1

1











[bookmark: OLE_LINK3]







Novel metaphor processing in dyslexia: A visual world eye-tracking study



Abstract
Metaphor comprehension has been investigated in neurodevelopmental disorders, but studies devoted to adults with dyslexia are few and present inconsistent results. The present study sought to investigate how adults with dyslexia process novel metaphors. Individual differences in vocabulary, working memory, and Theory of Mind were also assessed. An online metaphor comprehension task based on the Visual World Paradigm was carried out with eye-tracking. Metaphors and corresponding literal sentences were aurally presented in isolation, and participants were asked to select a picture that best corresponded to the sentence they heard. Our results indicated that participants with dyslexia chose metaphor interpretations at a similar rate as did the control group. However, online processing data indicated generally slower response times, with a particular delay in processing metaphorical utterances. Eye movement analyses provided further insights into the underlying nature of the processing slowdowns, highlighting specific challenges encountered by individuals with dyslexia when interpreting figurative language.
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1. Introduction

Metaphors have been widely studied in different fields, and linguists, psychologists, and philosophers have advanced many alternative hypotheses on how people understand them (Bowdle and Gentner, 2005; Gentner and Clement, 1988; Glucksberg and Keysar, 1990; Lakoff and Johnson, 1980; Ortony, 1979). According to the view first outlined by Aristotle, and then developed in modern times by Black (1962), Gentner and Clement (1988), Tourangeau and Sternberg (1982, 1982), Trick and Katz (1986), understanding metaphor requires the identification and mapping of relevant analogies between a topic and a vehicle. Alternatively, the view proposed by Glucksberg and Keysar (1990) claimed that the process of understanding metaphors requires a class-inclusion assertion. This means that in a metaphor like personality is an iceberg, the typical properties of iceberg (e.g., “being only partially visible”) create a broader ad hoc category that can be attributed to personality. In this way, iceberg takes on a more abstract meaning compared to its more specific concrete meaning (e.g., “being hard, cold, and composed of ice”). However, despite decades of research, no agreement has been reached on whether metaphor comprehension relies on analogy, categorization, or a mix of both (Di Paola et al., 2020; Holyoak & Stamenković, 2018; Patterson, 2016) but it is clear that some characteristics of the metaphor may have an influence on the way in which we process them. Several studies identify different processes depending on the features of the metaphor itself (Dulcinati et al., 2014). For instance, metaphors can be placed on a continuum based on how frequently one has already encountered them in life. This scale ranges from novel metaphors, which have never been or rarely heard before, to conventional metaphors, which have been frequently encountered. Analogy processes seem to be mainly employed for novel metaphors, while categorization is applied to more conventional metaphors (Bowdle & Gentner, 2005). Moreover, a more sustained effort has been detected during the processing of novel metaphors, as they involve the formulation of new meanings instead of retrieving previously known metaphorical meanings from memory (Columbus et al., 2015). Several studies highlighted that novel figurative meanings undergo a more intensive computational comparison process (Goldstein et al., 2012; Lai & Curran, 2013; Mashal, 2013) that results in slower reading and reaction times compared to more conventional and familiar meanings (Blasko & Briihl, 1997; Blasko & Connine, 1993; Lai & Curran, 2013; Mashal & Faust, 2009).
These processes not only depend on features of the metaphor itself, but also to the individual differences required to process and understand metaphors (Stamenković et al., 2019). Figurative language comprehension is not a constant process between individuals. On one hand, a person should have sufficient prior knowledge and linguistic competence to understand a metaphor; Event Related Brain Potentials (ERPs) studies demonstrated that metaphor comprehension goes through an early phase of lexical effort, followed by inferential operations (Bambini et al., 2016; Weiland et al., 2014). To understand a metaphor, individuals are required to perceive similarities between two entities, which are typically regarded as distinct, often involving features that are not the most salient in either entity. Therefore, one must possess enough world knowledge and sufficiently broad semantic representations to grasp the intended comparison (Evans & Gamble, 1988). Kazmerski et al. (2003) reported that vocabulary skills predicted the quality of metaphor interpretation, and Chiappe & Chiappe (2007) identified a predictive relationship between vocabulary knowledge and the quality of metaphor production. In both studies, the authors also found that working memory had a role in metaphor comprehension. Mapping common features may depend on active manipulation of complex multi-component structures, and thus, place high load on executive control (Cho et al., 2007; Menashe et al., 2020; Waltz et al., 2000), that is, cognitive skills such as planning, working memory, and selective attention (Miyake et al., 2000). Previous research indicates that people with higher working memory or inhibition skills show quicker and better interpretation of metaphorical expressions (Blasko, 1999; Chiappe & Chiappe, 2007; Olkoniemi et al., 2016; Pierce et al., 2010). The role of executive control seems to be particularly relevant for novel metaphors. Mashal (2013) found that people with larger backwards digit spans had better recognition, comprehension, and recall of unfamiliar metaphors compared to unrelated word pairs. Columbus et al. (2015) recorded the eye movements of participants, while they were reading sentences, including metaphors or idioms (e.g., highly conventional figurative expressions). First, they confirmed that familiarity modulated reading times, with less familiar metaphors requiring more time. Interestingly, executive functions were correlated to metaphors but not to idioms. Moreover, high and low executive control readers differed in the time in which they used contextual clues to interpret a verb used metaphorically on the first pass: those with higher executive control made more immediate semantic integration, while those with lower executive control did later, showing a delayed meaning disambiguation. 
Research conducted so far presents a heterogeneous picture, showing that metaphor comprehension differs depending on specific conditions, such as the type of metaphor and individual differences. Specifically, novel metaphors seem to require different processes compared to more familiar ones, tapping into executive control and vocabulary knowledge. This is particularly relevant when it comes to disorders that affect cognitive and linguistic functions, as in the case of dyslexia.   

2. Metaphor Processing in Dyslexia

Dyslexia is a neurobiological learning difficulty, which affects the phonological component of language, resulting in a discrepancy between cognitive ability and reading. There are many theories that try to identify causes of developmental dyslexia. The historically dominant one is the phonological theory, which contends that reading problems are due to inadequate phonological skills (Vellutino et al., 2004). Other theories focus on auditory (Tallal et al., 1993), visual (Lovegrove et al., 1980), magnocellular (Stein, 2001), or sensory (Nicolson et al., 2001) deficits. More recently, approaches pointing to a cognitive disorder in the spatial focusing of attention (Facoetti et al., 2003) or in executive control, and particularly inhibition (Brosnan et al., 2002), have also been proposed without much general agreement. 
Until relatively recently, dyslexia has been described as a specific deficit that results in difficulties with decoding and spelling words, but it is now clear that the majority of people who develop dyslexia have more global cognitive and linguistic issues (Compton, 2021). New theoretical models (Pennington et al., 2012; Perry et al., 2019) emphasize a multifactorial approach, arguing a primary involvement of phonological deficits, together with weaknesses in processing speed, language skills, and executive functions (Peterson & Pennington, 2015). Cognitive profiles frequently associated with dyslexia entail limitations in executive functioning (Baker & Ireland, 2007), such as attention (Lallier et al., 2009) and inhibition (Wang & Yang, 2015), working memory (Baddeley, 2010; Gathercole et al., 1992), processing speed, and skill automatization (Nicolson & Fawcett, 2008). These cognitive features may also be related to other more nuanced language impairments (Compton, 2021). Previous research indicates difficulties in processing syntactic and grammatical structures that are particularly expensive in terms of processing costs (Stella & Engelhardt, 2019; Vender, 2017) and with pragmatics (Cappelli et al., 2022; Griffiths, 2007). 
Considering this multifaceted profile, it is evident that more research is needed to better understand the main causes and outcomes of dyslexia (Engelhardt, 2020), especially if we want to investigate the intersections between metaphor comprehension and developmental dyslexia, as is the main aim of this paper. 

3. Previous Studies 

There are few studies that address metaphor comprehension in people with dyslexia (see Table 1). 






Table 1. Previous studies involving metaphor comprehension in developmental dyslexia.
	Paper
	Participants
	Age
	Lang.
	Batteries
	Metaphor task

	Griffiths (2007)
	20 (20 TD)
	18-45 (range)
	English
	Right Hemisphere Language Battery RHLB (Bryan, 1995).
	Metaphor picture test (picture selection); metaphor written test (multiple choice, aurally presented).

	Kasirer & Mashal (2016)
	18 (19 TD)
17 (18 TD)
17 (17 TD)
	11.2 (mean)
14.29 
22.82 
	Hebrew
	Multiple-choice questionnaire (Mashal & Kasirer, 2011); concept-creation task (Kasirer & Mashal, 2014).
	Conventional and novel metaphor comprehension (multiple choice) and generation.

	Cardillo et al. (2018)
	21 (21 TD)
	8-10 (range)
	Italian
	APL Medea battery (Lorusso, 2009).
	Picture metaphors (picture selection); verbal metaphors (meaning explanation).

	Cappelli et al. (2018)
	19 (19 TD)
	21 (mean)
	Italian
	APACS (Arcara & Bambini, 2016); BLED (Rinaldi et al., 2006).
	Metaphor picture test (picture selection); metaphor written test (multiple choice); metaphors in short context (verbal explanation); multiple choice sentence matching task (figurative, literal and unrelated interpretation).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

	Cersosimo et al. (2024)
	26 (31 TD)
	24.5 (mean)
	Italian
	-
	Semantic judgement task based on the Metaphor Interference Effect; aurally presented; high and low familiar metaphors from (Bambini et al., 2013)




Two studies (Cardillo et al., 2018; Lam et al., 2014) analyzed pragmatic abilities in children with dyslexia and showed that this group had reduced pragmatic competence. However, only Cardillo et al. (2018) had metaphor-related tasks. Difficulties were observed in recovering the meaning implicitly conveyed in texts and in understanding metaphors. They hypothesized that individuals with dyslexia present issues in (i) suppressing literal meaning and (ii) creating coherent semantic representations of the intended (metaphorical) meaning. In a pictorial task, for example, children with dyslexia showed more errors than the control group, choosing the alternatives that depicted just a partial interpretation. It is interesting to note that when reading and vocabulary skills were controlled for, only performance in the picture-metaphor test remained significant, comparing dyslexia and control groups. The authors concluded that some pragmatic difficulties may be directly related to the core areas of impairment in dyslexia, such as literacy. However, difficulties in processing and integrating visual information can also be a factor (Li et al., 2009).
Two other studies (Cappelli et al., 2018; Griffiths, 2007) extended the focus on pragmatic skills of adults with dyslexia. Both used the Right Hemisphere Language Battery (RHLB) (Bryan, 1995) and Cappelli et al. also used APACS (Arcara & Bambini, 2016), a standardized battery developed to assess pragmatic ability in Italian-speaking adults. Both tests showed impairments in pragmatic skills in the group with dyslexia, that had lower scores in metaphor comprehension tasks. Griffiths (2007) found metaphor tasks (RHLB 1 and 2) equally challenging for both groups. However, when tested with BLED (Rinaldi et al., 2006) – i.e., the Italian version of the RHLB – in Cappelli et al. (2018), people with dyslexia performed significantly worse than controls in the Picture Metaphor task, and a trend was also observed in the Written Metaphor task. The same study showed poor performance in the group with dyslexia on all subtests of APACS, including Figurative Language 1 and Figurative Language 2. Thus, the authors hypothesized that metaphor comprehension is a challenge for young adults with dyslexia, particularly when assessed through an explanation task that requires a verbalization of abstract meanings (Figurative Language 2), but also when assessed through a multiple-choice task (Figurative Language 1). These tasks were correlated with reading fluency and comprehension, vocabulary, and working memory. 
Kasirer and Mashal (2017) conducted a longitudinal study focused on metaphor comprehension in dyslexia. Their work investigated the comprehension and generation of metaphors in three different age groups (children, adolescents, and adults). They also examined the contribution of executive functioning on metaphor processing. To assess metaphor comprehension, a questionnaire previously developed by Mashal and Kasirer (2011) was used. It contained ten conventional metaphors (e.g., a sharp tongue) and ten novel metaphors (e.g., a pure hand). Every metaphoric expression was followed by four alternatives: a correct metaphoric interpretation, a literal interpretation, an unrelated interpretation, and an option that stated “This expression in meaningless”. Participants were asked to choose only one of the four options. The task was presented in written form, but participants had the possibility of having the questionnaire read aloud to them. No adolescents, nor adults, in the group with dyslexia asked for this compensatory measure. Differences between groups were only found in children, who showed impairments only in conventional metaphor comprehension (with a medium-to-large effect size, η²= 0.29), but not in novel metaphor comprehension. In adults, effects of group and type of metaphor were not significant (i.e., η² < 0.04). The authors identified a couple of limitations with regard to presenting metaphors in a multiple-choice format, which may have benefited comprehension by providing participants with distinct and readily available interpretations. 
Metaphor production was assessed through a concept-creation task developed by Kasirer and Mashal (2014). Participants were presented with ten concepts involving common emotions (e.g., feeling sad) and their task was to write down a new and original way to express the meaning. In this case, children and adolescents with dyslexia showed the same performance as controls. Interestingly, adults with dyslexia outperformed the control group (showing a small-to-medium effect size, η² = 0.17). The authors also analyzed, which skill best predicted the comprehension and generation of metaphors, through regression analyses. Significant positive relationships were found between verbal knowledge and mental flexibility and conventional metaphor comprehension, and between non-verbal tests and mental flexibility and novel metaphor generation. This link between metaphor processing and mental flexibility, which is considered a component of creativity (Brockett, 1985), is particularly relevant in the case of dyslexia, in which this kind of ability is generally enhanced (Cancer & Antonietti, 2020), at least in adults (Majeed et al., 2021). 
The only study that provides online measures for metaphor processing in adults with dyslexia is one reported by Cersosimo et al. (2024). That research utilized a Metaphor Interference Effect (MIE) task to investigate potential difficulties in the initial phases of metaphor comprehension. Theoretical models of metaphor processing (see Glucksberg et al., 1982) propose that understanding metaphors involves multiple steps: retrieving relevant information for all words in a sentence, integrating this information to construct both literal and figurative interpretations, and ultimately, selecting the intended meaning by suppressing irrelevant alternatives. These phases predict the actual integration of the metaphorical meaning in a context. The findings did not indicate any delays or inefficiencies in these early stages of processing, regardless of whether the metaphors were highly familiar or less so. Therefore, the authors concluded that the previously identified difficulties are more likely to arise from the integration of metaphorical meaning in later stages (i.e., within context) rather than from early stages of processing.

4. Current Study

The current study investigated how people with dyslexia process novel metaphors. A battery of cognitive measures was administered to gain a thorough knowledge on the individual differences in the sample, and a metaphor comprehension task was presented to each participant in the study. Previous research was mainly conducted in the written modality, and none explored the online comprehension of novel metaphors. To address these shortcomings, eye tracking was used in the metaphor comprehension task, and any possible difficulty due to reading impairments was reduced by presenting metaphors in the auditory modality (i.e., distinct interpretations of the auditory sentence were represented visually, via different pictures). One main research question was addressed: are there differences in metaphor processing in adults with dyslexia compared to typically developing controls?
Literature on cognitive abilities involved in understanding metaphors allows us to predict a possible processing difficulty of people with dyslexia. As mentioned above, cognitive abilities correlated with novel metaphor comprehension are (i) executive functions, such as inhibition, and working memory, where higher abilities predict more accurate and faster metaphor processing (Pierce et al., 2010); (ii) vocabulary knowledge, which promotes better metaphoric interpretations (Kazmerski et al., 2003); (iii) mental flexibility, which was positively correlated to metaphor understanding (Kasirer & Mashal, 2014; Mashal & Kasirer, 2011); (iv) Theory of Mind (ToM) and pragmatic abilities (Bambini and Resta, 2012; Norbury, 2005). The role of ToM in metaphor comprehension is not universally agreed upon (Bosco et al., 2018; Gernsbacher & Pripas-Kapit, 2012). Some scholars propose that ToM skills are crucial, contending that grasping a metaphor necessitates understanding another person’s perspective on the world (Happé, 1993). In contrast, others argue that ToM alone is not sufficient for the comprehension of metaphorical language. Norbury (2005) emphasized that ToM skills might support metaphor understanding by contributing to a more robust contextual representation, but that semantic knowledge seems to play a more central role. 
When it comes to dyslexia, previous research indicates that executive functions tend to be impaired, with poorer inhibitory control (Faccioli et al., 2008; Proulx and Elmasry, 2015), and lower working memory capacity (Cancer & Antonietti, 2018). Theory of Mind and pragmatic abilities also tend to be lower in this population (Cappelli et al., 2018; Egilsdóttir, 2015). Also, semantic processing of unexpected or novel idiomatic phrases seems problematic in adults with dyslexia (Egan et al., 2022).
By contrast, some difficulties may be mitigated by the fact that adults with dyslexia (at least university students) do not seem to be impaired in vocabulary knowledge (Cavalli et al., 2016; Rasamimanana et al., 2020). They also tend to show higher mental flexibility (e.g., creative skills) than typically-developing controls (Cancer & Antonietti, 2020; Majeed et al., 2021). To explore possible influences of individual differences on our results, we assessed each participant’s working memory, reading history, vocabulary knowledge, and Theory of Mind. We did not assess mental flexibility and creativity, whose tasks usually require multiple measurements (e.g., fluency, flexibility, elaboration, and originality) and there is ongoing debate on their reliability (see Plucker et al., 2020; Sternberg, 2020). 


5. Methods

Participants

Seventy-nine participants took part in the study. The sample included 38 English native speakers with a diagnosis of dyslexia (DYS) and no associated comorbidities and 41 typically-developing (TD) English native speakers as control participants. Both groups were recruited from the University of East Anglia. After removing four individuals who showed anomalous reaction times (3 SDs from the mean; see the “Results” section) and one subject with dyslexia that had anomalous RAN scores (not in line with the condition), the final sample included 35 participants (6M, 30F, mean age = 21.4, SD = 4.56) in the DYS group and 39 participants (8M, 31F, mean age = 21.1, SD = 4.53) in the TD group. The two groups did not differ in age (t = -0.305, p = .761) or gender (χ²(1) = 0.157, p = 0.691).
Participants were compensated for their time either with participation credits or with £12. The study was approved by the School of Psychology Research Ethics Committee at the University of East Anglia (UK). Informed consent was obtained from all participants before carrying out the study and all were debriefed at the end of the study.

Individual differences assessment

All participants were tested individually before the eye-tracking task. The standardized procedures of administration for each test were followed as described in the test manuals; a description of the tests used is provided in the Supplementary Materials, Section A. Table 2 reports all the measures for each group and t-tests were used to identify between-group differences.

Table 2 - Means and standard deviations for individual differences measures.
	
	TD (N=39)
	DYS (N=35)
	t-value
	p-value
	Cohen’s d

	
	Mean (SD)
	Mean (SD)
	
	
	

	Dyslexia screening
	
	
	
	
	

	RAN Letters (sec.)
	13.4 (2.80)
	18.6 (6.38)
	-4.762
	< .001* 
	-1.09

	RAN Digit (sec.)
	12.1 (2.86)
	16.6 (4.25)
	-5.499
	< .001* 
	-1.26

	ARHQ

	31.3 (8.71)
	54.6 (12.8)
	-9.23
	< .001*
	-2.15

	Working Memory
	
	
	
	
	

	Digit span forward
	10.5 (1.92)
	8.8 (1.64)
	4.1
	< .001*
	0.956

	Digit span backward

	8.41 (1.92)
	7.77 (1.52)
	1.58
	0.119
	0.367

	﻿Vocabulary
	
	
	
	
	

	PPVT

	98.6 (9.46)
	96.3 (12.2)
	0.943
	0.349
	0.220

	﻿Theory of Mind
	
	
	
	
	

	﻿Faux Pas test 
	28.8 (2.36)
	26.5 (3.74)
	3.2
	.002*
	0.746 

	
	
	
	
	
	



Metaphor Comprehension Task

Our metaphor task was based on the Visual World Paradigm (Tanenhaus et al., 1995) and all stimuli were a combination of a visual array consisting of three pictures and an aurally presented sentence. Stimuli for this task were adapted from Pouscoulous and Tomasello (2020) and Di Paola et al. (2020). New novel metaphors were created to have more suitable stimuli for adult participants. Twenty pairs of novel metaphors and corresponding literal expressions in the form [The X with the Y], where (Y) was figurative in the metaphor condition, were constructed. Sentences were similar in length. Nouns used in the (X) and (Y) positions were frequent and concrete. To check for words concreteness and frequency, we used ratings from Brysbaert et al., (2014) and van Heuven et al. (2014). For each trial, a target picture and two control pictures were sourced: (1) the target picture showed the target object referred to either metaphorically or literally (e.g., a cup with handles for The cup with the ears/handles), (2) the irrelevant illustrated the metaphor target without the relevant property (e.g., a cup without handles), and (3) the distractor was a literal competitor, literally showing both target and vehicle (e.g., a cup and a boy pointing at his ears) (see Figure 1).
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Figure 1. Example visual array ‘The cup with the ears’ and the literal item ‘The cup with the handles’: (1) target picture, (2) irrelevant, and (3) distractor. The bottom panel shows the key time points for dividing the sentence into critical time periods.

We defined five key time points for each trial (see Figure 1, bottom panel). Based on the key time points, we analysed three time windows. The first (Region 1) was from the onset of the picture to the onset of NP1. Recall that the pictures appeared on the screen and there was 500 ms of silence before the sentence began. The second time window (Region 2) was from the onset of NP1 to the mid-point of NP2. The mean time of this region of interest was approximately 900 ms. The final time window (Region 3) was from the mid-point of NP2 to when the participant made a button response. We started this time point at the mid-point of NP2 in order to allow some time for word recognition and eye movement planning to occur (i.e. this is the earliest point in time in which participants attention could be shifted to the target picture). 
Metaphors were normed on a 7-points Likert scale for their familiarity, aptness, and conventionality following the same procedure, as in Dulcinati et al. (2014). Target pictures were normed for their suitability to the sentence (i.e., How suitable is this image to represent the sentence?). A total of 120 native English speakers recruited through Prolific (www.prolific.co), took part in the norming task and were paid for their time, with groups of 30 unique participants assigned to each survey (see Online Materials for norming data). Three sentences were considered as outliers and removed from the study. Two sentences showed high familiarity or conventionality ratings (between 4 and 7 points). One showed a low picture suitability (less than 3 points). All sentences were considered apt metaphors (i.e., are perceived as providing an accurate description of the topic). One sentence was taken as a practice item. A total of 16 sentences rated as apt novel metaphors were included in the study together with their 16 literal corresponding expressions and 32 fillers (half of the fillers were idioms, and half were literal controls in which the sentence referred to only one picture). 

Online Materials

[bookmark: OLE_LINK6]Materials and norming results are available on the Open Science Framework online data repository (https://osf.io/39bxk/). 

Apparatus

Eye movements were recorded with an SR Research Ltd. EyeLink 1000 eye-tracker, which records the position of the reader’s eye every millisecond. Head movements were minimised with a chin rest. Eye movements were recorded from the right eye. Experiment Builder was used to program the experiment, and Data Viewer was used to extract the interest area reports for eye movements. The sentences were aurally presented through a speaker.

Design and Procedure

The task was designed after the Visual World Paradigm (Tanenhaus et al., 1995). The design was a 2  2 (Sentence Type  Group), in which sentence type (literal and metaphorical) was within subject. Participants completed two practice trials, 32 experimental trials, and 36 fillers. Trials were presented in a random order for each participant. Critical trials were rotated in a Latin Square design, and images were rotated across the three possible positions. Thus, there were six lists of stimuli. 
Before the experiment, participants were provided with a set of instructions that detailed the experimental procedure. The researcher added further explanations, if required. Participants then sat at the eye tracker and responded to on-screen instructions using the keyboard. At the beginning of each trial, a message appeared asking the participant to press a button when they were ready to continue. After participants pressed the button, they were required to fixate a drift-correction dot, which appeared in the centre of the screen. The experimenter then initiated the trial. There were two practice trials. If the participant was ready and had no more questions, they proceeded to the critical trials. Participants heard the sentences, ﻿while simultaneously being presented with three pictures.
For each trial, the audio file started 500 ms after the pictures appeared. There was a 2000 ms time window following the sentence in which participants needed to make their choice about which picture they thought best fit the sentence. They were asked to press ‘1’ if they wanted to choose the left picture, ‘2’ for the centre picture, and ‘3’ for the picture on the right. The eye-tracking testing session for each participant lasted approximately 5 minutes. To avoid any bias, participants were not informed of the inclusion of figurative language among the sentences. During the debrief, the aim of the experiment was explained in detail.

6. Results
[bookmark: _Hlk183691173]Outliers were defined by examining standardized scores and histogram plots. We used a threshold of 3 SDs from the mean. Two reaction time outliers were identified in the control group, and two from the dyslexia group. They were eliminated from all analyses. Results are presented in the following order: assessment of individual differences in cognitive abilities, comprehension accuracy, reaction time, summed dwell time, and divergence point analysis. Inferential analyses were conducted using R (R Core Team, 2012). The complete code and output are available at the Open Science Framework online data repository (https://osf.io/39bxk/).    

Individual Differences in Cognitive Abilities

Groups were matched on age and gender but differed significantly on the three dyslexia screening measures (see Table 2). These findings show that our groups were well matched on key demographic variables and show the expected differences with respect to dyslexia (all screening effect sizes were large). With respect to cognitive abilities, our groups differed in forward digit span and ToM, but they did not differ in vocabulary and backwards digit span. For a description of the tests used for the assessment, see Supplementary Materials, Section B. 

Comprehension Accuracy

For comprehension accuracy, we fitted a generalized linear mixed model with comprehension accuracy as the outcome variable (binomial), condition (metaphorical, literal) and group (DYS, TD) as fixed effects, and item and participant as random effects. Contrasts were set with metaphorical items and the control group as the baseline. Results showed a significant main effect of sentence type, in which the literal trials had higher comprehension than did the metaphorical trials (see Figure 2 and Table 3). The main effect of group and the interaction were not significant. 


Table 3 - Estimates, standard errors, t-values of the linear mixed effects models.

Fixed Effect 			    Estimate	    Std. Err.	    t–value 	    Pr(> |t|)	 
 
Comprehension
Intercept			    0.6783             0.3805            1.782 (z)            0.074*
Group				    -0.2954            0.4443            -0.665 (z)           0.506 	
Sentence 			    30.4270           13.0034          2.340 (z)             0.019*
Group: Sentence		    -4.8631            17.1950         -0.283 (z)            0.777

Reaction Time (all trials)
Intercept			    2499.66           94.49              26.454             < 0.001*
Group				    447.35            125.57             3.563	   < 0.001*
Sentence 			    -343.46           103.04            -3.333	   < 0.001*
Group: Sentence		    -256.52           123.15            -2.083	   < 0.037*

Reaction Time (all trials) – paired comparisons
TD:Metaphor DYS:Metaphor    -447                 126	               -3.563 (z)         0.002*
TD:Literal DYS:Literal               -191                100                 -1.902 (z)         0.227
TD:Metaphor TD:Literal             343                 103                  3.333 (z)          0.004*
DYS:Metaphor DYS:Literal       600                  132                  4.550 (z)         <.001*

Reaction Time (correct trials)
Intercept			    2729.8             119.8              22.783            <.001*
Group				    427.8               150.5              2.842              0.004*
Sentence 			    -567.9              116.1             -4.890            <.001*
Group: Sentence		    -235.7              155.5             -1.515             0.129

Summed Dwell Time (correct trials)
Intercept			    629.9302          30.0172         20.986          < 0.001*
Group				    47.6510            38.3801         1.242              0.214		
Sentence 			   -52.8495            30.9133        -1.710             0.087*
Picture                                        0.9967               48.1707         0.021             0.983
Group: Sentence		   -42.7155            48.3739        -0.883             0.377
Group: Picture                           -81.1757            59.5289        -1.364              0.172
Sentence: Picture                      -135.5143           50.3454        -2.692              0.007*
Group: Sentence: Picture.         78.2925              73.4840         1.065              0.286

Summed Dwell Time (correct trials) – Sentence : Picture paired comparisons
Met. Target - Lit. Target            74.2                    24.1              3.084             0.011*
Met.Target - Met.Distractor     39.6                     46.3              0.855             0.828
Met. Target - Lit. Distractor     210.2                   34.0              6.189            <.001*
Lit. Target - Met. Distractor    -34.6                    43.3             -0.800            0.854
Lit. Target - Lit. Distractor      136.0                   29.9              4.543            <.001*
Met. Distr. - Lit. Distr.             170.6                   31.4              5.440           <.001*
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Figure 2. Means of comprehension accuracy. Error bars show the 95% confidence intervals.


Reaction Time

Reaction times were computed from the midpoint of NP2 (Region 3) to when participants made the button press to select a response (see Figure 1).  Reaction times were checked for outliers below 80ms or over 8000ms, however all data fell within 80-8000ms, so the full data set was analysed. The distribution of the reaction time exhibited a positive skew, which necessitated adjustments in the modeling approach to ensure appropriate handling of the data distribution. We specified the models using an identity link function, which assumes a linear relationship between the predictors and the observed responses, and a Gamma distribution (Lo & Andrews, 2015), to accommodate the positively skewed nature of duration data.
This approach enabled us to fit a maximally specified model, with reaction time as the outcome variable. Fixed effects included sentence type (metaphorical, literal) and group (DYS, TD), while random effects accounted for variability across items and participants. To facilitate meaningful interpretation, contrasts were set with metaphorical items and the control group as the baseline. 
Results for all trials showed significant main effects of sentence type, in which literal trials were processed more quickly, and group, where controls had shorter reaction times than did the participants with dyslexia (see Figure 3). The interaction was also significant (see Table 3). The emmeans package (Lenth, 2022) was used to break-down the significant interaction. Paired comparisons showed significant differences between literal and metaphorical items for both groups (see Table 3). The comparison of DYS vs. TD showed significant differences for metaphorical trials, but not for literal trials. Thus, the interaction was based primarily on the elevated reaction times for metaphorical trials in individuals with dyslexia. 
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Figure 3. Means of reaction time for all trials. Error bars show the 95% confidence intervals.

Reaction times for correct trials confirmed significant main effects of sentence type and group, but no significant interaction between variables (see Figure 4 and Table 3). Metaphor trials had longer reaction times and participants with dyslexia were slower than controls. 
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Figure 4. Means of reaction time for correct trials (left panel). Means of reaction time for metaphor incorrect trials (right panel). Error bars show 95% confidence intervals.

We also considered the reaction times for incorrect metaphor trials. The literal trials showed very few incorrect responses (<5%), and so, we did not analyze them. A t-test for metaphor incorrect trials revealed a significant difference between groups (t = -3.37, p < .001), in which the participants with dyslexia had longer reaction times (see Figure 4).

Eye Movements – Summed Dwell Time

Summed dwell time was calculated over the same time window as RTs, from the midpoint of NP2 (Region 3) to when participants selected a response. For eye movements, we fitted a model following the same procedure as before, but with dwell time (i.e., the summed fixation duration on each picture) as the outcome variable. Sentence type (metaphorical, literal), group (DYS, TD), and picture type (target, distractor) were the fixed effects, and item and participant as random effects. We did not include the irrelevant picture in these analyses, and only analysed eye movements for correct trials.
The models were run for each time window (the results for Regions 1 and 2 are presented in the Supplementary Materials, section C). For Region 3, dwell time was checked for outliers, and any value below 80ms or above 8000ms was removed (10.05% of the data). Region 3 showed a marginally significant main effect of group and a significant interaction between sentence type and picture type (see Figure 5 and Table 3). The dyslexics had longer dwell times, consistent with the reaction time analysis. The interaction between sentence and picture showed a larger difference in dwell time between the target and distractor for literal trials and similar dwell time on target and distractor for metaphorical trials (see Figure 5). 
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Figure 5. Means for dwell time in region 3 (left panel). Means for the significant interaction of sentence type and picture type (right panel). Error bars show the 95% confidence interval. 


Eye Movements – Divergence Point Analysis


The time course of fixations on Region 3 was analyzed using Divergence Point Analysis (DPA; Stone et al., 2020), a non-parametric bootstrapping method that enables group comparisons through the estimation of confidence intervals (CIs). This method is particularly well-suited for analyzing time-course data, as it identifies the point at which fixation patterns between groups or conditions diverge. DPA employs a series of t-tests to compare fixations between the Target and Distractor pictures across consecutive 50 ms time bins, with divergence determined after at least four consecutive bins (200 ms) showing a difference between groups. By resampling the original dataset using bootstrapping, 2000 new datasets are generated, allowing for the estimation of a new divergence point for each iteration. The mean divergence point and its associated CI are then calculated. We first analyzed the time course of fixations for correct literal and metaphorical trials (Figure 6).
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Figure 6. Time course analysis for correct trials (literal and metaphorical) between groups.

 Results for literal trials revealed that for the control group, the divergence point (DP) was observed at 583 ms [CI: 500, 850]. For the dyslexia group, the DP occurred at 625 ms [CI: 300, 10507]. The estimated difference between the two groups was approximately 44 ms [CI: -400, 500]. Since the CI includes 0, no difference was detected between the groups (see Figure 7). 

[image: ]
Figure 7. Left panel shows the divergence points for correct literal trials, and the right panel shows the divergence points for correct metaphorical trials.

Results for metaphorical trials (Figure 7) showed that in the control group, no DP was identified, suggesting no clear distinction between fixations on the Target and Distractor. In contrast, for the dyslexia group, a DP was detected at 675 ms [CI: 700, 750]. For incorrect trials (Figure 8), no divergence points were identified for either the control or dyslexia groups in the metaphorical condition (Figure 8).
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Figure 8. Time course analysis for incorrect trials (metaphorical) between groups (left panel). Divergence points analysis for metaphorical incorrect trials is shown in the right panel. 

7. Discussion

The current study explored novel metaphor processing in adults with dyslexia. Prior literature is limited and is filled with conflicting findings (see Table 1), concerning whether individuals with dyslexia experience difficulties with metaphor comprehension. In this study, we examined both offline (comprehension) and online (reaction times and eye movements) processing measures with novel metaphors, using a version of the Visual World Paradigm. In order to mitigate the reading difficulties in individuals with dyslexia, we presented the metaphorical expressions auditorily. In addition, we also assessed several of the key individual differences measures that were identified in previous research as being related to metaphor comprehension (e.g. working memory, ToM, and verbal abilities). The results of this study showed that individuals with dyslexia chose the metaphorical meaning at a similar rate as did the control participants. With respect to online processing, we found that individuals with dyslexia were generally slower, and were specifically slower in comprehending metaphorical utterances. Moreover, the eye movement data allows us to draw further conclusions concerning the underlying nature of the processing difficulties (slowdowns) that individuals with dyslexia experience. In the remainder of the discussion, we first cover comprehension, followed by reaction times and eye movements, and lastly, we provide a few comments on the individual differences measures.  
The “accuracy” rate in metaphorical trials was comparable between the two groups, indicating no difference in rate in which individuals with dyslexia chose the metaphorical meaning. Throughout this paper, we have referred to comprehension using the labels of “correct” and “incorrect”. This is a convenient simplification for metaphor trials. Ultimately, participants made a choice (or a decision) about which of the two available interpretations (based on the relevant visual contexts) they thought best corresponded to the (metaphorical) utterances. Literal utterances only have one relevant picture, and therefore, these trials do not involve any kind of choice (or decision) process, and these can be clearly described as “correct” and “incorrect”. Results showed no difference between groups and overall accuracy was > 95% correct for literal trials. For metaphor trials, participants were more likely to choose the metaphorical interpretation, with an approximate 60/40 split (metaphor/literal, respectively). This is similar to the rates reported in prior studies (Di Paola et al., 2020; Pouscoulous & Tomasello, 2020). What is important for the current study is that the response patterns were comparable between the two groups, which resulted in a non-significant main effect of group and no interaction between group and sentence type (literal/metaphorical). 
In the next few paragraphs, we present an integrated discussion of reaction times and eye movements, and for the sake of simplicity, we first discuss the results from literal trials, then the “correct” metaphorical trials, and lastly, the “incorrect” metaphorical trials. For the literal trials, both the control and dyslexia group showed a  divergence between the target and distractor picture, which occurred approximately 600 ms from the onset of NP2 (looks to the target were significantly greater than the distractor). The divergence point difference between groups was 45 ms, in which the divergence occurred numerically later in individuals with dyslexia. The analysis of reaction times, for literal trials, showed approximately a 200 ms difference between groups, which was not significant. To summarize, there is very little difference between groups in the processing of literal utterances. Attention to the relevant picture is slightly slower and the reaction time is slightly longer in participants with dyslexia (neither of which achieved statistical significance).   
For metaphor trials, there was a significant reaction time difference between groups when all trials were analyzed, but when only correct trials were considered, the difference between the dyslexia and control group was smaller (i.e. there was a main effect of group but not a significant interaction). To further understand the disparity between these two analyses, we also examined the reaction times for metaphor (incorrect) trials. In these trials, participants selected the distractor image, which depicts the literal meaning of the sentence. The dyslexia group had significantly longer reaction times compared to controls. Moreover, controls showed more similar reaction times for correct and incorrect metaphor trials, whereas individuals with dyslexia showed a clear trend for longer reaction times in “incorrect” trials as compared to “correct” trials. This difference is the reason why the analysis of reaction times for all trials showed a significant interaction, whereas correct trials showed only a double main effect. 
It is important to note that the reaction times of metaphor (incorrect) trials are longer than metaphor (correct) trials. We found this result very counterintuitive. We expected that literal interpretations of metaphorical utterances would pattern similarly to literal trials and they clearly did not. Specifically, the reaction times and eye movements should indicate that the metaphorical interpretation is not activated or computed in metaphor incorrect trials. We interpret this finding as showing that the metaphorical interpretation is likely activated on the vast majority of trials for both groups. A second possibility is that there might have been a bimodal distribution in reaction times for metaphor incorrect trials (Ferreira et al., 2002). One peak in the distribution, with shorter reaction times, would correspond to cases where the metaphorical interpretation is never activated, and a second peak in the distribution, with longer reaction times, where participants considered the metaphorical interpretation, and following a deliberation period, participants select the picture corresponding to the literal interpretation (sequentially equating to literal => metaphorical => literal). An examination of the reaction times for metaphor incorrect trials did not reveal a bimodal distribution. 
Turning to the divergence point analysis for metaphorical trials, we observed only one divergence, and it was in the dyslexia group for correct trials. This divergence was short-lived and occurred approximately 700 ms post noun onset. The controls did not show a divergence for either metaphor correct or metaphor incorrect. Although there was a trend in metaphor incorrect trials (see Figure 5). In contrast, the dyslexia group did not show a (or trend of a) divergence for metaphor incorrect trials. We also reported the summed dwell times from the mid-point of the second noun to the button press. That analysis also did not show a preference for the target over the distractor in metaphor trials. To summarize, in metaphor trials, it is very evident that participants (in both groups) spend substantial time fixating both of the relevant pictures, and ultimately, one was not significantly preferred over the other. The only exception is the short-lived divergence shown by participants with dyslexia. 
With these general patterns in mind, there are some trends in the data worth highlighting, and some conclusions that can be drawn from a discussion of divergence points, alongside the significant differences in reaction times. First, the controls showed competition between the two pictures in the first half of the analysis window (from 0 to 1000 ms), and then in second half of the window, the target fixation probability is numerically higher than the distractor (starting at approximately 1000 ms). Second, the dyslexia group shows higher probability of fixating the distractor in the early and later parts of the analysis window. The centre of the analysis window shows that one divergence where the target is looked at more than the distractor. Thus, very oddly, participants with dyslexia showed an earlier preference for the target picture compared to the controls, which intuition would lead one to think that those with dyslexia should then have shorter reaction times. Instead, they had longer reaction times. 
Our interpretation of this counter intuitive divergence peak in target fixations in the eye movements of the dyslexia group is that, that is the point in which the metaphorical meaning either becomes activated or is mapped onto the available visual context (our behavioural data cannot tease apart these two explanations, see below for further discussion). There several aspects of the data, which support this interpretation. The probability of fixation on the target picture starts very low (less than .3) in the dyslexia group, which is followed by a substantial increase over the next 700 ms. This results in the significant peak (target > distractor) and significant divergence point. Following that peak, fixations to the target picture then decrease to the point in which the fixations to the distractor are numerically greater. In controls, looks to the target start out higher, suggesting that they were already restricting attention to the two relevant pictures during the second noun. They then showed competition between the two relevant pictures, and at approximately 1000 ms, the target trends higher compared to the distractor. 
To summarize, the dyslexia group activate the metaphorical meaning (or map the metaphorical meaning to visual context) later than do the controls, they then tend to re-fixate the distractor picture before ultimately choosing the metaphorical interpretation by selecting the target picture. The late activation of the metaphorical meaning combined with the later preference of distractor image over target image, results in approximately 500 ms longer reaction times in individuals with dyslexia. 
With these interpretations in mind, we now turn to different theoretical explanations. One possibility is the cognitive processes associated with the activation and inhibition of metaphorical and literal features. For approximately 400 ms after the offset of a novel metaphorical word, both relevant and irrelevant features remain active (Glucksberg et al., 1982; Rubio Fernández, 2007). Subsequently, only the relevant metaphorical properties persist, while irrelevant literal properties are suppressed (the timing of the divergence point in dyslexics, in the current study, is generally consistent with the Rubio-Fernandez (2007) activation time course findings). The activation and suppression processes, in this case, are assumed to rely on executive functioning (Mashal, 2013). Thus, one possible explanation is that individuals with dyslexia, who often exhibit less efficient executive functions, may manage the interplay between activation and suppression less effectively compared to controls (see also, Cersosimo et al., 2024). We think that this possibility is less likely given that we did not observe strong correlations with individual differences variables, although we did not assess inhibition in our test battery. 
A second possible explanation involves a difficulty in processing and integrating visual information, while interpreting spoken language (Hokken et al., 2023). As noted in the review of previous studies, similar findings were reported in figurative language comprehension by Cardillo et al. (2018) and Griffiths (2007). In these studies, visual assessments revealed that participants with dyslexia underperformed compared to control groups. Future research will need to confirm or rule out this possibility by carefully evaluating the strengths and limitations of using the Visual World Paradigm in studies of dyslexia. While the paradigm avoids reading demands, it may introduce challenges related to visual-linguistic integrative processing.


Limitations and Future Directions

The first limitation of the study is related to the nature of our stimuli. As it was mentioned in the Discussion section, a literal interpretation was possible even for metaphorical sentences and this was particularly important for us because it allowed us to determine whether the dyslexic group had any bias towards the literal interpretation compared to controls. However, given that there were two possible response options for metaphor trials, and that it was important to analyse those responses separately (i.e. in reaction time), the study may have been slightly underpowered. In total, our study was based on approximately 1200 observations, and a reasonable sample of people with dyslexia, but when the metaphor trials were separated based on response type, those analyses were based on approximately 700 observations, which is far below the suggestions of Brysbaert & Stevens (2018). 
Another limitation is that it mainly included university students with dyslexia. We expect that if community-recruited people with dyslexia were tested, our effects in terms of reaction times and eye movements would be even larger (despite the fact that most were medium-to-large in our compensated participants). More importantly, non-university students would very likely show much greater variability in individual differences, and so, we would expect the results of the relationships between individual differences and metaphor processing to be very different in community-recruited samples. As for future directions, we think that it is important to measure other cognitive abilities, and inhibition may be particularly relevant for our task, given that both interpretations were available in the “visual world”. 


8. Conclusions 

Results indicated that the metaphorical interpretation was available on most, if not all trials. Importantly, our groups did not show differences in the rate in which they selected the metaphorical meaning over the literal meaning. Reaction times showed that individuals with dyslexia were slower overall and were particularly slow when interpreting metaphorical utterances literally. Eye movements provided unique insights into why individuals with dyslexia have longer reaction times. The divergence point analysis showed a peak, in which looks to the target were greater in individuals with dyslexia. This finding is counter intuitive given the reaction time differences. We interpreted this divergence in the eye movement record as showing that individuals with dyslexia are delayed in either activating the metaphorical meaning or are slower at mapping the metaphorical meaning onto the available visual context. At present, we cannot disentangle these two possibilities. Issues regarding activation (of non-literal meaning) vs. suppression (of literal meaning) are important future directions, as well as the time course of visuo-linguistic integration in the processing of novel metaphors.  
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