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Abstract
Although language comprehension usually requires multimodal information, no study to date has investigated how comprehenders deal with the revision of a text’s interpretation when different modalities are involved. Twenty-four young adults listened to a story prompting an inference (e.g., polar bear), and then saw a picture that was either consistent (polar bear) or inconsistent but still plausible (penguin). Larger negativity (N400) in the inconsistent picture indicated successful inferential monitoring. Subsequently, a sentence carried the disambiguating word which was either expected (“bear”) or unexpected (“penguin”) in relation to the auditory-verbal information. Larger negativity in the unexpected word coming from the consistent picture suggested that comprehenders had difficulties selecting the unexpected concept when previous information was contradictory. More importantly, this effect was modulated by inhibitory control, where a higher resistance to distractor interference (flanker task) was associated with a better ability to suppress pictorial information, therefore preventing semantic competition. Similarly, accuracy measured in a final comprehension question demonstrated that higher inhibitory control was related to a more efficient ability to revise the situation model across modalities. Our findings speak to a relationship between story comprehension and mental flexibility during multimodal processing.
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1. Introduction
Language comprehension is a complex ability that usually demands the integration of information coming from distinct modalities (e.g., listening to speech while looking at gestures and facial expressions) to build a single meaningful representation. Multimodal processing is defined as the mechanisms responsible for processing and integrating information from different modalities to form a unified experience. Extensive evidence on multimodal interaction has been found in the field of attention and perception (see Talsma, Senkowski, Soto-Faraco, & Woldorff, 2010, for a review), but only some studies have investigated multimodal semantic processing in the field of language comprehension (e.g., Tieu, Schlenker, & Chemla, 2019; Coco, Araujo, & Petersson, 2017; Federmeier & Kutas, 2001; McQueen & Huettig, 2014; Swinney, Onifer, Prather, & Hirshkowitz, 1979; Weissman & Tanner, 2018), and even fewer at the discourse level (e.g., Heikkilä, Fagerlund, & Tiippana, 2018; Manfredi, Cohn, Andreoli, & Boggio, 2018; Manfredi, Cohn & Kutas, 2017). 
Different from lexical or sentence processing, discourse comprehension requires the creation of a coherent mental representation (i.e., situation model, van Dijk & Kintsch, 1983), by constantly integrating new information. This constructive capacity involves multiple high-level cognitive processes, such as the ability to generate information that has not been explicitly stated, namely inferencing (e.g., Baretta, Tomitch, MacNair, Lim, & Waldie, 2009; Cain & Oakhill, 1999), and the ability to detect information which does not match previous parts of the text, called monitoring (e.g., Baker, 1989; Vorstius, Radach, Mayer, & Lonigan, 2013). Moreover, when upcoming information mismatches a generated inference comprehenders need to replace their previous interpretation with new information, a specific and very demanding type of updating process referred to as revision (e.g., Blanc, Stiegler-Balfour, & O'Brien, 2011; Rapp & Kendeou, 2007). Importantly, the monitoring and revision processes could also take place in multimodal situations in which discourse information that facilitates an inference is followed by a semantically unexpected picture. 
An electrophysiological component related to semantic processing is the N400. This is negativity that peaks around 400 milliseconds after stimulus onset and signals the degree of ease with which semantic features and properties related to that stimulus are accessed and/or retrieved from semantic memory, with larger amplitude for unexpected compared to expected information (e.g., Kutas & Hillyard, 1980). In addition, when a context is relatively constraint, the N400 component can be also interpreted as an index of contextual integration, where a good (vs. poor) semantic fit between the context and a target word attenuates the amplitude of the N400, suggesting better integration of that word into the situation model (e.g., Kuperberg, Paczynski, & Ditman, 2011). Beyond pure semantic violations, the N400 effect is also modulated by subtle semantic expectancy differences (e.g., “Jenny put the sweet in her pocket after the lesson” vs. “mouth”; Hagoort & Brown, 1994), reflecting mismatch detection even in plausible contexts. Interestingly, the N400 marker has been also demonstrated in multimodal situations in which linguistic information is followed by a semantically inconsistent picture (Federmeier & Kutas, 2001; Nigam, Hoffman, & Simons, 1992). For instance, after reading a highly or weakly constraining context (e.g., “He journeyed to the African plains, hoping to get a photograph of the king of the beasts. Unfortunately, the whole time he was there he never saw a…” for the highly constrained), Federmeier and Kutas (2001) presented a final picture that could be a) expected in that context (a lion), b) unexpected but categorically related (a tiger), or c) unexpected but also categorically unrelated (a panda). The N400 effect triggered by the picture was qualitatively similar to the one previously observed with words (“lion”, “tiger” or “panda”, respectively), suggesting the monitoring process triggered by the unexpected pictures with respect to the initial expectation was as efficient as the one found within the same (verbal) modality. Importantly, although both linguistic and pictorial N400 effects seem to reflect the same underlying processing, they have been associated with different topographical distributions: words elicit a larger N400 over centro-parietal sites with a slightly right hemisphere bias, whereas a similar but more frontally distributed N400 is triggered by pictures (e.g., Ganis, Kutas, Sereno, 1996; see Kutas & Federmeier, 2011, for a review).
On the other hand, as far as we know no study has combined verbal and pictorial modalities to investigate the revision process in text comprehension. However, research conducted on discourse comprehension within the verbal modality has demonstrated that some comprehenders have more difficulty than others to revise their situation model after encountering unexpected information. For example, Pérez, Joseph, Bajo, and Nation (2016) presented short narrative texts (e.g., “It was already 25th of December and Sophie was back home. As a special treat, her father was making her traditional Christmas dinner. The turkey was cooking, and it needed another hour in the ____ before it was done”), containing either an expected (“oven”) or unexpected (“grill”) word. Each text was followed by a comprehension sentence that was congruent or incongruent depending on previous information (e.g., “The turkey needed to be roasted/barbecued for one more hour”). The authors observed less efficient online revision (i.e., longer go-past time) in lower vs. higher verbal working memory comprehenders, on the congruent sentence after encountering the unexpected (but not the expected) word. Indeed, similar results have been observed using electrophysiology. Pérez, Cain, Castellanos, and Bajo (2015) presented a context biasing an inference (e.g., “Dan was a gypsy who had played flamenco since childhood. Now he is a popular musician who plays all over the world. Today, he is giving a recital of his favourite works.”, which biases “guitar”), followed by a middle sentence that was either consistent with that inference (“His instrument is made of maple wood, with a beautiful curved body”) or inconsistent but forcing revision (“His instrument is made of maple wood, with a matching bow”). In a final word (“violin”), low compared to high working memory readers manifested reduced amplitudes in two components: The P3b (or parietal P300), signalling problems updating the initial incorrect interpretation, and the N400, indicating less efficient semantic integration. In contrast, the monitoring process was not associated with working memory capacity in either of these two studies. Overall, these findings indicate that the revision of the situation model is a highly demanding process that requires working memory capacity, not just to allow the storage and maintenance of previous information but also its manipulation once unexpected information is encountered.
More importantly, revision has recently been related to cognitive control. A study on bilingualism has demonstrated that more efficient revision in the first language is associated with a balance between proactive and reactive control, whereas the second language shows better revision by a strong proactive control (Pérez, Hansen, & Bajo, 2018). Proactive control is assumed to depend on working memory (Braver, 2012) whereas reactive control has been related to inhibitory control (Morales, Gómez-Ariza & Bajo, 2013). However, inhibitory control does not seem to be a unitary construct (e.g., Dempster, 1993; Nigg, 2000). For instance, Friedman and Miyake (2004) distinguish between three types of inhibitory processes: a) prepotent response inhibition, which is related to behavioural and oculomotor suppression, b) resistance to distractor interference (also called interference control), which refers to suppression of interference coming from stimuli that compete with the target stimulus, and c) resistance to proactive interference (also named cognitive inhibition), which is associated with the suppression of irrelevant information from working memory. Interestingly, previous studies on revision have suggested that individual differences related to working memory might reflect difficulties in suppressing interference caused by the competing concept (either “oven” in Pérez et al., 2016, or “guitar” in Pérez et al., 2015), which points at a problem of inhibitory control in relation to resistance to distractor interference. Accordingly, a relevant question here is whether multimodal revision is better accounted for by working memory capacity or by the process of interference control. 
Furthermore, recent scientific studies have observed that the N400 is sometimes followed by a positive component around 600 milliseconds (P600) in semantic anomalous sentences such as “Every morning at breakfast the eggs would eat”. This late positivity has been associated with several functions related to the revision process, such as a) difficulties to integrate aspects of the word-by-word construction, reorganization, or updating of an utterance interpretation (Brouwer, Fitz, & Hoeks, 2012); b) a semantic/syntactic adaptation or updating when incoming words are not explained away by current comprehenders’ predictions (Kuperberg, 2016); c) disconfirmed lexical predictions (when frontally located) or an attempt to re-analyse, check, re-attend, or prolonged analysis of problematic sentences (when found in the parietal region, Van Petten & Luka, 2012); or d) increased demands on revision, updating, or conflict-monitoring/resolution processes (Boudewyn, Long, & Swaab, 2015). Thus, although previous literature investigating inferential semantic revision during text comprehension have not reported a P600(Pérez et al., 2015, 2016, 2018), its recent association with functions of revision make it a relevant component to the present study.
Because no study has explored how the situation model of a text is revised when stimuli are presented in different modalities, the main goal of our study was to understand multimodal (i.e., verbal-pictorial) semantic revision during inferential processing in text comprehension. In addition, it is still unclear whether the ability to update an outdated inference is better explained by a general capacity to store, maintain and manipulate incoming information or by the more specific ability to suppress the interference coming from previous competing information. Therefore, the second goal of the study was to explore whether the revision of the situation model was predicted by individual differences in working memory and/or inhibitory control (i.e., interference control).
1.1. The current study
A paradigm developed to evaluate inferential monitoring and revision during reading (verbal modality) is the mismatch detection task (Pérez et al., 2016). We adapted this paradigm to assess the same high-level comprehension processes combining auditory-verbal and visual-pictorial modalities. We called this new version multimodal mismatch detection task. In this paradigm, participants are presented with short narrative stories (see Table 1). The first two sentences work as a constraining context facilitating a predictive inference (e.g., polar bear). Then, participants see a picture that is either consistent with the inference (polar bear) or inconsistent but still plausible in the same context (penguin). Event-related potentials (ERPs) are first recorded in the picture as an index of multimodal inferential monitoring (N400). In addition, participants have to respond “Yes” or “No” if they think the picture matches the context (matching measure), which assesses the plausibility of both the initial and alternative interpretation. The matching measure provides information about the mental representation that is activated following the presentation of the picture.
Subsequently, a third, auditorily-presented sentence, contains either the expected word (“bear”), which confirms the inference biased by the verbal context and is therefore congruent with the consistent picture, or the unexpected word (“penguin”) which disconfirms the previous inference but is congruent with the inconsistent picture. ERPs are registered for a second time at the onset of this target word as an index of 1) the ability to select one of the two previous interpretations (either the initial inference or the inconsistent picture; N400) and 2) the ability to perform online revision by discarding the no longer relevant information (P600). Finally, participants listen to a comprehension question containing information related to one of the two concepts (either “four large white paws” or “black and white feathers”), and are instructed to press “Yes” or “No” if they believe the sentence is true or false in relation to the auditory-verbally presented information (i.e., the target word) but ignoring the visual-pictorial modality. Accuracy in this comprehension question is used as an index of multimodal inferential revision of the situation model. Notice that, despite the instruction to ignore the pictorial information when responding to the truth or falsity of the comprehension question, participants are deliberately required to judge whether the picture matches the context of the story in relation to the initial inference, thus fostering the activation of its semantic representation and the integration of the two modalities at the situation model level. 
Table 1. Example of story presented in the multimodal mismatch detection task.
	
	
	
	

	Modality
	Story information
	Measure and conditions
	Cognitive process
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	Many animals live in the North and South Pole. Because the ice in these regions is melting, some animals die in the water because they cannot find a patch of ice.
	Context
(polar bear)
	Inference
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	ERPs picture
a) Consistent
b) Inconsistent
	Monitoring (N400)
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	Does the picture match the story?
	Matching
	Activation
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	Whilst watching TV the other day, I saw a rapidly melting iceberg on which there was a “bear/penguin”.
	ERPs word
c) Expected
d) Unexpected
	Selection (N400)
Revision (P600)

	
	
	
	

	
	
	
	

	
	Comprehension question
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	The animal I saw on TV had four large white paws/black and white feathers and was standing on a melting iceberg.
	Accuracy
	Revision

	
	
	
	



Note. Modality of presentation refers to either auditory-verbal ([image: ]) or visual-pictorial ([image: Image result for icon eye]) information. In addition, behavioural responses are indicated by the[image: Image result for button press symbol]icon. 
Our hypotheses are as follows. First, in relation to the picture, we predict that if participants have generated the inference from the verbal context, they should show larger negativity in the inconsistent (penguin) compared to the consistent (polar bear) picture, especially in frontal regions (N400 picture effect; Ganis, et al., 1996; Kutas & Federmeier, 2011; Hypothesis 1). This finding would confirm previous results on multimodal comprehension monitoring (Federmeier & Kutas, 2001; Nigam, et al., 1992), particularly when the context helps to build-up an inference. Contrary to the revision process, individual differences in either working memory or inhibitory control are not expected to play a role in the monitoring process in young adults’ population (Pérez et al., 2016; for opposite results in children, see e.g., Oakhill, Hartt, & Samols, 2005). Additionally, we expect the behavioural matching measure will show a preference for the consistent compared to the inconsistent picture, confirming that the initial interpretation is more likely to be activated in the situation model (Hypothesis 2). 
Moreover, we predict that the processing of the target word will be influenced by the type of picture previously presented (verbal-pictorial multimodal interaction; Hypothesis 3). If the expected word is encountered (“bear”), larger negativity is predicted coming from the inconsistent picture (penguin) compared to the consistent picture (polar bear). In contrast, if the unexpected word is presented (“penguin”), comprehenders should now show larger negativity coming from the consistent compared to the inconsistent picture (N400 word effect). The two effects would indicate a problem dealing with conflicting information across modalities (i.e., inconsistent picture and expected word, or consistent picture and unexpected word). However, comprehenders with higher cognitive control could be better dealing with this type of conflict by suppressing the conflicting pictorial information. Accordingly, we also try to understand whether individual differences on working memory and/or inhibitory control explain the target word processing. Although this is an exploratory goal, we tentatively predict that conflicting situations will be especially difficult for comprehenders with lower inhibitory control (i.e., resistance to distractor interference or control interference), who could have problems selecting the target word because the picture information continues to interfere. Higher inhibitory control comprehenders would be more efficient in suppressing the interference and therefore selecting the most relevant interpretation for the target word (i.e., the point at which the story conflict is disambiguated). Once inhibitory control is taken into account, working memory is expected to be less influential or not at all (Pérez et al., 2016). In addition, findings on the target word are predicted to be found especially in centro-parietal regions (Kutas & Federmeier, 2011; Hypothesis 4).
In addition, taking into account the relevance of the P600 to online revision (Boudewyn, et al., 2015; Brouwer et al., 2012; Kuperberg, 2016; Van Petten & Luka, 2012), as a secondary analysis we will also explore this component at the target word. Similar to the N400, conflicting information between the picture and the target word should manifest larger P600 than non-conflicting situations (Hypothesis 5). This effect would suggest more effort revising the semantic representation of the situation model during online processing. However, due to the lack of prior evidence of P600 in similar paradigms, no specific predictions were established for individual differences on working memory and/or inhibitory control.
Finally, hypotheses on the target word should be supported by the accuracy measure. That is, similar to the N400 measure, a two-way interaction between expectancy and consistency is predicted (Hypothesis 6). Specifically, when encountering the expected target word following the presentation of the inconsistent picture (penguin - “bear”), accuracy is predicted to be lower compared to the expected word following the consistent picture (polar bear - “bear”). Similarly, after being presented with the unexpected target word, accuracy should be lower coming from the consistent picture (polar bear - “penguin”) than coming from the inconsistent picture (penguin - “penguin”). Once again, both findings would indicate difficulties in text comprehension when multimodal conflicting information is presented. Moreover, we also predict these effects will be modulated by inhibitory control, in that lower inhibitory control (i.e., interference control) should be associated with lower accuracy especially in conflicting situations (Hypothesis 7). This finding would indicate the difficulty of lower inhibitory control comprehenders to revise their situation model across modalities, because previous information continues to interfere at the point of the final comprehension question, even though the intended interpretation has been already presented.
2. Method
2.1. Participants
Twenty-eight native English speakers with normal or corrected-to-normal vision and no reported neurological health problems were recruited for the experiment. All of them provided written informed consent prior to the experiment and received £18-20 for their participation, depending on the time it took to complete the experiment. Four participants were excluded due to excessive noise in their electrophysiological register so that the final sample consisted of 24 participants (age: M = 22.33, range = 18-31; 18 females).
2.2. Materials
High-level comprehension processes were assessed by means of the multimodal mismatch detection task (main task). In addition, working memory capacity and inhibitory control were independently assessed to evaluate participants’ individual differences (background tasks).
Multimodal mismatch detection task. We used a modified version of the paradigm developed by Pérez et al. (2016). Each participant was auditorily presented with a total of 64 (4 practice and 60 experimental) short narrative stories, each of which was three sentences long (see Table 1). The first two sentences of each story introduced a context that biased an inference (polar bear). In the original study, we conducted two prior norming studies to understand whether this inference was activated by the context. In the first study, fourteen participants were presented with each text containing one of the two expectancy conditions (bear vs penguin), and were asked to mark on a scale from 1 (worst) to 5 (best) how well the target word fitted with the ideas in the text. Only those texts where the expected word was scored higher than 3 and the unexpected lower than 3, were selected. In the second norming study, fifty-five participants were requested to provide “the word that fitted best in the context”, after being presented with each story where the target word was missing. The results suggested that native English speakers activated the expected concept (i.e., the inference) in most of the experimental stories (Pérez et al., 2016).
After the context, participants were presented with a picture that was either consistent, i.e. reflecting the inference biased in the context (polar bear), or inconsistent, i.e. incongruent with the previous inference but still plausible in that context (penguin). The N400 was recorded in the picture as an index of multimodal inferential monitoring, because the inconsistent picture (visual-pictorial modality) could be only considered inconsistent if comprehenders had generated the initial inference (auditory-verbal modality). In addition, participants were instructed to respond “Yes” if they thought the picture matched the context, or “No” if they believed it did not match previous information. Picture matching was used as a behavioural measure (Yes = 1; No = 0) to understand whether the initial inference was more likely to be activated after reading the context. 
After the behavioural response to the picture, the third (and final) sentence of the story was auditorily presented. It contained one of two target words: expected (“bear”), which confirmed the inference invoked by the context and was congruent with the consistent picture, or unexpected (“penguin”), which did not confirm the built inference but was congruent with the inconsistent picture. The N400 was measured on this word as an index of the ability to select one of the two interpretations. In addition, the P600 was also registered here as a possible index of online revision. Finally, participants listened to a comprehension question, which included information referring to one of the two concepts evoked by the story and depicted (e.g., either “four large white paws” or “black and white feathers”). Participants had to press “Yes” if they thought the sentence was true, or “No” if false according to the story they have previously listened to, but regardless of whether the picture was congruent. Accuracy was evaluated here as a multimodal revision measure. 
Pictures were specifically designed for our materials so that each consistent-inconsistent pairing was controlled for size, number, position, direction and colour of the objects depicted in the picture (see Appendix A). Target words were controlled for character length, syllable length, frequency, neighbourhood size, age of acquisition and concreteness, none of which differed across conditions (all ps > .10). Syllable length, frequency, and neighbourhood size were extracted from the N-Watch program (Davis, 2005), whereas age of acquisition and concreteness from Kuperman’s and Brysbaert’s databases (Kuperman, Stadthagen-Gonzalez & Brysbaert, 2012; Brysbaert, Warriner, Kuperman, 2014). Moreover, auditory information of stories was recorded by a male trained-speaker (singer) using a Tascam HD-P2 Portable High-Definition Stereo Audio Recorder with an AKG C3000B microphone at a sampling rate of 44 Hz, inside a soundproof studio. To ensure that voice quality, pitch, or durational features did not differ at the target word across conditions, each target word was elicited in a neutral sentence and then spliced into the target sentences using Praat (Boersma & Weenink, 2007). Intensity in all sound files was standardised using Praat scripts.
Working memory. Working memory capacity was measured by a backward digit recall task. After being visually presented with a list of digits, participants were asked to verbally recall the sequence of digits in reverse order. There were six levels increasing in difficulty from 2 (Level 1) to 7 (Level 6) digits, with five trials per level. Participants proceeded to the next level if they recalled at least three out of the five trials correctly. The task finished if participants failed to correctly recall at least three trials of the same level. The final score was the total number of trials correctly recalled (M = 108.58, SE = 6.77, range = 33-160).
Inhibitory control. Inhibitory control was assessed by using a similar version of the flanker task developed by Luk, Anderson, Craik, Grady and Bialystok (2010) in relation to interference suppression. Participants were required to press a specific key on the left side of the keyboard (Z) if the direction of a red target chevron was pointing to the left, and a specific key on the right side of the keyboard (M) if the target was pointing to the right. Three types of trials were presented: baseline trials where the target chevron was presented alone; neutral trials where the target chevron was flanked by black diamonds so there was no interference with the target; and experimental trials where the target chevron was flanked by black chevrons. Two possible conditions were presented in experimental trials: congruent, in which the flanking black chevrons pointed in the same direction as the target, and incongruent, in which the flanking chevrons pointed in the opposite direction causing interference. All flanking trials had the same number of flankers (four). A total of 400 trials (40 baseline, 120 neutral, and 240 experimental, where 120 were congruent and 120 incongruent trials) were presented. The target direction of each type of trial contained the same number of left and right chevrons. In addition, for those trials containing flankers, the chevron target appearance was equally varied across three different positions. Because we were interested in the cost effect of interference suppression, we subtracted the reaction times of the incongruent trials from the congruent trials. This gave us an inhibitory control index (M = 50.88, SE = 4.24, range = 5-94), where more cost reflected lower inhibitory control and vice versa.
2.3. Procedure
Participants attended one session of about 1.30 hours. In this session, they first performed the working memory (10-15 mins) and inhibitory control (15 mins) tasks, and then the multimodal mismatch detection task (20-25 mins for cap set up and 25-30 mins for the actual task). EEG signals were recorded in the multimodal mismatch task, which was administered in two blocks to allow participants a break in the middle. To start each story participants had to press a button after which the first two sentences were presented auditorily. Immediately after these sentences, a fixation cross appeared on the centre of the screen for 1000ms followed by the picture. The picture remained for 2000ms to ensure enough processing time, after which a green question mark signalled to participants to press “Yes” or “No” to decide whether the picture matched the story. Subsequently, the last sentence was presented auditorily. This sentence contained the target word at the end. A delay of 1000ms was added after the target word to ensure brain activity was recorded during a sufficient time window. Immediately afterwards, a bell signalled the auditory presentation of the comprehension question. A blue question mark indicated that participants had to press “Yes” or “No” to show whether they thought the comprehension question was true or false. To prevent excessive noise in the EEG data, participants were instructed to try not to blink during story comprehension, and they were advised to rest their eyes anytime they needed before each story. The 60 experimental stories were presented to each participant only once. The assignment of conditions was counterbalanced in four lists across participants, so that each participant saw 30 stories within each consistency condition (consistent vs inconsistent), and 15 stories in each crossed condition combination of consistency and expectancy (consistent-expected, consistent-unexpected, inconsistent-expected and inconsistent-unexpected). Four practice trials ensured that instructions were understood.
2.4. Apparatus
Working memory and inhibitory control tasks were created with E-prime (Schneider, Eschman & Zuccolotto, 2002), administered on a 14” screen. The multimodal mismatch detection task was presented in SR Research Experiment Builder software. In addition, scalp voltages were recorded using Brain Vision Recorder software of 64 channels, plugged into a BrainAmp integrated amplifier system (BrainProducts GmbH) with a continuous sample rate of 500 Hz. For EEG data processing we followed the general steps of Krigolson’s Lab (http://www.krigolsonlab.com/data-analysis.html). The ground (GND) and reference (FCz) electrodes worked as referential signals. The vertical and horizontal electrooculogram (VEOG and HEOG, respectively) were registered supra- and infraorbitally to the left eye and at the outer canthi. Impedances were kept below 10 kΩ. The sample rate was changed to 250 Hz offline during data processing, and a 1-30 Hz low-high cutoff filter and a 60 Hz notch filter were applied. Blinks and ocular movements were corrected by using independent component analysis (ICA). Trials with artifacts (0.04% for both picture and word) were rejected, and recordings from electrodes with high levels of artifacts (>0.1%) were topographically interpolated. Epochs from -200 and 800ms with respect to the presentation of the target stimulus (either the picture or the word) were segmented and analysed. We applied a baseline correction using the average EEG activity in the 200ms prior to target onset as a reference. Amplitude was extracted for each factor (or crossed condition) by participant, item, and region of interest. Individual amplitudes were re-referenced offline to the average of left and right mastoids (TP9 and TP10). Finally, only for visual purposes (Figures 1, 2 and 3), brain waves were smoothed by means of the moving average solution of the BrainVision Analyzer software.
2.5. Data analysis
Event-related potentials. ERPs were analysed in four regions of interest: left frontal (F1, F3, F5, FC1, FC3, and FC5), right frontal (F2, F4, F6, FC2, FC4, and FC6), left centro-parietal (C1, C3, C5, CP1, CP3, and CP5) and right centro-parietal (C2, C4, C6, CP2, CP4, and CP6). We tested for the N400 component in the time window from 300 to 500ms and for the P600 in the time window from 500 to 700ms, by measuring the mean amplitude (in microvolts) for each region (electrodes average), and included Region as a predictor variable in the ERPs analyses. Outliers were defined as amplitude values 2.5 standard deviations above or below the mean. Outliers for consistency and region for the picture (N400 = 4.68%), and consistency, expectancy, and region for the target word (N400 = 3.92%; P600 = 3.99%), were replaced with corresponding mean values (see Pérez et al., 2018).
Statistical analyses. Different statistical models were conducted for electrophysiological (N400) and behavioural (matching and accuracy) measures. Each ERP component was analysed by linear mixed-effects models (LME) with the lmer function of the lme4 R package (Bates, Maechler, Bolker & Walker, 2015). Second, the binomial (0 or 1) behavioural measures of picture matching and accuracy related to the word were analysed through mixed-effects logistic regression models (MELR) with the glmer function of the same lme4 R package. Both LME and MELR accounted for random and fixed effects, with Participants and Items as the random factors, and Consistency, Expectancy, Region, and the centered values of Working memory and Inhibitory control as fixed factors (see Schielzeth, 2010, for the rationale of centering). Separate models were conducted for each dependent measure. The full fixed structure of the model for the N400 measure on the picture contained two three-way interactions (consistency x region x working memory + consistency x region x inhibitory control), whereas the full fixed structure of the model for the N400 and the P600 on the target word contained two four-way interactions (including expectancy), as well as all their lower level interactions and main effects. The models ran separately on the two behavioural measures were the same as the ones performed on the ERPs, but excluding the factor region. Stories 1 and 34 were eliminated from the analyses because the pictures did not fit the previous context (see Appendix A). All the remaining stories were included in the analyses. 
Following Pérez et al. (2016), keeping the full fixed structure, we first looked for the best random structure. The optimal random structure was found using data-driven model comparison by running an ANOVA between all possible models appearing from the combination of intercepts and the slopes of expectancy and congruency, in the two random factors of participants and items (see Pérez et al., 2016, Appendix 2). Second, keeping the already known random structure, we found the best fixed structure using stepwise model comparison from the most complex model (two two-, three-, or four-way interactions depending on the model) to the simplest model (a main effect), and selecting the one with lowest AIC and BIC, and significant χ² test for the log-likelihood, using maximum likelihood. Finally, for those models with significant fixed effects, χ² and p values were provided by the Anova function of the car package (Fox, et al., 2016). Effects sizes for LME were informed by the explained deviance (dv), extracted by the pamer.fnc function of the LMERConvenienceFunctions Rpackage (Tremblay & Ransijn, 2015). This statistic serves as a generalisation of R² because it measures the marginal improvement or reduction in unexplained variability in the fixed component after accounting for a given predictor. Effect sizes for MELR were reported using odds ratio and the 95% confidence interval, by the lsmeans function of the lsmeans R package (Lenth, 2017). Odds ratio indicates the constant effect of a specific predictor on the likelihood that one outcome will occur, whereas confidence interval estimates the precision of the odds ratio (i.e., smaller confidence interval signals a higher precision). Finally, to qualify two-way interactions, we ran pairwise comparisons within each factor level combination by using the testInteractions function of the phia R package (De Rosario-Martínez, 2015), with Bonferroni correction. To follow-up on three-way interactions, we divided the data into subsets according to the levels of region or (in case region was not included in the interaction) expectancy and (subsequently) consistency, fitting adjusted LME for these subsets. 
3. Results
Our results are organised into two sections. We first analysed the N400 and matching measures on the picture (Hypotheses 1 and 2), and then the N400 (Hypotheses 3 and 4), P600 (Hypothesis 5) and accuracy (Hypotheses 6 and 7) measures in relation to the word. Taking into account the large number of results presented in this study, we focused on the fixed effects of each LME and MELR but summary details (lmerTest package) regarding model fit and random effects of each model are provided in the Appendix B.
3.1. Picture analysis
To test whether comprehenders had generated the inference while listening to the context and were thus able to detect a multimodal mismatch in the inconsistent picture (see Hypotheses 1 and 2 in the Introduction), we ran a LME with the N400 (in microvolts) and a MELR for the factor matching (0 or 1) as dependent measures, and Consistency (consistent vs. inconsistent), Region (left frontal vs. right frontal vs. left parietal vs. right parietal), and Cognitive control (working memory and inhibitory control) as fixed effects on the picture (see Table 2 for means and standard errors). Region was only included in the N400 measure.
Table 2. Mean and standard errors of the N400 amplitude (in microvolts) and matching proportion (from 0 to 1) on the picture, as a function of consistency and region of interest.
	

	

	
	N400
	Matching

	

	Consistent
	Left frontal
	0.09 (0.14)
	0.96 (0.02)

	
	Right frontal
	0.27 (0.14)
	

	
	Left parietal
	0.25 (0.14)
	

	
	Right parietal
	0.99 (0.14)
	

	Inconsistent
	Left frontal
	0.002 (0.11)
	0.57 (0.05)

	
	Right frontal
	0.11 (0.11)
	

	
	Left parietal
	0.34 (0.11)
	

	
	Right parietal
	0.68 (0.11)
	

	




Electrophysiological results (N400 measure – Hypothesis 1). The final model (Model 1, Appendix B) showed the significant main effect of region, χ² (3) = 168.88, p < .001, dv = 2.72, with larger negativity in the left and right frontal compared to the left and right parietal regions. In addition, two two-way interactions were also significant: consistency x region, χ² (3) = 9.67, p < .05, dv = 0.16 (see Figure 1), where pairwise comparisons with bonferroni correction showed larger negativity in the inconsistent than the consistent picture only in the right parietal, χ² (1) = 9.46, p < .01, but no differences in the left frontal, right frontal or left parietal regions (all ps > .42); and region x inhibitory control, χ² (3) = 68.90, p < .001, dv = 1.11, where lower control was associated with larger negativity in the parietal regions [right parietal, χ² (1) = 7.51, p < .05, and left parietal, χ² (1) = 6.31, p < .05], and no differences in the frontal regions [right frontal, χ² (1) = 1.05, p ≃ 1.00, and left frontal, χ² (1) = 1.57, p = .84]. No other effect was significant (ps > .05). Therefore, multimodal inferential monitoring was reflected specifically in the right centro-parietal region, and was not explained by individual differences in either working memory or inhibitory control.
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Figure 1. ERPs at the picture. Figure 1a shows the electrophysiological waves of the mean amplitude (in microvolts) for the N400 (dark column) in the four regions of interest: LF (left frontal), RF (right frontal), LP (left parietal), and RP (right parietal), as a function of consistency. Figure 1b illustrates the topographic map in the N400 time window (300-500 ms), after substracting the activation of the inconsistent picture to the one in the consistent.
Behavioural results (matching measure – Hypothesis 2). The final model (Model 2, Appendix B) only showed a main effect of consistency, χ² (1) = 74.50, p < .001, where, as predicted, the consistent picture matched the previous context better than the inconsistent picture (odds ratio = 76.42, confidence interval = 18.69-312.48). No other effect was significant (ps > .05). Thus, our matching measure confirmed the interpretation of the N400 indicating that comprehenders had generated the inference during the context. Interestingly, the inconsistent picture was reported to match the context in 57% of cases, where a one sample t-test against chance level (50%) demonstrated this score was significant, t (23) = 2.54, p < .05. This result suggests that even though comprehenders had not generated the alternative inference to the same extent as the inference biased by the context (N400 effect), they considered this alternative as plausible in more than half of cases.
Overall, findings on the picture demonstrate that comprehenders generated the inference which was auditorily biased by the linguistic context and were subsequently able to detect a mismatch in the pictorial modality, reflecting multimodal inferential monitoring. Moreover, although the most probable interpretation was better activated at the time the picture was presented, the fact that the alternative interpretation was reported to be above chance in matching the context indicated comprehenders evaluated it as plausible after some deliberation. Finally, in line with our hypotheses, neither working memory or inhibitory control explained individual differences in the monitoring process.
3.2. Word analysis
To assess the question whether comprehenders had difficulty to process the auditory-verbal target word when conflicting information was presented (see Hypotheses 3, 4, 5, 6 and 7 in the Introduction), we conducted LMEs in the N400 and P600 (both in microvolts) and a MELR in accuracy (0 or 1) as dependent measures, and Consistency (consistent vs. inconsistent), Expectancy (expected vs. unexpected), Region (left frontal vs. right frontal vs. left parietal vs. right parietal) and Cognitive control (working memory and inhibitory control) as fixed factors on either the target word (N400 and P600) or the comprehension question (accuracy; see Table 3 for means and standard errors). Once more, region was only included in the ERPs measures. Please, be aware that the relatively small amount of items used for this electrophysiological analysis (15 per crossed condition) entails the need to interpret the ERPs results at the target word with caution.
Table 3. Mean and standard errors of the N400, P600 (both in microvolts) and accuracy related to the target word (from 0 to 1) as a function of expectancy, consistency, and region of interest. 
	
	

	
	

	
	N400
	P600
	Accuracy

	
	

	Expected
	Consistent
	Left frontal
	-0.05 (0.12)
	-0.36 (0.13)
	0.93 (0.32)

	
	
	Right frontal
	-0.19 (0.12)
	-0.27 (0.13)
	

	
	
	Left parietal
	  0.12 (0.12)
	-0.01 (0.13)
	

	
	
	Right parietal
	  0.04 (0.12)
	 0.06 (0.13)
	

	
	Inconsistent
	Left frontal
	-0.21 (0.12)
	 0.04 (0.14)
	0.94 (0.33)

	
	
	Right frontal
	-0.14 (0.12)
	-0.05 (0.14)
	

	
	
	Left parietal
	-0.09 (0.12)
	 0.03 (0.14)
	

	
	
	Right parietal
	-0.16 (0.12)
	-0.17 (0.14)
	

	
	

	Unexpected
	Consistent
	Left frontal
	-0.28 (0.14)
	-0.30 (0.17)
	0.85 (0.30)

	
	
	Right frontal
	-0.33 (0.14)
	-0.47 (0.17)
	

	
	
	Left parietal
	-0.34 (0.14)
	-0.30 (0.17)
	

	
	
	Right parietal
	-0.30 (0.14)
	-0.21 (0.17)
	

	
	Inconsistent
	Left frontal
	-0.25 (0.14)
	-0.28 (0.13)
	0.89 (0.31)

	
	
	Right frontal
	-0.40 (0.14)
	-0.17 (0.13)
	

	
	
	Left parietal
	-0.15 (0.14)
	-0.05 (0.13)
	

	
	
	Right parietal
	-0.17 (0.14)
	 0.18 (0.13)
	

	
	


Electrophysiological results (N400 measure – Hypotheses 3 and 4). The final model (Model 3, Appendix B) manifested a significant two-way interaction between consistency and expectancy, χ² (1) = 4.56, p < .05, dv = 0.08 (see Figure 2), where pairwise comparisons within consistency demonstrated significant differences coming from the consistent picture, χ² (1) = 6.12, p < .05, with larger negativity in the unexpected compared to the expected word. In contrast, no differences were found coming from the inconsistent picture, χ² (1) = 0.63, p = .86. More importantly, the three-way interaction of consistency, expectancy and inhibitory control was also significant, χ² (1) = 7.34, p < .01, dv = 0.13. No other effect was significant (ps > .05).[image: C:\Users\aip27\Documents\University\Artículos\21_Incubator\12_paper\04_Neuropsychologia\03_review_2\Figure_2.jpg]
Figure 2. ERPs at the target word. Figure 2a shows the electrophysiological waves of the mean amplitude (in microvolts) for the N400 (dark column) and the P600 (light column), in the four regions of interest: LF (left frontal), RF (right frontal), LP (left parietal), and RP (right parietal), as a function of consistency and expectancy. Figure 2b illustrates the topographic maps in the N400 (300-500 ms) and the P600 (500-700ms) time window, after substracting the activation of the inconsistent picture to the one in the consistent picture, as a function of expectancy.
To follow up on the three-way interaction, we divided the analysis by expectancy. The remaining two-way interaction between consistency and inhibitory control manifested a tendency to significance in the expected word, χ² (1) = 3.43, p = .06, where lower control was associated with larger negativity coming from the inconsistent compared to the consistent picture, whereas higher control reduced this difference (see Figure 3). Moreover, the same interaction was significant in the unexpected word, χ² (1) = 3.90, p < .05, where lower control presented the opposite pattern than in the expected word, being associated with larger negativity coming from the consistent than from the inconsistent picture. Therefore, although participants had previously activated the initial inference (polar bear), comprehenders with lower inhibitory control had difficulties selecting 1) the unexpected word (“penguin”) after looking at the consistent picture (bear) as it was completely new information, and 2) the expected word (“bear”) after looking at the inconsistent picture (penguin) because the pictorial information continued interfering in their mental representation. Higher inhibitory control comprehenders were better selecting the same words probably because they suppress the interference caused by the initial inference and the picture in a more efficient way. 
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Figure 3. ERPs at the target word. Figure 3a shows the electrophysiological waves of the mean amplitude (in microvolts) for the N400 (dark column) by averaging the four regions of interest (left frontal, right frontal, left parietal, and right parietal), as a function of consistency, expectancy and inhibitory control. Figure 3b illustrates the topographic maps in the N400 (300-500 ms) time window, after substracting the activation of the inconsistent picture to the one in the consistent picture, as a function of expectancy. Note that the division between higher vs lower inhibitory control (IC, 12 participants in each) was done just for visualisation purposes, as this was treated as a continuous variable in the LME analysis.
To fully understand the three-way interaction, we also divided the N400 analysis by consistency. The consistent picture manifested a significant main effect of expectancy, χ² (1) = 5.97, p < .05, indicating larger negativity in the unexpected compared to the expected word after the consistent picture (bear) has been presented. In contrast, the same effect was not significant in the inconsistent condition, χ² (1) = 0.45, p = .50, suggesting similar activation in the expected and unexpected words after the inconsistent picture (penguin) has been encountered. No other effect was significant (ps > .05). Together with the previous two-way interaction, these findings indicate multimodal integration occurred by activating the semantic representation of both the initial inference and the picture.
Electrophysiological results (P600 measure – Hypothesis 5). The final model (Model 4, Appendix B) showed a significant main effect of region, χ² (3) = 13.05, p < .01, dv = 0.07, with more positivity in the parietal than in the frontal regions; a significant two-way interaction between region x inhibitory control, χ² (3) = 11.97, p < .01, dv = 0.07, where no differences were found in the right frontal, χ² (1) = 1.32, p ≃ 1.00, left parietal, χ² (1) = 0.05, p ≃ 1.00, or right parietal, χ² (1) = 0.14, p ≃ 1.00. In contrast, a tendency to significance appeared in the left frontal, χ² (1) = 5.69, p = .07, where lower control was associated with less positivity. More importantly, the three-way interaction between consistency, expectancy and region was also significant, χ² (3) = 12.74, p < .01, dv = 0.07. No other effect reached significance (ps > .05). To follow up on the three-way interaction, we divided the data by region. The two-way interaction between consistency and expectancy was not significant either in the left frontal, χ² (1) = 2.37, p = .12, right frontal, χ² (1) = 0.17, p = .68, or left parietal, χ² (1) = 1.63, p = .20. However, the same interaction was significant in the right parietal, χ² (1) = 12.30, p < .001, where post-hoc comparisons signalled that the unexpected word (“penguin”), χ² (1) = 6.66, p < .05, showed more positivity when coming from the inconsistent (penguin) than from the consistent (bear) picture. No differences were found in the expected word (“bear”), χ² (1) = 2.70, p = .20. Contrary to our predictions, these findings suggest that online revision was performed when the verbal information was previously predicted by the pictorial information.
Behavioural results (accuracy measure[endnoteRef:1] – Hypotheses 6 and 7). The final model (Model 5, Appendix B) demonstrated a main effect of inhibitory control, χ² (1) = 6.14, p < .05, with lower control reflecting worse accuracy in general. In addition, there was a significant three-way interaction between consistency, expectancy, and inhibitory control, χ² (1) = 12.20, p < .001 (see Figure 4). No other effects reached significance (all ps > .05). Again, to follow up on this interaction we divided the data by expectancy. The interaction between consistency and inhibitory control was significant after the presentation of the expected word, χ² (1) = 8.45, p < .01, where no differences were found coming from the consistent picture, χ² (1) = 0.72, p = .79. In contrast, significant differences appeared coming from the inconsistent picture, χ² (1) = 15.17, p < .001, where lower control was related to lower accuracy. In addition, this time the same interaction was marginally significant after the presentation of the unexpected word, χ² (1) = 3.70, p = .05, where, in contrast to the expected condition, lower control was associated with lower accuracy when coming from the consistent picture, χ² (1) = 7.00, p < .05, but not when coming from the inconsistent picture, χ² (1) = 0.59, p = .89. These findings suggest that comprehenders with lower inhibitory control had problems to revise their situation model when conflicting information was presented across modalities (looking at the picture of a penguin and then listening to the word “bear” or looking at the picture of a polar bear and then listening to “penguin”), probably because they had difficulty to suppress cognitive interference. [1: 1 The same analysis using response time to answer the comprehension question did not show any significant effect. ] 
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Figure 4. Accuracy (0 or 1) related to the word, as a function of consistency, expectancy and inhibitory cost. Note that more inhibitory cost means lower inhibitory control and vice versa.
Once again, to fully understand the three-way interaction, we divided the accuracy analysis by consistency. Similar to the N400 results, the consistent picture demonstrated a significant main effect of expectancy, χ² (1) = 6.97, p < .01, showing lower accuracy coming from the unexpected compared to the expected word after the consistent picture (bear) has been presented. However, the same effect was not significant in the inconsistent condition, χ² (1) = 0.28, p = .60, suggesting comprehenders were able to replace the information from the inconsistent picture (penguin) when the unexpected word (“bear”) was encountered. The main effect of inhibitory control was also significant in both the consistent, χ² (1) = 5.31, p < .05, and the inconsistent, χ² (1) = 4.75, p < .05, pictures, where lower control was associated with lower accuracy in general. Finally, the interaction between expectancy and inhibitory control was not significant after the presentation of the consistent picture, χ² (1) = 2.70, p = .10; however, it was significant after the presentation of the inconsistent picture, χ² (1) = 8.18, p < .01, where lower control was related to lower accuracy when comprehenders listened to the expected word, χ² (1) = 12.24, p < .001, but not when they encountered the unexpected word, χ² (1) = 0.68, p = .82. Together with the division by expectancy, these results reinforce the idea that comprehenders with lower inhibitory control had difficulty to revise the situation model when their initial interpretation (inference of polar bear) had changed (picture and word of penguin), once more, because they had problems to suppress the interference caused by their initial representation. 
Overall, our electrophysiological results in the target word indicated that when conflicting information was presented, lower inhibitory control biased their interpretation to either the initial interpretation or to the alternative one. In contrast, higher inhibitory control comprehenders were mentally more flexible in maintaining both interpretations and therefore reducing possible interference. Behavioural responses to the comprehension question confirmed these findings, in that lower inhibitory control was related to comprehension problems when conflicting information was presented across modalities, suggesting difficulty in multimodal revision. Working memory did not explain individual differences in any of the two measures after inhibitory control was taken into account.
4. Discussion
The goal of the current study was twofold. Previous research on multimodal semantic processing during language comprehension has been mainly carried out at the lexical or sentence level (e.g., Tieu et al., 2019; Coco et al., 2017; McQueen & Huettig, 2014; Swinney et al., 1979; Weissman & Tanner, 2018), and only a few recent studies have focused on the discourse level (e.g., Heikkilä et al., 2018; Manfredi et al., 2017, 2018), while none of these studies investigated multimodal revision of the situation model during text comprehension. Thus, our first goal was to understand how comprehenders monitor and revise inferential information when different modalities (i.e., auditory-verbal and visual-pictorial) are involved. Multimodal inferential monitoring was predicted to be straightforward and as efficient as within modality (Federmeier & Kutas, 2001; Nigam, et al., 1992), whereas multimodal revision was expected to be more difficult and influenced by cognitive control. Accordingly, our second goal was to explore to what extent individual differences in cognitive control were associated with the ability to suppress interference from the initial inference and the picture and subsequently perform more efficient multimodal revision. As previously suggested (Pérez et al., 2016), we hypothesised that efficient revision across different modalities would be explained by the ability to exert inhibitory control over the no longer irrelevant information through a measure of interference control, with none or limited influence of working memory capacity.
4.1. Multimodal monitoring (picture)
The picture presented in our multimodal mismatch detection paradigm allowed us to assess whether comprehenders had generated the inference (polar bear) after listening to the linguistic context, and whether they then detected a mismatch between that inference and the inconsistent picture (penguin). Previous studies on comprehension monitoring within-modality at the sentence and discourse level have demonstrated participants manifest a consistency effect (Baker, 1989; Hacker, 1997; Vorstius, et al., 2013). In line with this, larger negativity (N400 effect) in the inconsistent compared to the consistent picture confirmed that comprehenders had activated the initial inference and were able to monitor their comprehension across modalities. This finding is also consistent with previous studies showing an N400 effect in a picture that mismatched an expectation after reading highly constrained linguistic information (Federmeier & Kutas, 2001; Nigam et al., 1992), and suggests that the ability to monitor inferential information across modalities is as efficient as within modality. However, although stronger negativity was generally found in the frontal compared to the centro-parietal region, in contrast to our prediction (Hypothesis 1) the consistency effect was specifically located in the right parietal region. This result was unexpected taking into account that previous studies showed a more pronounced frontal negativity for pictures compared to words (Ganis et al., 1996). However, Nigam et al. (1992) found a similar parietal N400 across words and pictures, and interpreted this component as reflecting “an amodal conceptual system”. An alternative and interesting explanation might be that instead of an N400, the ERP finding at the picture reflects a sustained negativity or Nref effect. This is a negativity around 200-300ms post onset that indicates difficulty of assigning reference when multiple possible antecedents are present (Van Berkum, Brown, & Hagoort, 1999), and extends according to the ease with which the reference problem can be resolved (Hoeks & Brouwer, 2014). Applied to our findings, the Nref effect would suggest that the presentation of the inconsistent picture (penguin) after the generation of the initial inference (polar bear) caused a considerable reference problem (lasting until around 750ms), indicating comprehenders had difficulty establishing which of the two interpretations fitted into the story. Nonetheless, the Nref effect is usually distributed over the scalp with a more pronounce effect at the frontal regions, which contrasts with our present result. Thus, further research would be necessary to clarify this interpretation.
The behavioural results shed further light on prior interpretation. Comprehenders reported better matching with previous linguistic context of the consistent compared to the inconsistent picture. This indicated that, as expected, the initial inference was more likely to be activated in the situation model than the alternative interpretation when encountering the picture. In fact, this effect corroborated the results of the first prior norming study (Pérez et al., 2016), where the expected concept was considered to fit the context better than the unexpected concept (Ms = 4.25 and 2.21 respectively, range = 1-5). However, in contrast to the prior norming study, the inconsistent picture was reported to match the context significantly more than chance level (almost 60% of cases). This difference could be due to the fact that whereas an answer between 1-5 make participants to pay attention to the probability of the relationship (worse or better), the stricter yes/no answer likely forced them to focus on the existence of any possible relationship (present or absent). Nevertheless, our finding indicates that even though comprehenders detected a mismatch in the inconsistent picture (N400 effect), they re-evaluated the alternative interpretation and considered it plausible after some deliberation. As an attempt to explain the difference between these two measures, we speculate that these effects point at a distinction between an early bottom-up detection process (stimulus-driven, highly-automatic and without voluntary control) to identify information that is inconsistent with respect to the mental representation, and a later top-down evaluation process (goal-driven, relatively intentional and under some voluntary control) to reconsider if new information can be incorporated in the semantic context, probably using memory processes (Martin & Chao, 2001). However, since we only observed this distinction by comparing quantitatively and qualitatively different measures (online vs offline), further research would be necessary to explore these two mechanisms under the same empirical conditions.
4.2. Selection and multimodal revision (word)
The results related to the target word are consistent with studies showing that within the verbal modality, revision is a very demanding cognitive process (Kendeou, Smith, & O’Brien, 2013; Pérez et al., 2015; Pérez et al., 2016; Rapp & Kendeou, 2007). A verbal-pictorial multimodal interaction showed larger negativity (N400 effect) in the unexpected (“penguin”) compared to the expected (“bear”) word, when coming from the consistent picture (bear). No differences were found coming from the inconsistent picture (penguin). These findings suggest that comprehenders had more difficulty to select the unexpected word when the picture had provided the same concept than the initial inference (polar bear), compared to when it had presented an alternative concept (penguin), giving them the opportunity to activate both interpretations. However, because participants were instructed to answer the comprehension question by only using the verbal rather than the pictorial modality, the picture information was not helpful to revise the situation model. Furthermore, in contrast to our prediction (Hypothesis 4), the topographical distribution of the N400 at the word was not restricted to centro-parietal regions, which also extended to frontal regions. In relation to this, some researchers have reported that auditory N400s appear earlier, last longer, and are more frontally and less right located (Kutas & Federmeier, 2011; Kutas & Van Petten, 1988). Interestingly, this is consistent with the N400 activation pattern registered at the word (see Figure 2, unexpected condition), were verbal-auditory information was assessed. Finally, the involvement of both frontal and centro-parietal regions is in line with neuroscientific evidence demonstrating that the semantic storage and processing function of the N400 entails the activation of the superior/middle temporal gyrus, temporal-parietal junction, medial temporal lobe, and some prefrontal areas such as the inferior frontal gyrus (see Lau, Phillips, & Poeppel, 2008, for a review).
Furthermore, although our experimental paradigm was designed to assess multimodal revision at the comprehension question (accuracy measure), the P600 component sheds some light on whether comprehenders performed certain online revision while processing the target word. The main effect of region demonstrated more positivity in the parietal than in the frontal regions. In addition, the three-way interaction between consistency, expectancy and region manifested more positivity in the unexpected word when coming from the inconsistent compared to the consistent picture, specifically in the right parietal region. According to the P600 literature related to revision, larger positivity could indicate a) difficulties to update an initial interpretation (Brouwer, et al., 2012); b) updating when incoming words are not explained away by current comprehenders’ predictions (Kuperberg, 2016); c) an attempt to re-analyse, re-attend, or sustained analysis of problematic sentences (Van Petten & Luka, 2012); and/or d) increased demands on revision, updating, or conflict-monitoring/resolution processes (Boudewyn, et al., 2015). However, these interpretations do not seem to fully explain our results because the P600 component appeared when both the picture and the target word were congruent (penguin - “penguin”) instead of when a conflicting situation was present (either penguin – “bear” or bear – “penguin”). A plausible but still little explored interpretation is that the P600 reflects the establishment of coherence of a mental representation when bridging inferences are required (e.g., see Hoeks & Brouwer 2014, p. 30-31). Accordingly, our P600 could be reflecting the inferential processes that are necessary to link the unexpected concept (“penguin”) to the initial context of the story (“Many animals live in the North and South Pole. Because the ice in these regions is melting, some animals die in the water because they cannot find a patch of ice.”), compared to when the expected concept (“bear”) was presented. Nonetheless, it is still unknown why the pictorial information played a role here. Furthermore, the P600 findings contrast with the results found on both the N400 at the target word and accuracy at the comprehension question. In fact, the P600 did not show individual differences associated with either working memory or inhibitory control, suggesting the processing behind did not demand cognitive control. Unfortunately, differently from the N400, our P600 effect cannot be compared with previous research using the mismatch detection paradigm. Interestingly, Hoeks and Brouwer (2014) recognised that the P600 amplitude depends on the N400 and therefore, the former can be obfuscated by the latter. Altogether, this evidence makes us to think that the interpretation of our P600 remains uncertain. Future research should try to clarify the meaning of the P600 during online comprehension when performing the multimodal mismatch detection task.
Contrary to the N400 findings, the accuracy measure did not manifest the pictorial-verbal multimodal interaction (consistency x expectancy). This suggests that the fact that participants had more time to process the information of the story before answering the comprehension question reduced the impact of previous conflicting information. Indeed, overall, accuracy was very high (90%) demonstrating general comprehension was good. However, results in both the target word and the comprehension question depended on individual differences in cognitive control. The following section discusses this issue.
An interesting distinction is the one done between the cognitive processes of updating and outdating information. Updating information is defined as encoding, adding to, or changing representations in memory, whereas outdating information entails the modification or replacement of earlier activated representations with the new information (Rapp & Kendeou, 2007; see Kendeou, Smith, & O’Brien, 2013 for review). In our paradigm, the presentation of the inconsistent picture might have induced first updating by incorporating the new concept (penguin) into the situation model, and then outdating by replacing this pictorial information after it was disconfirmed by the unexpected word (“bear”). The N400 at the target word and accuracy at the comprehension question shed light onto these two processes. On the one hand, the three-way (and also two-way) interaction manifested in the N400 demonstrated comprehenders showed no difference of activation between the expected and unexpected words after coming from the inconsistent picture, suggesting they had previously encoded the visual information into their situation model. On the other hand, the three-way interaction found in accuracy showed a similar lack of difference between the expected and unexpected words signalling that, when the unexpected word was presented, comprehenders were able to replace the no longer relevant pictorial information. Altogether, these findings suggest that our paradigm caused both updating and outdating information at a multimodal level after the presentation of the inconsistent picture.
4.3. Cognitive control and multimodal comprehension
The second goal of the present study was to explore whether high-level comprehension processes were predicted by individual differences in working memory and/or inhibitory control. A clear pattern of results was found here. First, in relation to multimodal monitoring neither working memory nor inhibitory control explained larger negativity in the inconsistent compared to the consistent picture. Although prior evidence has demonstrated a relationship between working memory and text comprehension monitoring in children (e.g., Oakhill et al., 2005) and the elderly (e.g., De Beni, Borella, & Carretti, 2007), it has been also shown that young adults seem to have less difficulty to monitor their comprehension when reading narrative (compared to expository) texts (De Beni et al., 2007). In addition, our finding is also coherent with previous studies investigating inferential monitoring within the verbal modality (Pérez et al., 2015; Pérez et al., 2016), suggesting the detection of information that mismatch with prior knowledge (knowledge-based inferences) does not necessarily require executive control. Indeed, the behavioural effect observed for the matching measure was neither predicted by individual differences, which also supports the idea that retrieval of knowledge stored in long-term memory does not rely on cognitive control. However, lower inhibitory control explained larger negativity in the parietal (but not in the frontal) regions, suggesting that comprehenders with poor inhibitory control had more difficulty recollecting the meaning of the picture from the preceding context (Curran & Cleary, 2003).
Second, according to the selection process, our data demonstrated a relationship between cognitive control and the ability to better select the target concept (N400 at the word). Specifically, lower inhibitory control comprehenders had difficulties when conflicting information was presented across modalities, that is, when 1) the unexpected word (“penguin”) followed the consistent picture (bear), and 2) the expected word (“bear”) was preceded by the inconsistent picture (penguin), although the latter effect was only marginally significant. This occurred even though they seemed to have previously generated the inference that was congruent with that word (polar bear). In contrast, higher inhibitory control comprehenders did not show any difference with respect to the type of picture, indicating they did not experience a conflict when listening to the word. These findings suggest comprehenders with poor inhibitory control had problems selecting the target word because pictorial information competed with linguistic information. In contrast, comprehenders with higher inhibitory control were better suppressing the concept presented in the picture and therefore selected the target word without extra processing. These effects are in line with the inhibitory process of resistance to distractor interference proposed by Friedman and Miyake (2004), which refers to suppression of interference coming from stimuli that compete with the target stimulus (here measured by a flanker task). However, rather than unimodal our main task caused multimodal competition: the initial inference and the picture competed with the word because the two concepts (polar bear and penguin) were semantically possible in the context (“animals living in the North and South Pole”). Therefore, our results demonstrate the role of control interference when conflicting multimodal comprehension takes place. The marginal (instead of significant) effect found in the expected word could be the consequence of having a limited number of items in the N400 at the word (15 stories per condition; although see Pérez et al., 2018 for a similar number of trials). Future research should try to clarify this issue. Moreover, it is still unclear whether multimodal revision was explained by individual differences in cognitive control. The accuracy results obtained in our comprehension question informs us about this issue.
Third, in relation to the multimodal revision process, higher compared to lower inhibitory control comprehenders manifested more accuracy, once more when conflicting information was presented across modalities (penguin - “bear”, or polar bear - “penguin”). This effect is consistent with research demonstrating that when global comprehension involves the integration of contradictory information comprehenders are required to exert inhibitory control to regulate their story comprehension (e.g., Dywan & Murphy, 1996). More importantly, in line with the results found in the N400 at the word, this finding shows that the fact that higher inhibitory control comprehenders efficiently suppressed the picture information helped them use the target word to better revise their situation model. In contrast, lower inhibitory control comprehenders had more difficulty to revise their mental representation because the picture continued interfering causing difficulties in global comprehension. This is coherent with Pérez et al.’s (2016) interpretation who claimed that the difficulties in revision they observed in low verbal working memory might be explained by problems in inhibitory control. Nonetheless, we believe the multimodal nature of the present paradigm caused a very demanding revision situation because the pictorial modality imposed a more vivid mental representation of the erroneous interpretation. Moreover, in contrast to previous paradigms used to investigate revision in the verbal modality where participants were allowed to re-read information (Pérez et al., 2015; Pérez et al., 2016), in the present paradigm the story information was auditorily presented and listened to only once. This required participants to maintain larger amounts of information in memory to efficiently respond to the comprehension question, making it more difficult.
Additionally, once inhibitory control was included in the statistical model, working memory did not explain individual differences in multimodal revision. A plausible explanation for this could reside in the type of task that was used to assess the two abilities. Although both were visually presented, the backward digit recall task demanded the manipulation of verbal information (digits), whereas the flanker task required the suppression of more purely visual stimuli (black chevrons). Taking into account this distinction, the fact that working memory did not play a role after inhibitory control was included in the analyses suggests that the nature of cognitive control performed in our experimental task was mainly exerted over the picture (visual information) and no, or to a lesser degree, over the initial inference (verbal information). Moreover, as suggested before (Pérez et al., 2015, 2016) these results also shed light on the inhibitory nature of the revision process. More specifically, in order to efficiently revise the situation model, comprehenders have to a) detect the mismatch between the new information and their initial interpretation (monitoring process), and b) replace their previous interpretation with the new information by discarding the now outdated interpretation. Lower inhibitory control comprehenders had difficulty suppressing the no-longer-relevant interpretation (in relation to the picture) after listening to the target word which also affected answering the comprehension question. In line with this, empirical evidence has found that although comprehenders are usually able to update their situation model successfully by incorporating new information, outdated information is sometimes maintained disrupting comprehension (e.g., O’Brien, Rizzella, Albrecht, & Halleran, 1998; Rapp & Kendeou, 2007). Accordingly, it seems that revision (and more concretely multimodal revision) is better accounted for by the inhibitory process of resistance to distractor interference (Friedman & Miyake, 2004) than by working memory capacity. Finally, lower inhibitory control was associated with less accuracy in general, indicating that the construction of an accurate and coherent situation model of story comprehension also requires the ability to suppress competing information (e.g., Gernsbacher, Varner, & Faust, 1990).
Our findings might have implications in understanding why some people are less able to build an accurate and coherent situation model when presented with contradictory evidence. Furthermore, the fact that these differences were found in healthy young adults during native language comprehension suggests that other “less advantaged” populations could be even more susceptible to this type of difficulty. For example, young children often “get confused” between semantically similar concepts. Similarly, cognitive flexibility decreases in the elderly (e.g., Tombaugh, 2004) which means that they are also less likely to update an initial incorrect interpretation. Finally, it is possible that listeners might also struggle to revise an initial wrong interpretation if they are doing this process in a second language. We believe the present study provides insight into these questions, although future research should try to clarify these particular issues.
5. Conclusions 
Overall, the present study extends previous research into high-level comprehension processes by demonstrating that both inferential monitoring and revision can be efficiently performed across auditory-verbal and visual-pictorial modalities. Individual differences in cognitive control suggest that multimodal revision is specifically dependent on inhibitory interference control, where a reduced capacity is translated into difficulties to supress no-longer-relevant information, causing problems on global comprehension. In contrast, larger capacity of inhibitory control allows better mental flexibility by efficiently suppressing the interpretation that has become outdated after new information has disambiguated the story. We believe our findings provide a significant contribution to the field of language by demonstrating the role of inhibitory control in multimodal story comprehension, with important implications to the fields of language acquisition (either native or second language) and education.
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