate to broader cognitive theories of autism. Several recent theories have proposed that
autism may be characterized by differences in prediction (Lawson et al., 2014; Pellicano & Burr,
2012; Sinha et al., 2014; van Boxtel & Lu, 2013). Briefly, these theories suggest that autistic
individuals are less able to use their previous experiences in explaining or interpreting incoming
stimuli. Empirical evidence supports these theories, showing that predictive abilities are altered in
autistic individuals (Zalla et al., 2010) and that predictive abilities during language processing are
associated with receptive language skills in autistic children (Venker et al., 2019). These proposed
differences in predictive processing are also consistent with the theory of weak central coherence
in autism (Burnette et al., 2005; Frith, 1989; Frith & Happé, 1994; Happ¢, 1999; Jolliffe & Baron-
Cohen, 1999; Pellicano et al., 2006), which proposes that autistic individuals tend to focus on

! Throughout this manuscript, we use identity-first language (e.g., “autistic individuals”) rather
than person-first language (e.g., “individuals with autism”) to reflect the preferences of the adult
autistic community (Bottema-Beutel et al., 2021; Kenny et al., 2016).
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details rather than the bigger picture, which may affect the ability to use context to form
predictions.

The idea of weak central coherence may also point to differences in processing styles between
autistic and non-autistic individuals. Bayesian accounts of perception, specifically predictive
coding models, propose that prior experiences and representations are used to create top-down
prediction signals, which are integrated with bottom-up sensory inputs (Friston, 2005). The
discrepancies between these two signals, or the amount of predictive error, is used to revise
predictive models for the future. However, previous literature has suggested that the balance
between top-down and bottom-up information processing may be altered in autistic individuals,
such that they tend to use a more bottom-up processing style (Coll et al., 2020). This reduced
reliance on top-down processing in autistic individuals has been shown in many different domains,
from motion discrimination (Schallmo et al., 2020) to semantic processing (Coderre et al., 2017).

As prediction requires the top-down activation of prior representations and given that
prediction is known to be an important factor in neurotypical comprehension of both linguistic and
visual narratives, it is possible that altered top-down predictive abilities in autistic individuals may
contribute to how these individuals process sequential meanings across modalities. However, no
studies to date have examined this possibility.

1.5 The current studies

Here, we present two studies examining predictive processing in autistic and non-autistic
adults during linguistic and visual narrative comprehension. In both studies, an ERP cloze
probability paradigm will be used to understand how the predictability of a word (in a linguistic
narrative) or panel (in a visual narrative) modulates the magnitude of the N400 ERP component.
We include low-cloze and high-cloze conditions to examine cloze effects categorically, as well as
items with a range of cloze ratings to examine cloze effects continuously. Across modalities we
also include an “anomalous” condition, where the target word or panel is replaced by one that is
semantically incongruous with the preceding narrative context. This anomalous condition serves
as a control since, based on a previous research showing increased N400 amplitudes for semantic
anomalies across modalities (Coderre et al., 2018; Kutas & Federmeier, 2011; West & Holcomb,
2002), we would expect it to exhibit the greatest negative amplitudes of all three conditions across
both linguistic and visual domains.

Study 1 investigates a linguistic narrative cloze probability paradigm in autistic and non-
autistic adults. As has been well-established by psycholinguistic studies, we expect the anomalous
condition to elicit the largest N400 amplitudes, followed by low-cloze stimuli, then high-cloze
stimuli (Kutas & Federmeier, 2011) for the non-autistic adults. We also examine how the
modulation by cloze might be different in autistic individuals, based on prior suggestions that
predictive abilities are altered in this population (Sinha et al., 2014). If predictive processing is
different in this group, we predict that the autistic group will show smaller modulations by cloze,
i.e., a reduced difference between low cloze and high cloze N400 amplitudes, compared to the
non-autistic group.

Study 2 investigates a visual narrative cloze probability paradigm in autistic and non-autistic
adults. The data for the non-autistic participants in this study is taken from our previous publication
demonstrating continuous effects of cloze on the N400 amplitude in visual narratives (Coderre et
al., 2020), with low-cloze items eliciting larger N400s than high-cloze items. Study 2 also
investigates a visual narrative cloze probability paradigm in autistic adults to examine how the
modulation by cloze might be different than in non-autistic individuals and whether differences in
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predictability processing are similar across modalities. Given prior evidence that predictive
processing may be affected in autistic individuals, we predict that the autistic group will show
smaller modulations by cloze, i.e., a reduced difference between low cloze and high cloze N400
amplitudes, compared to the non-autistic group.

We also examine similarities in predictive processing between groups across modalities by
comparing the results found in Studies 1 and 2. Such cross-modal comparisons can provide insight
into whether similar cognitive mechanisms underlie predictive processing across modalities in
autistic versus non-autistic individuals, which may point to domain-general differences in narrative
comprehension abilities between groups.

2. Study 1: Linguistic Narratives

2.1. Materials and Methods

2.1.1. Participants

One group consisted of 21 non-autistic (non-AUT) adults ages 18-51 (M = 26; 16 female, 5
male) without any histories of neurological disorders or learning disabilities. All participants self-
reported normal or corrected-to-normal vision. Four participants were left-handed.

A second group consisted of 21 autistic adults (AUT) ages 18-64 (M = 33; 8 female, 11 male,
1 trans male, 1 nonbinary). All participants in this study were professionally or self-diagnosed as
autistic and had self-reported normal or corrected-to-normal vision. Six participants were left-
handed.

All participants completed measures of receptive vocabulary (Peabody Picture Vocabulary
Test, Fourth Edition; PPVT-4; Dunn & Dunn, 2007), verbal and non-verbal IQ (Kaufman Brief
Intelligence Test, Second Edition; KBIT-2; Kaufman & Kaufman, 2004), sentence comprehension
abilities (Wide Ranging Achievement Test, Fifth Edition, WRAT-5; Wilkinson & Robertson,
2017), autistic traits (Autism Quotient, AQ; Baron-Cohen et al., 2001), and working memory (digit
span task; Baddeley, 2003; Wechsler, 2008). Participants in the AUT group were also administered
the Autism Diagnostic Observation Schedule version 2 (ADOS-2; Lord et al., 2012). Three of the
participants did not meet the cutoff for autism or ASD according to the ADOS SA+RBB or CSS
scores but had high AQ scores. See Table 1 for full demographic information.

Participants were recruited from the University of Vermont and broader Burlington, Vermont
community through newspaper advertisements, fliers, and public announcements. All procedures
were approved by the Institutional Review Board at the University of Vermont and were performed
according to the guidelines and regulations of this committee. We obtained written informed
consent from each participant before experimental testing. Participants were monetarily
compensated for their time.

2.1.2. Stimuli

We developed a set of two-sentence linguistic narratives. Cloze ratings for the critical words
in each narrative were determined in a pre-test with adults who were not included in the main
experiment. Thirty participants were asked to read each two-sentence narrative truncated before
the critical noun. They were then asked to provide the first word that came to mind that would be
a good continuation for the narrative. Cloze ratings were calculated based on agreement ratings of
the target word in each narrative (ranging from 0-1). Thus, if 15 of the 30 respondents (50%) had
agreed upon target word, that narrative would have a cloze rating of 0.5.
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Using these cloze ratings, we selected 60 narratives with high-cloze target words (>0.4, M =
0.6; range 0.41-0.96; see Table 2 for examples) and 60 with low cloze target words (<0.25, M =
0.2; range 0-0.25). Cloze ratings in each category were designed to match those in the visual
narratives used in Study 2. An additional 60 linguistic narratives were selected for the anomalous
condition. Stimuli in this condition were created by replacing the target word (which had original
cloze ratings ranging from 0-0.85, M = 0.21) with semantically incongruous words from different
narratives. A short continuation was added to approximately 80% of the narratives to ensure the
target nouns were not always the final word in the sentence.

2.1.3. Procedure

Participants attended one testing session (approximately two hours) which comprised of
consenting and paperwork, behavioral tests, application of the EEG net, and experimental testing.

Stimuli were presented using E-Prime version 2.0.10.356. The 180 total stimuli were presented
as 6 blocks of 30 stimuli. Each block contained an equal number of sequences from each condition,
presented in pseudorandom order. Before each trial a “Ready?” screen was presented until
participants pressed a button, followed by a fixation cross for 500 ms. The first sentence was
presented all at once on the screen in a self-paced reading format. The second sentence was
presented one word at a time in rapid serial visual presentation (RSVP) format, which is commonly
used in reading ERP studies to minimize eye movements. During RSVP, each word was presented
for 300 ms, with a 300 ms inter-stimulus interval (ISI; Brothers et al., 2017).

A subset of trials (20%) included a comprehension question. After each narrative, an additional
word appeared in the center of the screen, marked as a comprehension question by a red question
mark above the word and a red border around the slide. Participants indicated whether the word
was related to the sequence they had just seen. Comprehension questions were evenly distributed
across conditions and blocks and contained an equal number of ‘related’ and ‘unrelated’ correct
answers. The comprehension questions emphasized accuracy rather than speed.

Stimuli were presented on a Dell 21.5” LCD monitor with 1920 x 1080 resolution. Text was
presented in Times New Roman size 18 font. Participants sat in a comfortable chair in a quiet room
separate from the experimenter and computers. Participants sat approximately 24” away from the
screen and each word was 0.25” high and ranged from 0.125 — 1.25” wide, yielding a visual angle
of 0.60° vertically and between 0.30-2.98° horizontally.

EEG data were recorded continuously at 500 Hz using EGI’s Geodesic EEG System (GES)
400, a 128-channel EGI Geodesics Sensor net, and NetStation version 5.4. A 4 kHz antialiasing
lowpass filter was applied during acquisition and data were referenced online to the Cz electrode.
Impedances were kept under 50 kQ2 wherever possible.

2.1.4. Data analysis

EEG data preprocessing was performed with EEGlab version 2021.1 (Delorme & Makeig,
2004) and Matlab 2021a. The data were filtered using a 0.1-50 Hz bandpass filter. Epochs were
time-locked to the onset of the critical word in each final sentence and extended from 100 ms
before to 1000 ms after the critical word. Independent component analysis (ICA; Delorme et al.,
2007; Jung et al., 2000) was used for artifact correction. Before ICA decomposition the mean of
each trial was removed (Groppe et al., 2009) and data were reduced to 32 dimensions. After I[CA
decomposition the ERP waveforms and topographic plots of each component were reviewed and
a trained examiner marked any components contributing to movement, eye blinks or saccades, or
other sources of noise for removal. Segments were then baseline corrected using the first 100 ms
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of the segment and re-referenced to the average of the left and right mastoids. Additional bad trials
were identified and rejected using a joint probability computation (Delorme et al., 2007) with a
threshold of 3 standard deviations. Finally, each trial was visually reviewed, and any further bad
trials not caught by the joint probability algorithm were marked for removal by a trained
experimenter.
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Study 1: Linguistic narratives Study 2: Visual narratives
Measure non-AUT AUT Group non-AUT AUT Group
(n=21) (n=21) difference (n=22) (n=22) difference
Aoe 25.5 334 #(31.5)=2.07, 25.5 29.7 H(41.9)=1.45,
& (8.5; 18-51) (15.1; 18-64) p<0.05 * (9.3, 18-50) (9.8, 17-53) p=0.15
PPVT 112.6 109.5 #(39.3) = 0.89, 111.8 112.1 #(42.0) = 0.08,
(10.5, 96-142) (12.0, 80-130) p=0.38 (11.7, 87-136) (11.4,93-132) p=0.94
Verbal 111.4 108.3 1(38.4)=0.77, 115.2 110.1 H(41.7)=1.26,
K-BIT (11.6, 94-135) (14.3,71-135) p=0.44 (12.8,95-137) (14.0, 86-135) p=0.21
Non-verbal 106.2 109.3 #(38.5)=0.73, 109.7 104.8 1(41.0)=1.14,
(12.1, 80-130) (14.8, 79-134) p=0.47 (15.3,76-130) (13.1, 79-132) p=0.26
st Grorns 14.1 30.6 #(33.8) = 8.07, 13.4 31.6 #(38.4) = 9.69,
! (5.0, 7-26) (7.9, 17-41) p<0.0001] *** (5.2,2-25) (7.2, 17-43) p<0.0001 ***
WRAT sentence 115.2 107.0 #(33.5)=2.27,
comprehension (8.7, 96-130) (14.0, 82-131) p<0.05 * N/A N/A N/A
7.1 11.0 1(29.9)=1.92,
VLET Qs e e (4.0,2.3-15.8) (8.5, 1.5-30) p=0.06
12.9 21.2 #(28.1) =2.10,
VLFTD N/A N/A N/A (7.1,3.5-26.5) (17.0,2.5-55.3) p<0.05
Dicit span 10.8 10.0 #(39.4) = 0.89, 11.0 10.8 #(41.8)=0.21,
gHsp (2.8,7-16) (3.1,4-15) p=0.38 (3.0, 7-16) (2.8,7-16) p=0.83
comSnOJtlnailc;tion 77 9.0
total @ (3.2,3-16) (3.9, 3-19)
ADOS 10.9 12.0
b . .
Mojule SA+RBB total N/A (4.8,5-21) N/A N/A (5.1, 4-22) N/A
Calibrated 59 6.3
Seve(rgb;c"re (2.7,2-10)¢ (2.6,2-10) ¢

 The Social + communication total score is taken from the original algorithm for Module 4 of the ADOS-2, which is included in the scoring forms.

Y SA = Social Affect; RBB = Restricted and Repetitive Behaviors. The SA+RBB total score is based off of a revised algorithm for Module 4 (Hus & Lord, 2014),
which was not included in the original release of the ADOS-2.

¢ In generating Calibrated Severity Scores (CSS) for Module 4, only participants ages 9-39 were included by Hus & Lord (2014). No calibrated scores were provided
for participants older than 40, which means that technically we cannot calculate CSS for our older participants. In our AUT sample for Study 1, five participants
were over 40. When considering all participants under age 40 (n=16), the average CSS was 6.4 (range 2-10).

4 Tn our AUT sample for Study 2, five participants were over 40. When considering all participants under age 40 (n=16), the average CSS was 6.9 (range 2-10).

Table 1: Participant characteristics for each study. Means, SDs, and ranges are reported for each measure. The ‘group difference’ column
shows the results of independent-samples #-tests on each measure. Asterisks indicate statistically significant results (* = p < 0.05; ** =
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P <0.01; *%* = p < 0.001).
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Condition | Modality Example
.. .| The hiker was startled by the sudden hissing sound. Without realizing it, he had
Linguistic
nearly stepped on a small snake.
High Cloze
Visual
Lineuisti Unfortunately she hadn't paid close attention while buying the groceries. At home
EUSHC | she discovered mold on her onion so she had to throw it away.
Low cloze
Visual
Linguistic Theo was making preparations for a pie. This was going
with cranes and whipped cream.
Anomalous
Visual

Table 2: Examples of high-cloze, low-cloze, and anomalous linguistic and visual narrative stimuli.
Bolded words or boxes indicate the critical word/panel in each narrative. In high-cloze stimuli, the
critical word or panel is highly predictable given the prior context; in low-cloze stimuli, the critical
word or panel is less predictable. In anomalous stimuli the critical word or panel is completely
semantically incongruent with the preceding context.

2.1.5. Statistical analyses

Statistical analyses for all studies were performed in R version 4.1.2 (R Core Team, 2021).
ERP amplitude was evaluated at nine electrode clusters centered based on the 10-20 distribution
(F3, Fz, F4, C3, Cz, C4, P3, Pz, and P4; Figure 1). We have used this montage in prior studies
(Coderre et al., 2017, 2018) to provide a broad scalp representation and ensure we do not miss
potential effects outside of a predefined analysis region. Analyses were performed in 100 ms time
windows from 200-600 ms in the linguistic narratives.

We first evaluated how predictability modulated ERP amplitudes within each group and
modality individually using repeated-measure ANOV As with within-subject factors of Condition
(anomalous, low cloze, high cloze), Site (frontal, central, parietal), and Laterality (left, midline,
right). We then compared non-AUT and AUT groups using repeated-measure ANOVAs on the
low cloze-high cloze difference waves. Group was included as a between-subjects factor; within-
subject factors were Site and Laterality.

We also performed additional analyses correlating ERP amplitude for each individual item
with its cloze rating. In prior studies, these types of analyses have revealed continuous modulations
of cloze, such that N400 amplitude increases continuously with decreasing cloze ratings (Coderre
et al., 2020; Kutas & Federmeier, 2011). In each group, we first correlated cloze ratings with ERP
amplitudes at the critical word/panel for each item at every timepoint and at each electrode cluster.
To reduce the number of comparisons, we restricted the window of analyses from 200-600 ms in
the linguistic narratives and from 200-1000 ms in the visual narratives. We also downsampled to
250 Hz, i.e., every 4 ms, resulting in 100 correlations per electrode cluster in the linguistic
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narratives and 200 correlations per electrode cluster in the visual narratives. At each timepoint, we
averaged across participants to get the mean amplitude for every item (i.e., critical word/panel) in
the high cloze and low cloze conditions. We then calculated the correlation between mean item
amplitudes and item-level cloze value at each timepoint. Corrections for multiple comparisons
were performed at each electrode cluster using cluster mass permutation tests (Groppe et al., 2011;
Maris & Oostenveld, 2007). This procedure is briefly summarized here; see Groppe et al. (2011)
for more details.

Permutations were performed with 5000 iterations. In each iteration, at every timepoint and
electrode cluster we randomly shuffled the voltage amplitudes across items and then re-calculated
the correlation between amplitude and cloze. This created a cluster-by-timepoint matrix of
“simulated” r-values. The cluster mass method first uses this matrix of simulated test statistics to
define a threshold corresponding to an alpha of 0.05. Next, the test statistics are grouped into
“clusters”; clusters require 2 or more adjacent timepoints whose simulated test statistic falls above
the threshold of significance. Then, the test scores (i.e., r-values) for each cluster are summed to
create a cluster “mass”. The largest cluster mass across all timepoints and electrode regions is used
to derive a null distribution value for that iteration of the permutation. Once the null distribution
was derived following all iterations, we used the distribution to define a critical threshold
corresponding to an alpha of 0.05. We then repeated the cluster mass procedure with the observed
test statistics from the actual data. For each cluster mass, we determined whether the mass of that
cluster was larger than the critical threshold determined from the null distribution. Any clusters
that did not survive this threshold were “masked” by setting their values to zero.

Finally, we investigated how individual differences might play a role in modulating
predictability effects. We specifically examined levels of autistic traits (as assessed using the AQ,
which provides a measure of autistic traits in the general population), as well as sentence
comprehension abilities (as assessed using the WRAT sentence comprehension subscale scores).
These analyses were performed by including these variables in the repeated-measures ANOVAs
on the low-high cloze difference waves as continuous variables, with Site and Laterality as within-
subjects factors. Significant main effects and interactions of interest were followed up using
simplified ANOVAs, #-tests, and correlations.

Figure 1: Illustration of the nine electrode clusters used for analysis.
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2.2. Results

2.2.1. Non-autistic group

The ERP waveforms for the linguistic narratives in the non-autistic group are plotted in Figure
2. Visual inspection suggested a modulation by cloze over central and parietal sites from
approximately 300-600 ms. To explore these effects statistically, we ran Condition by Site by
Laterality repeated-measures ANOVAs at 100 ms time intervals from 200-600 ms. Full results can
be found in Table 3.

200-300 ms: There were no main effects of Condition and no interactions of Site or Laterality
with Condition.

300-400 ms: We observed an interaction between Condition and Site, driven by main effects
of Condition at central (£(2,40) = 5.16, p < 0.05) and parietal sites (¥(2,40) = 6.06, p < 0.01). At
both central and parietal sites, the overall pattern showed that the anomalous condition was most
negative, followed by low cloze and then high cloze conditions. Follow-up paired-samples #-tests
indicated the anomalous condition was significantly more negative than high cloze (all p’s <0.001)
and low cloze was significantly more negative than high cloze (all p’s < 0.001), but anomalous
and low cloze did not differ (all p’s > 0.40).

400-500 ms: We observed a trend of an interaction between Condition and Laterality (p = 0.08)
in this time window, from main effects of Condition at all lateralities (all p’s < 0.05). Follow-up
paired-sample #-tests indicated that anomalous conditions were significantly more negative than
high cloze (all p’s < 0.01) and low cloze (all p’s < 0.01) conditions across all hemispheres. The
high and low cloze conditions did not differ in the left hemisphere (p = 0.41), but in the right
hemisphere and along the midline the low cloze condition was significantly more negative than
the high cloze condition (all p’s < 0.01).

500-600 ms: We observed a trend of an interaction between Condition and Site (p = 0.10),
which arose from a trend of Condition at frontal sites (F(2,40) =2.78, p = 0.07) and at central sites
(F(2,40) =2.72, p = 0.08). At both sites, the overall pattern showed that the anomalous condition
was most negative, followed by low cloze and then high cloze conditions. Follow-up paired-
samples #-tests indicated that frontal sites showed a significant difference between anomalous and
high cloze (#(62) = -3.38, p < 0.01), a trend towards a significant difference between anomalous
and low cloze conditions (#(62) = -3.46, p = 0.05), and a significant difference between low cloze
and high cloze (#(62) = 2.48, p < 0.05). Central sites showed a significant difference between
anomalous and high cloze (#(62) = -3.46, p < 0.001), no difference between anomalous and low
cloze (p = 0.39), and a significant difference between low cloze and high cloze (#(62) = 2.82, p <
0.01).

To summarize, a significant effect of anomalous narratives appeared from 300-600 ms, such
that the anomalous condition elicited a larger N400 amplitude than the high and/or low cloze
conditions. More importantly for the current study, a significant modulation by cloze arose from
400-600 ms, such that low cloze conditions were more negative than high cloze conditions. This
modulation was observed over the right hemisphere and midline sites (from 400-500 ms) and over
frontal and central sites (from 500-600 ms). This replicates previous literature showing that the
N400 is modulated by cloze probability (Van Petten & Luka, 2012) and confirms our predictions
that the non-autistic group would show a modulation by cloze in the linguistic narratives.
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Figure 2: The ERPs at the critical word in the linguistic narratives for the non-autistic group at
each condition along the nine clusters on the scalp. Negativity is plotted upwards.

Main effect or interaction Time Windows
200-300 ms 300-400 ms 400-500 ms 500-600 ms
Condition 1.53 2.71§ 10.41 *** 2.37
Site 2.63 1.40 1.04 1.03
Laterality 3.72 % 0.37 5.38 ** 2.01
Condition*Site 0.97 2.98 * 1.11 2.03 §
Condition*Laterality 1.03 0.75 215§ 0.55
Site*Laterality 4.88 ** 1.88 0.54 1.86
Condition*Site*Laterality 0.97 1.50 1.30 0.66

Table 3: F-values for the repeated-measures ANOV As in each analysis window for the non-autistic
adults in Study 1 (linguistic narratives). Within-subjects factors are Condition, Laterality, and Site.
Asterisks indicate statistically significant results (§ = trend (p <0.10), * = p <0.05; ** =p <0.01;
*#% = p <0.001). Main effects of Condition and interactions with Condition are bolded.
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2.2.2. Autistic group

The ERP waveforms for the linguistic narratives in the autistic group are plotted in Figure 3.
Visual inspection suggested a modulation by cloze over frontal and central sites from
approximately 200-500 ms. We ran Condition by Site by Laterality repeated-measures ANOVAs
at 100 ms time intervals from 200-600 ms. Full results can be found in Table 4.

200-300 ms: We observed a trend of a main effect of Condition in this time window (p = 0.07).
Follow-up paired-sample #-tests revealed that over all electrode clusters, the anomalous condition
was more negative than high cloze (#188) = -5.28, p < 0.0001) and trended towards being
significantly more negative than low cloze (#(188) = -1.69, p = 0.09), while low cloze was more
negative than high cloze (#(188) = 3.95, p <0.001; anomalous: M = 0.56, SD = 1.03; low cloze: M
=0.65, SD = 1.02; high cloze: M =0.83, SD = 1.15).

300-400 ms: We observed a main effect of Condition in this time window. Follow-up paired-
sample #-tests revealed that over all electrode clusters, the anomalous condition was significantly
more negative than high cloze (#(188) = -5.38, p < 0.0001). The anomalous and low cloze
conditions did not differ (p = 0.10), while low cloze was more negative than high cloze (#(188) =
6.02, p < 0.0001; anomalous: M = -0.18, SD = 1.39; low cloze: M =-0.09, SD = 1.11; high cloze:
M=0.24,SD =1.24).

A trend of Condition, Site, and Laterality (p = 0.06) arose from a trend of Condition and
Laterality at frontal sites (£(4,80) =2.11, p = 0.09). However, follow-up testing revealed no main
effects of Condition at any hemisphere at this site (all p’s > 0.13).

400-500 ms: There were no main effects of Condition and no interactions of Site or Laterality
with Condition.

500-600 ms: We observed an interaction of Condition and Laterality in this epoch. However,
follow-up testing revealed no main effects of Condition in any laterality (all p’s > 0.42).

To summarize, a significant effect of anomalous narratives from 200-400 ms appeared because
the anomalous condition elicited a larger N400 amplitude than the high and/or low cloze
conditions. A significant modulation by cloze manifested from 200-400 ms, such that low cloze
conditions were more negative than high cloze conditions. This modulation was observed over all
sites and hemispheres in this time window. This differs from our initial predictions that the autistic
group show a reduced modulation by cloze in the linguistic narratives such that a smaller
modulation by cloze is observed in an earlier time frame than expected.
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Figure 3: The ERPs at the critical word in the linguistic narratives for each condition in the autistic
group along the nine clusters on the scalp. Negativity is plotted upwards.

Main effect or interaction Time Windows
200-300 ms 300-400 ms 400-500 ms 500-600 ms
Condition 293§ 341 * 1.10 0.29
Site 6.20 ** 0.62 1.93 0.28
Laterality 4.52 % 2.15 4.27 * 297§
Condition*Site 0.61 1.00 1.23 0.71
Condition*Laterality 0.81 0.73 1.86 2.49 *
Site*Laterality 0.97 0.40 0.72 241§
Condition*Site*Laterality 0.96 1.94 § 1.35 1.02

Table 4: F-values for the repeated-measures ANOVAs in each analysis window for the autistic
adults in Study 1 (linguistic narratives). Within-subjects factors are Condition, Laterality, and Site.
Asterisks indicate statistically significant results (§ = trend (p <0.10), * = p <0.05; ** =p <0.01;
*#% = p <0.001). Main effects of or interactions with Condition are bolded.

2.2.3. Correlations with cloze

To further examine the relationship between cloze and N400 amplitude, we performed item
analyses by correlating cloze ratings of each individual item with its N400 amplitude, averaged
over participants. In each group, we correlated cloze ratings with ERP amplitudes at the critical
word for each item at every timepoint and at each electrode cluster, with corrections for multiple
comparisons using cluster mass permutation tests. Based on the results from these running
correlations, we identified time windows that showed significant correlations with cloze and
plotted these correlation values at every electrode across the scalp (as opposed to the 9 electrode
regions included in the primary analyses).

In the non-autistic group, correlations of cloze with amplitude at every timepoint and cluster
identified positive associations over right central and all parietal sites between 400 and 450 ms.
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As can be seen in Figure 4, significant (p < 0.05) correlations clustered over right central scalp
from 400-450 ms.

In the autistic group, correlations of cloze with amplitude at every timepoint and cluster
identified positive associations over right and midline centro-parietal scalp from 250-350 ms. As
can be seen in Figure 4, a cluster of significant correlations occurred over midline and right centro-
parietal scalp from 250-350 ms.

Non-autistic group Autistic group
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Figure 4: Correlations of cloze rating with amplitude in the non-autistic group (left panels) and
autistic group (right panels) in the linguistic narratives. Top panels: Correlations of cloze rating
with amplitude at each timepoint and electrode cluster. Correlation coefficients are plotted as a
heat map with positive correlations in red. Middle panels: Correlations of cloze with amplitude
with non-significant correlation coefficients (as determined by cluster mass permutation tests to
account for multiple comparisons) masked in green. Bottom panels: Topographic plots of r



PREDICTABILITY IN NARRATIVE COMPREHENSION IN AUTISTIC ADULTS 20

correlation coefficients between cloze rating and amplitude at every electrode over the scalp (from
400-450 ms in the non-autistic group and from 250-350 ms in the autistic group). Black dots
indicate electrodes where p < 0.05.

2.2.4. Group comparisons

To statistically compare groups on cloze effects, we calculated difference waves for each group
by subtracting the high cloze condition from the low cloze condition at every timepoint and
electrode cluster. The difference waves are plotted in Figure 5 and analyzed statistically in Table
5. Visual inspection confirmed the effect we saw in the individual group analyses, in that the
difference wave for the autistic group peaked slightly earlier than that of the non-autistic group
over frontal sites. To evaluate group differences, we ran Group by Site by Laterality repeated-
measures ANOVAs on the low-high cloze difference wave amplitudes from 200-600 ms.

From 200-600 ms, no main effects of Group appeared, nor interactions of Site or Laterality
with Group. For the linguistic narratives across both groups, without considering Condition as a
factor, no time frames revealed a significant differences between groups at any site or across any
hemisphere. This suggested that groups did not differ significantly in their N400 amplitudes at any
site or laterality.
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Figure 5: a) Difference waves (low cloze — high cloze) for the linguistic narrative ERPs at the
critical word for each group along the nine clusters on the scalp. Negativity is plotted upwards. b)
Topographic plots of the difference waves (low cloze — high cloze) in each group for the linguistic
modality across the time windows of interest.

Main effect or int i Time Windows
At etect orinteraction 200-300 ms | 300-400 ms | 400-500 ms | 500-600 ms
Age 0.44 8.41 ** 489 * 536 *
Group <0.01 0.26 0.28 1.08
Site 0.40 1.73 1.81 0.76
Group*Site <0.01 1.24 0.19 0.80
Laterality 2.66 § 240§ 7.32 ** 430 *
Group*Laterality 0.04 0.09 0.03 0.99
Site*Laterality 1.96 3.55 * 4.01 ** 1.80
Group*Site*Laterality 0.58 0.42 0.72 0.33
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Table 5: F-values for the repeated-measures ANOVAs in each analysis window for the group
comparison of low-high cloze difference waves in the linguistic narratives. Within-subjects factors
are Laterality and Site. Asterisks indicate statistically significant results (§ = trend (p < 0.10), * =
p <0.05; **=p <0.01; *** =p <0.001). Main effects of or interactions with Group are bolded.

2.2.5. Individual differences

Finally, to evaluate individual differences in modulation by cloze in linguistic narratives, we
removed Group as a factor from our analyses and instead included level of autistic traits (as
measured by AQ score) and sentence comprehension ability (as measured by scores on the WRAT
sentence comprehension subtest) as variables in the repeated-measures ANOVAs on the low-high
cloze difference waves. As these are both continuous measures, this analysis may provide a more
subtle insight into individual differences that could affect narrative comprehension abilities. While
a group analysis dichotomizes participants into self-identified autistic or non-autistic groups, AQ
score can provide a more nuanced metric of autistic traits, since even within both groups, variations
can occur in the level of autistic traits reported on this measure. Age was retained as a covariate.
The full results are presented in Table 6.

200-300 ms: We observed an interaction between AQ, WRAT score, Site and Laterality in
this time window. However, follow-up testing revealed no interactions with AQ or WRAT.

We also observed an interaction between WRAT, Site, and Laterality in this time window.
Follow-up testing revealed a trend of an interaction of WRAT and Laterality at central sites
(F(2,80)=3.09, p=0.05), which arose from a main effect of WRAT in the left hemisphere (#(1,39)
=6.40, p <0.05). At left central sites, there was a significant positive correlation between WRAT
score and low-high cloze difference wave amplitude (» = 0.37, p < 0.05; Figure 6), such that as
sentence comprehension abilities increased, we observed smaller effects of cloze probability on
the N400.

300-400 ms: We observed an interaction between WRAT score, Site, and Laterality in this
time window. However, follow-up testing revealed no interactions with or main effects of WRAT
score over any sites or hemispheres.

400-500 ms: No interactions with or main effects of WRAT score or AQ appeared in this time
window.

500-600 ms: No interactions with or main effects of WRAT score or AQ appeared in this time
window.

Time Windows
Main effect or interaction 200-300 | 300-400 400-500 500-600

ms ms ms ms
Age 0.44 8.19 ** 482 % 5.03 *
AQ 0.05 0.22 <0.01 0.16
WRAT _SC 2.09 <0.01 0.77 0.34
AQ*WRAT SC 0.05 0.97 0.96 0.12
Site 0.38 1.62 1.74 0.77
AQ*Site 0.29 0.06 0.20 2.12
WRAT_ SC*Site 0.30 0.15 0.23 0.54
AQ*WRAT_SC*Site 0.07 0.45 0.17 0.39
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Laterality 2.64 § 2.33 7.23 ** 4.29 **
AQ%*Laterality 0.17 0.58 0.49 0.60
WRAT_SC*Laterality 1.55 0.16 0.09 0.03
AQ*WRAT_SC*Laterality 0.05 0.19 0.98 223
Site*Laterality 218§ 3.73 ** 4.07 ** 1.79
AQ*Site*Laterality 0.47 0.93 0.53 0.37
WRAT_SC*Site*Laterality 3.85 ** 247 * 1.83 1.45
AQ*WRAT_SC*Site*Laterality 2.96 * 1.03 1.02 0.46

Table 6: F-values for the repeated-measures ANOV As in each analysis window in the comparison
of low-high cloze difference waves in the linguistic modality over all participants with autistic
traits (AQ score) and sentence comprehension abilities (WRAT sentence comprehension score) as
individual continuous variables. Within-subjects factors are Laterality and Site. Asterisks indicate
statistically significant results (§ = trend (p < 0.10), * = p <0.05; ** =p <0.01; *** =p <0.001).
Main effects of or interactions with AQ or WRAT score are bolded.
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Figure 6: Scatterplot representing the interaction between WRAT sentence comprehension score
and low-high cloze difference wave amplitude for linguistic narratives between 200-300 ms at left
central sites (i.e., the C3 electrode cluster).

2.3. Discussion

In the linguistic narratives in the non-autistic group, a significant modulation by cloze occurred
from 400-600 ms, such that low cloze conditions were more negative than high cloze conditions.
This modulation was observed over frontal sites across left and right hemispheres and along the
midline in these time windows. This replicates prior literature showing that N400 amplitudes are
modulated by the predictability of a word in a sentence (Van Petten & Luka, 2012). For the
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linguistic narratives in the autistic group, a significant modulation by cloze was evoked from 200-
400 ms, such that low cloze conditions were more negative than high cloze conditions. This
modulation was observed over all sites and hemispheres in these time frames. Notably, this cloze
effect occurred in an earlier time window in the autistic group than in the non-autistic group.

Across all three of the item analyses and in both groups, the correlations were positive,
indicating that as cloze rating decreases (i.e., as sequences become less predictable), amplitude
decreases (i.e., becomes more negative). This replicates previous reports of N400 amplitude being
modulated by cloze in a continuous way in linguistic narratives (Van Petten & Luka, 2012). Also
to note is that these analyses confirm our observations in the earlier analyses that effects of cloze
occur in an earlier time window for the autistic group (200-250 ms) compared to the non-autistic
group (400-450 ms).

In the linguistic domain, sentence comprehension abilities (as measured by WRAT sentence
comprehension score) correlated with sensitivity to cloze probability (as measured by the low-high
cloze difference wave amplitude), showing that an increase in sentence comprehension abilities
led to a decreasing modulation by cloze. This suggests that a stronger ability to comprehend
sentences is associated with easier integration of unpredictable stimuli, confirming previous
literature noting the influence of prediction on semantic processing in language. This effect
occurred in an early time window (200-300 ms) which overlapped with the time window in which
we observed significant cloze effects in the autistic group (200-400 ms). This could indicate that
the association with sentence comprehension abilities was mainly driven by individuals in the
autistic group. However, this is a speculative proposal, since we did not observe any interactions
of WRAT with AQ score in this time window, suggesting that level of autistic traits did not
additionally modulate this association.

3. Study 2: Visual Narratives

3.1. Materials and Methods
The procedure and data for the non-AUT group in Study 2 has been previously published as
Coderre et al. (2020).

3.1.1. Participants

One group consisted of 22 non-autistic (non-AUT) adults ages 18-50 (M=26, 17 female, 5
male) without any histories of neurological disorders or learning disabilities. All participants self-
reported normal or corrected-to-normal vision. Two participants were left-handed.

A second group consisted of 22 autistic (AUT) adults ages 17-53 (M = 30; 9 female, 11 male,
1 trans male, 1 nonbinary). All participants in this study were professionally or self- diagnosed as
autistic and had self-reported normal or corrected-to-normal vision. Three participants were left-
handed.

Participants completed the same assessments as in Study 1 of receptive language (PPVT),
verbal and non-verbal 1Q (KBIT), visual language fluency (VLFI), autistic traits (AQ), and
working memory (digit span). In addition, instead of completing the WRAT to assess sentence
comprehension abilities, participants completed the Visual Language Fluency Index (VLFI) which
assesses expertise with visual narratives. The total score on this questionnaire correlates with
metrics of visual narrative comprehension (Coderre & Cohn, under review; Cohn, 2020b). A VLFI
score of 12 is considered “average” comic reading expertise, with <8 being considered “low” and
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>22 considered “high” fluency. The VLFI-D metric is similar to the VLFI score but includes a
weighting for the age at which participants began reading comics (Coderre & Cohn, under review).
On the VLFI, participants also confirmed and rated their familiarity with Peanuts comics. All
participants except one AUT participant rated themselves as being familiar with the Peanuts
comics. In addition to these behavioral assessments, all participants in the AUT group also
completed the ADOS-2. Three of the participants did not meet the cutoff for autism or ASD
according to the ADOS SA+RBB or CSS scores but had high AQ scores. Full demographic
information is presented in Table 1.

Participants were recruited from the University of Vermont and broader Burlington, Vermont
community through newspaper advertisements, fliers, and public announcements. All procedures
were approved by the Institutional Review Board at the University of Vermont and were performed
according to the guidelines and regulations of this committee. We obtained written informed
consent from each participant before experimental testing. Participants were monetarily
compensated for their time.

3.1.2. Stimuli

To create novel experimental sequences, as used in several prior studies (Cohn et al., 2012;
Cohn & Bender, 2017), we used stimuli which were comprised from over 500 visual narrative
sequences that were reordered from panels of Charles Schulz’s The Complete Peanuts
(Fantagraphic Books, 2004-2006).We obtained cloze ratings for 265 sequences during a pre-test
with 200 adults who were not included in the main experiment. Stimuli were presented via Survey
Monkey. Each 6-panel sequence was cropped just before the climactic “Peak” panel (Cohn,
2013a), which occurred between positions 3 and 6, depending on the sequence. These cropped
sequence stems, which varied from 2 to 5 panels long, were presented to participants who were
asked “what comes next?”. Into a text box, participants typed their predictions of the next event
for the next panel.

Cloze ratings were determined by collating the predicted responses of each sequence across
every participant. Similar to the procedure for the linguistic narratives, cloze ratings for each
sequence corresponded to the proportion of participants who agreed on the ending. Using these
cloze ratings, we selected 60 sequences with high cloze Peak (critical) panels (>0.4, M = 0.6; range
0.42-0.96; see Table 2 for examples) and 60 with low cloze Peak panels (<0.25, M = 0.2; range 0-
0.25). In some cases, novel panels were created to fit the “best completion” ending described by
respondents for high-cloze strips. An additional 60 sequences served as anomalous stimuli by
replacing Peak panels (which had original cloze ratings ranging from 0-0.83, M = 0.4) with
semantically incongruous panels from different sequences. The constraint ratings for anomalous
strips (i.e. the degree to which the preceding narrative context biases the prediction of a certain
event; Kutas & Federmeier, 2011) also ranged from 0-0.83 (M = 0.4).

3.1.3. Procedure

Sessions contained time for gathering paperwork and consent, performing behavioral tests,
applying the EEG net, and undergoing the experimental testing. Sessions lasted approximately two
hours and participants only attended a single session. Stimuli were broken up into 6 blocks, with
30 stimuli in each, totaling 180 stimuli overall. Presented in a pseudorandom order, there were
equal numbers of sequences from each condition in each block. Prior to the start of each trial,
participants were shown a screen with the words “Ready?” on it and started once the participant
pressed a button. A fixation cross for 500 ms followed the pressing of the button. Panels were
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presented one at a time in the center of the screen for 1350 ms each with an ISI of 350 ms (Cohn
& Mabher, 2015).

A subset of trials (20%) included a comprehension question. These questions were marked on
an additional panel by a red question mark and border around the panel, with participants
answering whether or not the panel had relation to the sequence they had just watched. These slides
had equal numbers of ‘unrelated’ and ‘related’ correct answers and were distributed evenly across
blocks and conditions. The comprehension questions emphasized accuracy rather than speed.

Stimuli were presented on a Dell 21.5” LCD monitor with 1920 x 1080 resolution. Participants
sat approximately 24” away from the screen and each comic panel was 5.25” wide and 4.125”
high, yielding a visual angle of 12.56° horizontally and 9.8° vertically.

All other testing procedures were identical to those used in Study 1.

3.1.4. Data analysis

Epochs were time-locked to the onset of the critical (Peak) panel in each sequence and
extended from 100 ms before to 1500 ms after the critical panel. All other data analysis procedures
were identical to those used in Study 1.

3.1.5. Statistical analyses

The statistical analyses were identical to that of Study 1, with the exception that visual analyses
were performed in 100 ms time windows from 200-600 as well as from 600-800 and 800-1000 ms.
Additionally, in our individual differences analyses we examined autistic traits and visual language
fluency (as assessed using VLFI scores), rather than the WRAT reading comprehension scores that
were included in the linguistic narratives.

3.2. Results

3.2.1 Non-autistic group

The ERP waveforms for the visual narratives in the non-autistic group are plotted in Figure 7.
Visual inspection suggested a strong effect of anomaly, with the anomalous condition eliciting the
strongest negativities from approximately 400-800 ms over frontal and central sites. A modulation
by cloze also occurred over frontal and central sites from approximately 500-600 ms. To explore
these effects statistically, we ran Condition by Site by Laterality ANOV As 200-600 ms, as well as
from 600-800 and 800-1000 ms. Full results can be found in Table 7.

200-300 ms: We observed an interaction of Condition, Site, and Laterality in this time window,
which arose from an interaction of Condition and Site in the left hemisphere (F(4,84) =2.76, p <
0.05). However, follow-up testing revealed no main effects of Condition at any site.

300-400 ms: We observed an interaction of Condition, Site, and Laterality in this time window,
which arose from an interaction of Condition and Site in the left hemisphere (F(4,84) =2.93, p <
0.05) and along the midline (£(4,84) = 3.39, p < 0.05). However, follow-up testing revealed no
main effects of Condition at any site.

400-500 ms: We observed an interaction of Condition and Site, which arose from a main effect
of Condition at frontal sites (£(2,42) = 3.96, p < 0.05). Follow-up paired-samples ¢-tests revealed
that anomalous conditions were significantly more negative than high cloze (#(65) = -3.39, p <
0.01) and low cloze (#(65) = -3.67, p < 0.001), but high and low cloze did not differ (»p = 0.19;
anomalous: M =-0.90, SD = 2.53; low cloze: M =-0.07, SD = 2.11; high cloze: M =-0.21, SD =
2.36).
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500-600 ms: We observed an interaction of Condition and Site, which arose from a main effect
of Condition at frontal (F(2,42) = 5.56, p < 0.01) and central sites (F(2,42) = 3.39, p < 0.05). At
frontal sites, the anomalous condition was significantly more negative than high cloze (#65) = -
4.51,p <0.0001) and low cloze (#(65) =-3.63, p <0.001), while low cloze was more negative than
high cloze (#65) = 2.41, p < 0.05; anomalous: M = -0.70, SD = 2.40; low cloze: M =-0.08, SD =
1.84; high cloze: M =0.18, SD = 2.14). At central sites, the anomalous condition was significantly
more negative than high cloze (#65) = -3.50, p < 0.001) and low cloze (#65) = -2.10, p < 0.05),
while low cloze was more negative than high cloze (#(65) = 3.03, p < 0.01; anomalous: M = 0.46,
SD =1.90; low cloze: M =0.81, SD = 1.63; high cloze: M = 1.18, SD =2.02).

600-800 ms: We observed an interaction of Condition and Site, which arose from a main effect
of Condition at frontal sites (£(2,42) =3.75, p <0.01), with a trend towards significance at central
sites (F(2,42) = 3.03, p = 0.06). Across both sites, the anomalous condition was significantly more
negative than high cloze (all p’s < 0.001) and low cloze (all p’s < 0.01) conditions, but high and
low cloze did not differ (all p’s > 0.23).

800-1000 ms: We observed an interaction of Condition and Laterality in this time window,
which arose from a trend of a main effect of Condition in the right hemisphere (F(2,42) =2.99, p
= 0.06). Follow-up paired-sample t-tests revealed that anomalous conditions were significantly
more negative than high cloze (#(65) = -4.51, p < 0.0001). Anomalous and low-cloze conditions
did not differ (p = 0.26), while low cloze was significantly more negative than high cloze (#(65) =
2.59, p <0.05; anomalous: M = 0.30, SD = 1.60; low cloze: M = 0.50, SD = 1.58; high cloze: M =
0.88, SD = 1.49).

To summarize, a significant effect of anomalous narratives occurred from 400-1000 ms, such
that the anomalous condition elicited a larger N400 amplitude than the high and/or low cloze
conditions. A significant modulation by cloze also occurred from 500-600 ms and from 800-1000
ms, such that low cloze conditions were more negative than high cloze conditions. This modulation
was observed over frontal and central sites (500-600 ms) and over the right hemisphere (800-1000
ms).

F3 cluster 2 Fz cluster

C3 cluster Cz cluster C4 cluster

S VR -

P3 cluster Pz cluster P4 cluster

Amplitude (pV)

Time (ms)

Figure 7: The ERPs at the critical panel of the visual narratives in each condition for the non-
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autistic group along the nine clusters on the scalp. Negativity is plotted upwards.

Time Windows

Main effect or interaction | 200-300 300-400 400-500 500-600 | 600-800 | 800-1000

ms ms ms ms ms ms
Condition 1.29 0.12 1.42 2.88 § 2.61 § 1.28
Site 34.67 F** | 19.24 **E | 1448 kx| 1) 30 wAk | 4T kK| T 5] k*
Laterality 5.40 ** 4.57 * 3.43 * 3.17 § 1.38 0.54
Condition*Site 0.57 2.86 * 8.73 *** | 6.78 *** | 2,97 * 1.63
Condition*Laterality 291 * 0.79 0.46 0.84 1.27 3.02 *
Site*Laterality 9.99 *** 2.84 * 1.66 0.96 0.58 0.42
Condition*Site*Laterality | 4.71 *** 2.03 * 1.65 1.00 0.81 0.61 |

Table 7: F-values for the repeated-measures ANOV As in each analysis window for the non-autistic
adults in Study 2 (visual narratives). Within-subjects factors are Condition, Laterality, and Site.
Asterisks indicate statistically significant results (§ = trend (p <0.10), * = p <0.05; ** =p <0.01;
**% = p <0.001). Main effects of or interactions with Condition are bolded.

3.2.2 Autistic group

The ERP waveforms for the visual narratives in the autistic group are plotted in Figure 8.
Visual inspection suggested effects of condition from approximately 300-600 ms over frontal sites.
To explore these effects, we ran Condition by Site by Laterality ANOVAs in 100 ms time intervals
from 200-600 ms, as well as from 600-800 and 800-1000 ms. Full results can be found in Table 8.

200-300 ms: There were no main effects of Condition and no interactions of Site or Laterality
with Condition.

300-400 ms: We observed an interaction of Condition and Site, which arose from a trend of a
main effect of Condition at frontal sites (F(2,42) = 2.86, p = 0.07). Follow-up paired-samples z-
tests indicated that the anomalous condition was significantly more negative than high cloze (#65)
=-2.50, p <0.05) and low cloze (#(65) =-3.37, p <0.01), while high cloze was more negative than
low cloze (#(65) =-2.14, p < 0.05; anomalous: M = -1.71, SD = 2.36; high cloze: M =-1.44, SD =
2.06; low cloze: M = -1.14, SD = 2.06).

400-500 ms: We observed an interaction of Condition and Site in this time window. However,
follow-up testing revealed no main effects of Condition across any site.

There were no main effects of Condition, nor interactions of Site or Laterality with Condition,
in any of the remaining time windows.

To summarize, there was a significant effect of anomalous narratives from 300-400 ms, such
that the anomalous condition elicited a larger N400 amplitude than the high and low cloze
conditions. There was also a significant modulation by cloze from 300-400 ms, such that high
cloze conditions were more negative than low cloze conditions over frontal sites. Interestingly, the
time course of this effect is earlier than in the non-autistic group (in which the modulation by cloze
occurred from 500-600 ms), which is a similar pattern to that which we observed in the linguistic
narratives.
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Figure 8: The ERPs at the critical panel of the visual narratives in each condition for the autistic
group along the nine clusters on the scalp. Negativity is plotted upwards.
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Time Windows
Main effect or interaction 200-300 300-400 400-500 500-600 600-800 | 800-1000
ms ms ms ms ms ms
Condition 0.34 0.80 0.31 0.19 0.29 0.22
Site 57.29 #** | 31,61 *** | 21.81 *** | 20.30 *** | 10.99 *** | 8.56 ***
Laterality 7.83 ** 5.63 ** 4.05 * 293§ 1.32 0.64
Condition*Site 1.75 5.90 #** 2.85 % 1.90 0.95 0.62
Condition*Laterality 1.311 0.65 1.16 0.41 0.47 0.63
Site*Laterality 7.70 FxE | 442 ** 3.65 ** 3.01%* 2.14 § 1.63
Condition*Site*Laterality 0.98 0.90 0.71 0.68 0.70 1.20

Table 8: F-values for the repeated-measures ANOVAs in each analysis window for the autistic
adults in Study 2 (visual narratives). Within-subjects factors are Condition, Laterality, and Site.
Asterisks indicate statistically significant results (§ = trend (p <0.10), * = p <0.05; ** =p <0.01;
**% = p <0.001). Main effects of or interactions with Condition are bolded.

3.2.3 Correlations with cloze

To further examine the relationship between cloze and N400 amplitude, as in the linguistic
narratives, we performed item analyses by correlating cloze ratings of each individual item with
its N400 amplitude, averaged over participants. In each group, we correlated cloze ratings with
ERP amplitudes at the critical panel for each visual narrative at every timepoint and at each
electrode cluster. Based on the results from these running correlations, we identified time windows
that showed significant correlations with cloze and plotted these correlation values at every
electrode across the scalp.

In the non-autistic group, correlations of cloze with amplitude at every timepoint and cluster
identified positive associations over right centro-parietal sites in two narrow time windows just
before 600 ms and just after 800 ms. As can be seen in Figure 9, a cluster of significant (p < 0.05)
correlations occurred over right centro-parietal scalp from 550-600 ms.

In the autistic group, correlations of cloze with amplitude at every timepoint and cluster
identified positive associations over centro-parietal scalp from 200-300 ms followed by a sustained
window of negative associations over fronto-central scalp from 300-600 ms. As can be seen in
Figure 9, a cluster of significant positive correlations occurred over centro-parietal scalp from 200-
300 ms.
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Figure 9: Correlations of cloze rating with amplitude in the non-autistic group (left panels) and
autistic group (right panels) in the visual narratives. Top panels: Correlations of cloze rating with
amplitude at each timepoint and electrode cluster. Correlation coefficients are plotted as a heat
map with positive correlations in red. Middle panels: Correlations of cloze with amplitude with
non-significant correlation coefficients (as determined by cluster mass permutation tests to account
for multiple comparisons) masked in green. Bottom panels: Topographic plots of » correlation
coefficients between cloze rating and amplitude at every electrode over the scalp (from 550-600
ms and 800-850 ms in the non-autistic group; from 200-300 ms and 300-600 ms in the autistic
group). Black dots indicate electrodes where p < 0.05.

3.2.4 Group comparison
To statistically compare groups on cloze effects, we calculated difference waves for each group
by subtracting the high cloze condition from the low cloze condition at every timepoint and
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electrode cluster, plotted in Figure 10. Visual inspection suggested clear differences in effects of
cloze, with larger difference wave effects for the non-autistic group than the autistic group over
frontal and central sites. We ran Group by Site by Laterality repeated-measures ANOV As on these
difference wave amplitudes from 200-600 ms, as well as from 600-800 ms and 800-1000 ms. The
full results are shown in Table 9. Only main effects of or interactions with Group are reported
below.

200-300 ms: We observed an interaction between Group, Site, and Laterality in this time
window, which arose from an interaction between Group and Site in the left hemisphere (F(2,84)
=6.07, p <0.01) and a trend of Group and Site in the right hemisphere (F(2,84) =2.99, p = 0.06).
Follow-up testing, however, revealed no main effects of Group at any site in either hemisphere.

300-600 ms: There were no interactions with or main effects of Group in any of the time
windows between 300 and 600 ms.

600-800 ms: We observed a trend of Group and Laterality (p = 0.08) in this time window.
Follow-up testing, however, revealed no interactions with or main effects of Group in any
hemisphere.

800-1000 ms: We observed an interaction of Group and Laterality in this time window. Follow-
up testing, however, revealed no interactions with or main effects of Group in any hemisphere.

To summarize, an interaction of Group and Site occurred in the left hemisphere, and a trend of
Group and Site in the right hemisphere, from 200-300 ms. Additionally, a Group by Laterality
interaction occurred from 800-1000 ms. However, follow-up testing revealed that there were no
significant interactions with Group or main effects of Group in these time windows, suggesting
that groups did not differ significantly in their low-high cloze N400 amplitudes at any site or
Laterality, despite our predictions.
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Figure 10: a) Difference waves (low cloze — high cloze) for the visual narrative ERPs at the critical
panel for each group along the nine clusters on the scalp. Negativity is plotted upwards. b)
Topographic plots of the difference waves (low cloze — high cloze) in each group for the visual

modality across the time windows of interest.

Main eff Time Windows
lain effect or 200-300 | 300-400 | 400-500 | 500-600 | 600-800 | 800-1000
interaction
ms ms ms ms ms ms

KBIT 0.03 0.01 0.22 0.22 0.30 0.04
Group <0.01 123 0.54 2.29 0.10 <0.01
Site 0.51 287§ | 432% |224 222 0.55
Group*Site 2.12 0.33 0.34 1.33 0.04 0.50
Laterality 1.66 2.34 0.85 1.74 1.00 2.14
Group*Laterality 1.59 0.80 2.32 2.13 261§ |3.59+
Site*Laterality 630 *** | 223§ |2298§ 1.77 1.63 2.09§
Group*Site*Laterality 3.30 * 1.61 1.83 1.14 0.97 0.81

Table 9: F-values for the repeated-measures ANOVAs in each analysis window for the group
comparisons of low-high cloze difference waves in the visual narratives. Within-subjects factors
are Laterality and Site. Asterisks indicate statistically significant results (§ = trend (p < 0.10), * =
p <0.05; **=p <0.01; *** = p <0.001). Main effects of or interactions with Group are bolded.
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3.2.5 Individual differences

Finally, to evaluate individual differences in modulation by cloze in visual narratives, we
removed Group as a factor from our analyses and instead included level of autistic traits (as
measured by AQ score) and visual language fluency (as measured by scores on the VLFI) as
variables in the analysis. As these are both continuous measures, this analysis may provide a more
subtle insight into individual differences that could affect narrative comprehension abilities. KBIT
was retained as a covariate. The full results are presented in Table 10. Only main effects of or
interactions with AQ and/or VLFI are reported below.

Time Windows
Main effect or interaction 200-300 | 300-400 | 400-500 | 500-600 | 600-800 | 800-1000

ms ms ms ms ms ms
KBIT 0.03 0.01 0.25 0.26 0.32 0.05
AQ 0.77 2.48 2.30 7.45 ** 2.03 2.40
VLFI 0.82 1.16 0.49 1.20 0.00 0.00
AQ*VLFI 0.66 6.63 * 6.22 * 2.73 2.67 4.40 *
Site 0.49 2.80 § 427 * 2.12 2.13 0.54
AQ*Site 1.87 0.30 0.06 0.52 0.01 0.69
VLFI*Site 0.00 0.39 0.03 0.24 0.32 0.12
AQ*VLFI*Site 0.13 0.53 1.75 0.23 0.06 0.88
Laterality 1.67 2.23 0.81 1.66 0.94 2.05
AQ%*Laterality 2.57 § 0.41 1.86 1.81 1.48 2.49 §
VLFI* Laterality 0.15 0.07 0.09 0.14 0.07 0.10
AQ*VLFI* Laterality 1.16 0.29 0.18 0.17 0.47 1.10
Site*Laterality 5.73 ¥** 1 212§ 2.17 § 1.71 1.61 2.08 §
AQ*Site* Laterality 0.73 0.51 0.82 0.58 0.64 0.78
VLFI*Site* Laterality 0.11 0.38 0.36 0.42 0.46 0.61
AQ*VLFI*Site* Laterality 0.38 0.54 0.41 0.58 1.30 1.10

Table 10: F-values for the repeated-measures ANOVAs in each analysis window in the
comparison of low-high cloze difference waves in the visual narratives over all participants with
autistic traits (AQ score) and visual language fluency (VLFI score) as individual continuous
variables. Within-subjects factors are Laterality and Site. Asterisks indicate statistically significant
results (§ = trend (p < 0.10), * = p < 0.05; ** = p < 0.01; *** = p < 0.001). Main effects of or
interactions with AQ or VLFI score are bolded.

200-300 ms: We observed a trend of AQ and Laterality in this time frame (p = 0.08). However,
follow-up testing revealed no significant correlations with AQ in any laterality (all p’s > 0.14).

300-400 ms: We observed an interaction of AQ and VLFI in this time window. To visualize
this, we broke the participants into “low AQ” and “high AQ” groups based on a median split. The
low AQ group showed a negative, although non-significant, correlation between VLFI score and
low-high cloze difference wave (r = -0.32, p = 0.16), while the high AQ group showed a positive
and marginally significant correlation (» = 0.37, p = 0.08). This pattern can also be seen in the
scatterplot in Figure 11a.

400-500 ms: We observed an interaction of AQ and VLFI in this time window. The low AQ



PREDICTABILITY IN NARRATIVE COMPREHENSION IN AUTISTIC ADULTS 35

group showed a significant negative correlation between VLFI score and low-high cloze difference
wave (r = -0.46, p < 0.05), while the high AQ group showed a positive, although non-significant,
correlation (» = 0.33, p = 0.13). This pattern can also be seen in the scatterplot in Figure 11b.

500-600 ms: A main effect of AQ occurred in this time window. Over all electrode clusters,
there was a significant correlation between AQ score and the low-high difference wave amplitude
(r=0.39, p<0.01), such that individuals with greater autistic traits (i.e., higher AQ scores) showed
smaller N400 effect size magnitudes between high and low cloze conditions. This pattern can also
be seen in the scatterplot in Figure 12a.

600-800 ms: There were no interactions with VLFI or AQ in this time window.

800-1000 ms: We observed a trend of AQ and Laterality in this time frame (p = 0.09), which
arose from a trend of AQ in the right hemisphere (F(1,39)=3.37, p =0.07). Follow-up correlations
indicated a trend towards a significant correlation between AQ and low-high difference wave
amplitude in the right hemisphere (» = 0.27, p = 0.07). This relationship can also be seen in the
scatterplot in Figure 12b.

An interaction of AQ and VLFI also occurred in this time window. To visualize this, we broke
the participants into “low AQ” and “high AQ” groups based on a median split. The low AQ group
showed a negative, marginally significant correlation between VLFI score and low-high cloze
difference wave (r = -0.41, p = 0.06), while the high AQ group showed a positive but non-
significant correlation (» = 0.24, p = 0.28). This pattern can also be seen in the scatterplot in Figure
Ic.
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Figure 11: Scatterplots representing the interactions between AQ, VLFI score, and low-high cloze
difference wave amplitude for visual narratives between a) 300-400 ms, b) 400-500 ms, and c)
800-1000 ms. The low AQ group is plotted in blue while the high AQ group is plotted in red.
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Figure 12: Scatterplots representing the interaction between AQ and low-high cloze difference
wave amplitude between a) 500-600 ms over all sites, and b) 800-1000 ms in the right hemisphere.

3.3. Discussion

For the visual narratives in the non-autistic group, a significant modulation by cloze occurred
from 500-600 ms, such that low cloze conditions were more negative than high cloze conditions.
This modulation was observed over frontal and central sites in this time window. This replicates
previous literature (Kutas & Federmeier, 2011) and confirms our predictions that the non-autistic
group would show a modulation by cloze in the visual narratives during the hallmark time frame
of the N400 effect. For the visual narratives in the autistic group, a significant modulation by cloze
occurred from 300-400 ms; however, the cloze effect was flipped, such high cloze conditions were
more negative than low cloze conditions. This modulation by cloze also occurred in an earlier time
window in the autistic group compared to the non-autistic group, as was also observed in the
linguistic domain.

Additionally, the item analyses replicated previous reports of N400 amplitude being modulated
by cloze in a continuous way in visual narratives (Coderre et al., 2020). These analyses also
confirm our earlier results in the visual domain that effects of cloze occur in an earlier time window
for the autistic group (200-300 ms) compared to the non-autistic group (550-600 ms). Most
notably, after the early modulation of cloze in the expected direction in the autistic group (that is,
lower-cloze items eliciting more negative amplitudes), this group also shows a subsequent reversal
of the cloze effect, such that higher-cloze items show greater negative amplitudes than lower-cloze
items, from 300-600 ms.

In the visual domain, correlational analyses between AQ and low-high cloze difference wave
amplitudes revealed that participants with higher AQ scores showed smaller modulations by cloze
from 500-600 ms and from 800-1000 ms. This suggests that having greater autistic traits is
associated with a reduced sensitivity to the predictability of events within a visual narrative
sequence. This is consistent with our initial suggestions such that autistic individuals process
prediction differently, such that they would have small differences between the high and cloze
modulation (Zalla et al., 2010).

We also observed several interactions of the effects of AQ and VLFI scores on sensitivity to
cloze in the visual modality. In three separate time windows — from 300-400 ms, 400-500 ms, and
800-1000 ms — higher visual language fluency was associated with larger cloze probability effects
for those with lower levels of autistic traits. In contrast, those with higher levels of autistic traits
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showed the opposite effect, such that increasing visual language fluency was associated with
reduced sensitivity to cloze. Interestingly, in prior investigations of cloze probability in visual
narratives in non-autistic adults (Coderre et al., 2020), we did not observe modulations of
predictability effects by visual language fluency. However, our current results suggest that comic
reading experience and autistic traits interact with each other in modulating how individuals
anticipate upcoming information in a narrative.

4. General Discussion

This study investigated how prediction modulates the comprehension of upcoming word or
comic panels in a sentence or comic strip. Specifically, cloze probabilities were utilized to test how
the semantic processing of upcoming linguistic or visual stimuli were modulated by prediction in
autistic and non-autistic adults. We examined the N400 amplitudes for low cloze, high cloze, and
anomalous sequences. We predicted, based on a wealth of literature showing increased N400
amplitudes for semantic anomalies across modalities (Kutas & Federmeier, 2011), that anomalous
stimuli would exhibit the greatest negative amplitudes of all three sequence types in both linguistic
and visual narratives. Given the previous literature regarding prediction modulation, we expected
greater N400 amplitudes for low cloze in comparison to high cloze sequences in both modalities
(Van Petten & Luka, 2012). Finally, we were particularly interested in how the modulation by
cloze might be different among autistic adults. Based on prior suggestions that these individuals
may process prediction differently than neurotypical individuals (Sinha et al., 2014), we
hypothesized that the autistic group would show smaller modulations by cloze, i.e., a reduced
difference between low cloze and high cloze N400 amplitudes, compared to the non-autistic group.

In the following sections, we explore these findings from the group comparisons, and of a
flipped cloze effect in the autistic group in the visual narratives and earlier effects of cloze in the
autistic group across modalities.

4.1 Individual differences

As stated above, our main hypotheses were that the groups would show differences in ERP
amplitude, specifically in the difference between the high and low cloze conditions in each
modality. We also investigated whether individual differences, particularly in the level of autistic
traits, sentence comprehension abilities (for linguistic narratives), and visual fluency (for visual
narratives), might modulate ERP amplitudes.

Our results from the individual difference analyses highlight a more general consideration for
how individuals are considered in autism research. Our group analyses, which categorized
participants based on the presence or absence of a diagnosis of being autistic, revealed no
significant differences in cloze effects in either linguistic or visual domains. Our additional
analyses exploring different aspects of individual variability as continuous measures across the
entire participant sample (regardless of diagnosis), however, identified several significant effects
on predictability processing. This indicates that the group comparisons, which lump participants
together based on broad categorizations into the autistic or non-autistic group, do not account for
more subtle difference in people’s individual experiences. Factors like one’s level of autistic traits
or experiences with comic reading are better accounted for when considering all participants as
one group and examining how these variables modulate effects in a continuous manner. As such,
these individual analyses can reveal more subtle effects of individual experiences than the group-
based analyses like intriguing associations between factors like autistic traits, visual fluency, and
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sentence comprehension abilities that may play a role in the influence that cloze has on semantic
processing.

We have commented on the benefits of individual analyses as compared to group-based
comparisons in prior work (O’Rourke & Coderre, 2021), particularly as it relates to the autism
field. Traditionally, an autism diagnosis is either made or confirmed with the administration of the
ADOS, the current “gold standard” diagnostic measure of autism. However, because of its length
(administration for adults can take 45-60 minutes), it is typically not given to non-autistic
participants. This restricts any individual differences analyses, as measures of autistic traits are not
available for this group. In contrast, the AQ is a brief (approximately 10 minutes) self-report
questionnaire that can easily be administered to all participants, regardless of diagnostic category.
This metric provides a continuous measure of self-perceived autistic traits in the general population
(Baron-Cohen et al., 2001) and, as shown by our data, can often reveal more subtle differences in
how autistic traits modulate cognitive processing. Since autism is a spectrum condition, adapting
our analysis methods to embrace the continuous nature of autistic traits and move away from
diagnosis-based group comparisons represents an important shift in this same direction. Autistic
individuals also face many barriers to seeking a formal diagnosis (Lewis, 2016), so moving away
from identity-based classifications and towards acceptance of individual differences also has the
potential to be more inclusive of all participants, regardless of where they fall on the spectrum.

Considering individual differences in visual language fluency is equally as important when
investigating visual narrative processing. Despite a common assumption that visual narratives like
comic strips are universally understandable, recent research has found that culture and
development play a large role in the ability to understand a sequence of visual images (Cohn,
2020b, 2020a). Furthermore, research increasingly finds that visual narrative comprehension is
modulated by experience with comic reading, just as text comprehension is modulated by verbal
fluency (Cohn, 2020b, 2020a). Individual differences in visual narrative fluency have even been
shown to modulate neural responses like the N400 and later positivities, along with effects of age
of acquisition (Coderre & Cohn, under review). As also supported by the significant effects of
visual language fluency in the current study, it is important for future research to consider this
variable in investigations of visual narrative comprehension.

4.2 Item analyses

To address the fact that the direct group comparisons revealed no significant differences
between groups, we also ran item analyses in each modality, which correlate each individual
stimulus’s cloze rating with its elicited N400 amplitude. These types of analyses in prior studies
have revealed a continuous modulation of N400 amplitude by cloze (Coderre et al., 2020; Van
Petten & Luka, 2012).

In the linguistic domain, both the autistic and non-autistic groups showed positive associations
of cloze ratings with amplitude, such that as cloze rating decreases (i.e., as sequences become less
predictable), N400 amplitude decreases (i.e., becomes more negative). Although these associations
were observed in different time windows for each group, replicating the earlier cloze effects we
observed in the autistic group, the correlation coefficients were similar for each group (0.24-0.28
for the non-autistic group; 0.27-0.28 for the autistic group). This suggests that the continuous
modulation by cloze is also present in autistic adults, and to roughly the same extent as in non-
autistic individuals.

In the visual domain, we also observed continuous modulation by cloze in both groups,
although again in different time windows replicating the earlier cloze effects, we observed in the
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autistic group. The correlation coefficients were stronger in the non-autistic group (0.55-0.56) than
in the autistic group (0.32), although the notable difference in time windows (200-300 ms in the
autistic group compared to 600-800 ms in the non-autistic group) makes it difficult to compare the
magnitudes of these effects. Nevertheless, these results indicate that cloze modulates ERP effects
in a continuous manner across modalities and in both groups of individuals, which replicates
previous findings (Coderre et al., 2020; Van Petten & Luka, 2012).

4.3 Earlier cloze effects in autistic adults

When considering both modalities together, non-autistic individuals showed larger negative
amplitudes for low cloze stimuli compared to high cloze stimuli, confirming that unpredictable
stimuli are harder to integrate than more predictable stimuli. However, autistic individuals showed
earlier negative amplitudes in the low-high cloze difference waves for both linguistic and visual
domains, suggesting a modulation by cloze that occurs earlier than in non-autistic individuals.
Although we had not made any specific predictions about the latency of the cloze effect in each
group, this earlier effect in the autistic group is unexpected. We had hypothesized that autistic
individuals would show reduced amplitudes of the low-high cloze N400 effect compared to non-
autistic individuals, reflecting difficulties with predictive processes. If anything, difficulties with
prediction should result in later modulations of cloze, which might reflect delayed or more
effortful processing.

We speculate that this earlier processing mechanism may indicate a more bottom-up
processing style utilized by autistic individuals — compared to a more top-down processing style
utilized by non-autistic individuals — in which relies on less active prediction of upcoming stimuli
than in non-autistic adults.

Importantly, this proposal of a more bottom-up processing style in autistic adults supports our
hypotheses that these individuals engage in different prediction mechanisms than non-autistic
individuals and are potentially less able to predict upcoming information. If autistic individuals do
in fact use this more bottom-up processing style, then this would suggest that they are not engaging
as much in active prediction during narrative comprehension as neurotypical participants. This
would shift processing earlier because of the reduced need to overcome unmet predictions.
Therefore, we propose that our results support the idea that autistic individuals use processing
mechanisms that emphasize the bottom-up relations between stimuli and rely less on active
predictive processing related to top-down context. These different processing mechanisms could
contribute to the observed differences in narrative processing across modalities.

In autistic individuals, if there is more reliance on bottom-up processing and less active
prediction of upcoming stimuli, then this would create earlier N400 effects at processing stages
that emphasize bottom-up processing. In contrast, for non-autistic participants who may rely more
on top-down processing and more actively predict upcoming stimuli, we would expect larger
effects at later stages of the N400 that reflect more semantic integration with prior context.

For individuals who use a more bottom-up processing style that does not rely on active top-
down prediction (i.e., preactivation), semantic processing may still be modulated by cloze because
the low cloze items may still have weaker semantic relations to the preceding context compared to
the high cloze items. For high-cloze words or panels, the preceding context would more strongly
activate related concepts in semantic memory. This would subsequently generate a difference in
ERP amplitude for high-cloze versus low-cloze items related to ease of integration. A more
bottom-up processing style that does not involve active prediction may still elicit differences
between high and low cloze items based on ease of integration while shifting these modulations
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by cloze to earlier N400 effects.

Thus, we propose that the autistic individuals in our study may have been utilizing less active
prediction strategies to interpret incoming stimuli. This processing style would presumably persist
across different modalities within individuals, which can explain why earlier cloze-related effects
in both linguistic and visual narratives correlated with greater prevalence of autistic traits.

This proposed interpretation of autistic individuals relying less on active prediction aligns with
prior psycholinguistic research. For instance, in a previous study using a semantic priming
paradigm, in which participants viewed pairs of related or unrelated pictures and words, Coderre
etal. (2017) found slight differences in the timing and topography of the N400 effect that suggested
different processing mechanisms. Specifically, autistic adults seemed to process semantic
relatedness using a slightly later, more bottom-up post-lexical integration strategy compared to an
earlier, more active expectancy-based predictive processing strategy in non-autistic adults.
Coderre et al. (2017) propose that the later semantic matching strategy utilized by the autistic
adults might have been a result of differences in expectancy processes, i.e., different predictive
processing in a semantic priming paradigm. A bottom-up processing style that relies on less active
prediction is also in line with the theory of weak central coherence (Burnette et al., 2005; Frith,
1989; Frith & Happé, 1994; Happé, 1999; Jolliffe & Baron-Cohen, 1999; Pellicano et al., 2006),
which proposes that autistic individuals tend to be less sensitive to global context (i.e., top-down
information) and focus more on details.

Most notably, this interpretation aligns with previous theoretical framework that aims at
interpreting the differences in perceptual processing that is noted in autism and can be applied to
the speculations that we propose within this current study. The Enhanced Perceptual Functioning
(EPF) model describes how the enhanced processing mechanisms observed in autistic individuals,
like discriminating, detecting, and categorizing stimuli, may be a result of a stronger reliance on
initial, lower-level perceptual processing, rather than high-level cognitive processing, in
interpreting a stimulus (Mottron et al., 2006; Mottron and Burack, 2001). Studies investigating the
EPF model of autism utilizing ERP data have revealed further evidence corroborating this
enhanced use of perceptual processing over cognitive processing. Russo et al. (2012) found that,
like in our current studies, autistic adolescents showed an earlier ERP effect from a semantic
priming paradigm between congruent and incongruent stimuli. More specifically, the autistic
adolescents showed a difference occurring within the P1 time window, which represents perceptual
processing of a stimulus (Doniger et al., 2000; Russo et al., 2012). Later studies conducted by
Kaplan-Kahn et al. (2021) showed this similar trend of earlier effects and differences within groups
for the P1 component. Kaplan-Kahn et al. (2021) attributed this finding in accordance with the
EPF model that suggests that autistic individuals may be more likely to rely on their initial
perceptual processing to make sense of incoming stimuli rather than incorporating this information
into higher-level cognitive processes like semantic networks.

If this is the case, we can relate this framework to speculate on the results we observed in our
present studies. If autistic individuals do in fact rely less on active prediction, it is possible that
initial perceptual processing is more heavily emphasized in order to interpret an incoming
stimulus, and consequently they may rely less on the cognitive processing that may represent prior
predictions that influence upcoming stimuli. This may shift processing earlier, as perceptual
processing may be enhanced rather than later cognitive processing, as in non-autistic individuals.
This may be able to explain why we saw these earlier effects of modulation by cloze across
modalities. In any case, further research is needed to confirm and explore our interpretation of
these results, since ours is one of the first studies to examine this cloze probability paradigm in
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narrative processing in autistic adults.

4.4 Reversed cloze effects in autistic adults in visual narratives

In the initial ANOVAs, the autistic group showed a significant, yet flipped, effect of cloze
from 300-400 ms such that the high cloze condition elicited more negative amplitudes than the
low cloze condition. The item analyses revealed a more subtle pattern of effects, such that ERP
amplitude was modulated by cloze in two separate time windows. From approximately 200-300
ms, autistic individuals showed a positive association of cloze with ERP amplitude, such that lower
cloze was associated with larger negative amplitudes. This pattern is in line with the traditional
cloze effects that we would expect, albeit in an earlier time window. Following this expected cloze
effect, however, there was a subsequent reversal such that higher-cloze items show greater
negative amplitudes than lower-cloze items from 300-600 ms.

This flipped cloze effect is interesting, especially in light of the individual differences analyses.
From 300-500 ms, we observed that higher levels of autistic traits were associated with more
positive difference waves, i.e., smaller low-high cloze N400 effects. As can be seen in Figure 11a,
in many participants the difference wave was positive, reflecting a flipped cloze effect (i.e., the
high cloze condition was eliciting more negative amplitudes than low cloze conditions). Therefore,
it seems that this flipped cloze effect is modulated by levels of autistic traits.

One possibility for the flipped cloze effect that we observed in the autistic group in the current
study may be that autistic individuals process more- or less-predictable stimuli in different ways.
Whereas non-autistic individuals might exert more cognitive processing for less predictable items
(leading to larger ERP amplitudes for low cloze stimuli), the rarer or less predictable stimuli may
be easier for autistic individuals to notice or process, leading to facilitation in this condition (and
therefore smaller ERP amplitudes for low cloze stimuli). The attenuated ERP effects are also
evident at later windows in this group: although there were no statistically significant effects of
condition after 500 ms in the visual narrative condition for the autistic group, the waveforms in
Figure 8 suggest a sustained negativity in the low cloze condition at central and parietal sites (e.g.,
700-1000 ms at the Cz or P4 cluster). In these instances, the anomalous and high cloze conditions
track together closely while the low cloze condition shows relatively reduced amplitudes. These
later time windows are typically characterized by positivities reflecting post-semantic integration
and re-interpretation (e.g., the P600 or LPC; van de Meerendonk et al., 2010). Yet the low cloze
condition in Figure 8 shows less positive amplitudes compared to the other two conditions. Thus,
the low cloze condition in the visual narratives could be interpreted as showing mitigated N400
effects earlier in the processing stream (e.g., 300-600 ms) in the autistic group, as well as mitigated
later positivities (e.g., 700-1000 ms).

This is a speculative interpretation, as this finding warrants further research to replicate and
explore the underlying mechanism. However, an interpretation of low cloze stimuli being
relatively “easier” for autistic individuals to process due to their rarity or novelty is in line with
prior research showing enhanced attention to detail and more local processing in autistic
individuals (Burnette et al., 2005; Frith, 1989; Frith & Happé, 1994; Happé, 1999; Jolliffe &
Baron-Cohen, 1999; Pellicano et al., 2006).

4.5 Limitations of the current studies

One limitation to note is that the cloze ratings in these studies (and, indeed, in most other
psycholinguistic studies in the field) are based largely on responses from neurotypical individuals.
Cloze ratings are taken from pre-test surveys asking participants to provide what word they think
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comes next (in a sentence context) or what event occurs next (in a visual narrative context). These
pre-test ratings are commonly solicited from neurotypical controls, often college students. It is
possible that studies soliciting these responses using online surveys may capture a broader
representation of the general population, and therefore include more neurodiverse individuals.
However, because these pre-test studies typically do not specifically recruit autistic participants,
these individuals might provide very different responses to the question of “what word/event
comes next” compared to non-autistic individuals, which would lead to different cloze ratings for
each item and consequently different ways of grouping items into high and low cloze categories.
For these reasons, it may be hard to establish whether autistic adults show a “difficulty” with
predictive processing because we are comparing them to a neurotypical norm. If cloze ratings were
based on predictability responses from autistic individuals, ERP results may differ in their pattern
of effects that is more in line with the expected cloze effects observed in non-autistic individuals
(just as ERP responses from neurotypical individuals might show a different pattern of effects if
compared to cloze ratings from a neurodiverse norming sample).

A second limitation that should be noted serves as an additional potential reason for why we
did not observe significant group differences in predictive processing, particularly in the linguistic
modality, which may have to do with the specific stimuli used in these studies. In the linguistic
domain, the cloze-related effects observed even in the non-autistic group alone were not as strong
as we might have expected based on prior psycholinguistic studies, which often report very robust
cloze effects (Van Petten & Luka, 2012). This could be a contributing factor into why we did not
observe a significant difference between the autistic and non-autistic groups when directly
compared, since smaller cloze effects in each separate group may not have been strong enough to
lead to a significant group difference when compared directly.

One potential reason for these smaller effects is related to how the stimuli were categorized by
cloze ratings. The linguistic and visual stimuli were matched across modalities on cloze rating. In
the visual narratives, the “high cloze” stimuli had cloze ratings of 0.4 and above, which means this
was also the range for the high cloze stimuli in the linguistic narratives. However, this lower limit
of 0.4 is much lower than in prior psycholinguistic studies of cloze, which often restrict “high
cloze” stimuli to approximately 0.7 or higher (Coderre et al., 2020). As a result, our high cloze
condition may not have been “high enough” cloze to elicit a robust cloze effect in the linguistic
domain. Smaller cloze effects in each group would thus make it more difficult to identify
distinctions between groups. Because of the fact that we did not observe any significant differences
between groups in the direct comparisons, we ran the item analyses to observe how individual
factors might have played a role on cloze modulation across participants.

Lastly, it is meaningful that we report on how age was retained as a covariate during the
individual difference analyses for the linguistic narratives. When we combined all 42 participants
together across group, consequently removing group as a factor, we also retained age as a covariate
since we did not age match the participants across the two groups. It is important to note that
although these analyses revealed subtle associations that highlighted the nuances of incorporating
continuous measures like level of autistic traits or sentence comprehension abilities, it is possible
that when age was included as a covariate within our analyses, it could have also removed subtle
influences of individual variability on linguistic processing that could contribute to differences in
cloze effects across the lifespan. Although all participants in the current studies were adults aged
18-64 years old, it is worth noting how language processing skills may differ as age increases.
While matching ages may be important in studies that recruit participants earlier in life with
developing language skills that may differ significantly across age, age is can still be an important
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factor to consider in studies that recruit adult participants. Even so, the individual difference
analyses in the linguistic domain revealed a main effect of age between 300-600ms, highlighting
that age did in fact have some sort of effect on the cloze modulation observed in these analyses. It
is meaningful that future analyses or research that utilizes adult participant data recognizes that
influence of both retaining age when not matched across groups in the case it plays a role in how
the modulation of cloze may impact narrative comprehension.

5. Conclusions

We observed that modulations of cloze occur slightly earlier in autistic than non-autistic adults.
Although at first glance this seems to contradict our hypotheses that autistic individuals use
different processing strategies that de-emphasize predictive processing, we propose that these
earlier effects reflect a more bottom-up processing style in autistic adults that leads to less active
prediction. The fact that this effect occurred in both the linguistic and visual domains lends support
to the ideas that this bottom-up processing style is recruited across modalities and could contribute
to differences in narrative processing in both domains.

Our investigations of individual differences also revealed more subtle influences of factors like
visual fluency, level of autistic traits, and sentence comprehension abilities on predictive
processing, which were not apparent in group comparisons. This demonstrates the necessity of
incorporating individual measures in investigations of semantic and narrative processing and holds
meaningful potential for further research on predictive processing in individuals across the autism
spectrum.
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