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Abstract 

Objective: The objective of this study was to replicate earlier research findings that had 

indicated a relationship between visual search and reading problems. Dyslexic readers have 

been shown to perform worse on visual conjunction search tasks than on visual feature search 

tasks. Additionally, we examined the connection between a history of reading difficulties and 

the word length effect, which has been demonstrated in previous studies. We also assessed the 

relationship between visual conjunction search and the word length effect. Method: 60 people 

participated. All were undergraduate students or had completed their bachelor degree studies 

in the last two years before the study took place. The participants’ history of reading 

difficulties was assessed using The Adult Reading History Questionnaire (ARHQ). Visual 

conjunction search was measured using lines with a specific combination of orientation and 

brightness and visual feature search was measured using a similar task where the target 

differed from distractors on both feature dimensions (pop-out task). The word length effect 

was assessed with a lexical decision task using words and pseudowords. Results: The findings 

showed that there is a connection between a history of reading difficulties and the greater 

word length effect. However, with an increased set size, we were not able to find a connection 

between a greater difficulty with visual conjunction search and history of reading difficulties. 

No association was found between the word length effect and visual conjunction search. 

Conclusion: The sampling in the study could have affected the results. Individuals with 

reading difficulties who still attended university might have successfully trained the 

attentional mechanisms used in reading and visual search.  
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 Developmental dyslexia is a learning disability that manifests as a difficulty with 

accurate and/or fluent reading, accompanied by poor spelling abilities (Lyon, Shaywitz & 

Shaywitz, 2003). Individuals with dyslexia persistently fail to acquire efficient reading 

abilities regardless of conventional instruction, normal intelligence and sociocultural 

background (Démonet, Taylor & Chaix, 2004). Epidemiological data indicates that dyslexia 

falls along a continuum and individuals tend to maintain their position on the continuum over 

time (Shaywitz, Escobar, Shaywitz, Fletcher & Makuch, 1992; Shaywitz et al., 2002). 

Dyslexia has a prevalence of 5 – 17% and is the most common learning disability among 

school-aged children, where 80% of individuals with learning disabilities are diagnosed with 

dyslexia (Shaywitz & Shaywitz, 2005). The prevalence of dyslexia among adults has not been 

thoroughly studied, but is considered a condition that follows individuals throughout life 

(American Psychiatric Association, 2013; Hudson, High & Al Otiaba, 2007). 

 Dyslexia was originally considered a deficit in the visual system (Schulte-Körne & 

Bruder, 2010). In the 1970s, the focus within dyslexia research moved from perceptual-based 

theories to language-based theories, specifically to the processing of phonological information 

(Catts, 1989). Today, dyslexia is most often considered a complex disorder and it is therefore 

crucial that the disorder is studied from various viewpoints. (Valdois, Bosse & Tainturier, 

2004). For that reason, it is important to study dyslexia not only from a phonological 

perspective but to also consider the possible role that the visual system plays in the disorder. 

Numerous studies have already found a link between dyslexia and certain visual deficits, for 

example, in relation to spatial perception, contrast sensitivity and visual recognition of same-

category objects (Lovegrove, Bowling, Badcock & Blackwood, 1980; Gross-Glenn et al., 

1995; Stanley & Hall, 1973; Sigurdardottir, Ivarsson, Kristinsdottir and Kristjansson, 2015).   

 

The “what” and the “where” routes 

 Studies have suggested that separate brain regions are responsible for perception of 

objects and location in space (Buchholz & McKone, 2004; Goodale & Milner, 1992; Sereno 

& Lehky, 2011; Ungeleider & Mishkin, 1982; Ungeleider & Haxby, 1994). In 1982, 

Ungerleider and Mishkin conducted lesion studies on monkeys where they discovered that 

lesions of the inferior temporal cortex caused impairments in visual pattern discrimination and 

recognition but had no impact on tasks that required locating landmarks. Monkeys with 

lesions of the posterior parietal cortex displayed the opposite pattern, with impairments on 
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location tasks but not in visual pattern discrimination and recognition (Goodale & Milner, 

1992). These two different routes from the striate cortex Ungerleider and Mischkin (1982) 

labeled the “what” route and the “where” route. The “what” route begins in the occipital 

cortex and goes from there to the temporal cortex. It is also known as the ventral stream. The 

“where” route or the dorsal stream goes from the occipital cortex to the parietal cortex 

(Ungeleider & Haxby, 1994). The ventral stream is dominated by input from the parvocellular 

layers of the lateral geniculate nucleus (LGN), that crosses through the striate cortex (V1), 

whereas input to the dorsal stream arrives from the magnocellular layers (Merigan & 

Maunsell, 1993). Generally, the ventral stream is concerned with object recognition and the 

dorsal stream with spatial localization, motion perception, visual attention and vision for 

action (Buchholz & McKone, 2004; Goodale & Milner, 1992; Vidayasagar, 2005).  

 Sereno and Lehky (2011) conducted a study on neural activities in monkeys, where 

they focused on the anterior inferotemporal cortex (AIT) in the ventral stream and the lateral 

intraparietal cortex (LIP) in the dorsal stream. They found that the activity of LIP neurons 

(dorsal stream) can be used to almost perfectly reconstruct stimulus locations while the 

activity of AIT neurons (ventral stream) provided less accurate estimates. AIT neurons only 

process spatial location topologically, which does not give the precise location of objects in 

space, but might be critical for its role in object and scene recognition. According to 

Vidayasagar (2005), the ventral stream receives the position of letters in words from the 

dorsal stream in a temporal sequence. It could be that these spatially selective neurons in the 

dorsal stream (LIP) carry information on stimulus location in space to the spatial categorizing 

neurons in the ventral stream (AIT) (Sereno & Lehky, 2011; Vidayasagar, 2005). This process 

might contribute to efficient reading (Vidayasagar, 2005).  

 

The magnocellular-dorsal pathway  

 The magnocellular-dorsal pathway (MD-pathway) is one of the networks in the brain 

that has been linked to developmental dyslexia (Iles, Walsh & Richardson, 2000; Franceschini 

et al., 2015; Gori, Seitz, Ronconi, Franceschini & Facoetti, 2016; Lovegrove, Bowling, 

Badcock & Blackwood, 1980; Stein & Walsh, 1997, for a critical approach see, Johannes, 

Kussmaul, Münte & Mangun, 1996; Olulade, Napoliello & Eden, 2013; Skottun 2000). The 

MD-pathway originates in the lateral geniculate nucleus (LGN) of the thalamus and receives 

input to the M-layers from retinal ganglion cells (Callaway, 1998). Information from LGN 
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enters the primary visual cortex (V1) and is delivered from there to the motion-sensitive areas 

of the brain (MT/V5) (Demb, Boynton, Best & Heeger, 1998). It has been hypothesized that a 

mild impairment in the MD-pathway could possibly be a core deficit in developmental 

dyslexia, independent of auditory deficits (Francechini et al., 2015).  Small deficits early in 

the MD-pathway, for example at the retinal level, might accumulate into more extreme 

deficits higher in the dorsal stream (Stein and Walsh, 1997). Therefore, a person with several 

impairments early in the magnocellular-dorsal pathway might have a more profound reading 

deficit than a person who does not.  

 Vidyasagar (2001) proposed a theory according to which reading trains the MD-

pathway to perform a sequential gating of information from V1, which ensures that the 

ventral stream can continue processing the information in order. To identify letters 

successfully, the visual system needs to process them in the correct order during fixation 

periods (Vidyasagar & Pammer, 1999). Fixation periods in languages written from left to 

right last for about 250 ms and are separated by rightward saccades, where seven or eight 

letters are read during each fixation period (Vidyasagar, 2005). If the dorsal stream is not 

intact, there is a possibility that the ventral stream fails to receive accurate information about 

the position of letters in words, since the ventral stream might critically rely on the dorsal 

stream in order to accurately locate  stimuli (Gori, Cecchini, Bigoni, Molteni & Facoetti, 

2014; Vidyasagar 1998). According to Pelli, Farell and Moore (2003), words are never seen 

as a single feature, rather, the letters in the word are perceived as individual features. Then the 

visual system combines these features to form a whole and individual letter features become 

words. Thus, problems in conveying information from the dorsal stream to the ventral stream 

could lead to reading difficulties since the letters might not be perceived in the right order 

(Vidyasagar, 2005). This could be one possible explanation for why dyslexic readers have 

problems with statistical learning, as has recently been demonstrated (Sigurdardottir et al., 

2017). 

 

Visual spatial attention 

 Visual spatial attention is one type of visual attention that concerns locations in space 

and is differentiated from other types of visual attention, for example, attention to objects or 

features (Tootell et al., 1998). The MD-pathway, especially the parietal cortex, is important 

for visual spatial attention (Vidyasagar, 2005; Buchholz & McKone, 2004). Selective 
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attention is one component of visual spatial attention. Selective attention is a mechanism 

which, according to Treisman and Gormician (1988), masks unwanted stimuli when the 

receptive field is too crowded. Selective attention therefore orients the attention focus to the 

relevant stimuli (Franceschini et al., 2015; Treisman & Gormician, 1988). This mask can be 

described as an aperture for items that a person wants to focus on (Treisman & Gormician, 

1988). This aperture is also often called ‘the spotlight of attention’ (Vidyasagar & Pammer, 

2010; Franceschini et al., 2015). The spotlight of attention allows us to recognize one item at 

a time and to bind together its various attributes, such as form, colour, depth, motion and size 

(Vidyasagar & Pammer, 2010). Reading is one of the most common ways of using attentional 

spotlighting and can also be said to be the most challenging since this mechanism binds 

conjuncted features together as we do when we turn letters into words while reading 

(Vidyasagar & Pammer, 1999; Vidyasagar, 2001). Research on preschoolers, conducted by 

Francheschini, Gori, Ruffino, Pedrolli & Facoetti (2012), has provided evidence that 

impairments in visual spatial attention can possibly predict future reading abilities. Their 

findings are consistent with the theory that poor readers might have an impaired MD-pathway 

given that preschoolers, who would later have problems with reading, had already performed 

poorly on serial visual search and spatial cueing tasks, which indicates problems with 

selective visual spatial attention. Consequently, problems with focusing attention could cause 

the reader to experience interference between letters while reading and lead to confusion 

(Franceschini et al., 2012); Roach & Hogben, 2007). 

 

Dyslexia and attentional disorders 

 Given the relationship between attention and dyslexia, it does not come as a surprise 

that there is high comorbidity between reading disorders and attentional deficits (Pauc, 2005). 

The co-occurrence between dyslexia and attentional disorders is stronger than could be 

expected by chance alone, where 62% of dyslexic readers are also diagnosed with attentional 

deficit disorder (ADD) and 38% with attentional deficit hyperactivity disorder (ADHD) 

(Germano & Gagliano, 2010; Pauc, 2005). Compared to the general population, the 

occurrence of attentional disorders are more prevalent in people with dyslexia (Pauc, 2005; 

Willcutt & Pennington, 2000). Studies have been conducted on neuroanatomic and 

neurofunctional variables in both ADHD and dyslexia independently (for dyslexia see: Eckert 

et al., 2003; Shaywitz et al., 1998, for ADHD see: Mackie et al., 2007; Valera, Faraone, 
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Murray & Seidman, 2006). However, there are no detailed studies on brain functions 

specifically emphasizing a comorbid phenotype of ADHD and dyslexia. Since these disorders 

probably arise from a dysfunction in neural networks, not specifically localized brain regions, 

it is possible that there is a connection between impaired neural networks in both disorders 

(Germano & Gagliano, 2010). If this is the case, one condition might actually cause the other, 

bidirectionally (Pauc, 2005). 

 

Visual search: Feature search and conjunction search 

 In modern society it is fundamental to be able to read. According to Vidyasagar 

(2001), in order to read efficiently, we have to train attentional shifts in visual search 

mechanisms that do not work sequentially in everyday settings to perform sequential 

spotlighting while reading. Research on the reading direction supports this notion and further 

shows that reading direction can influence attentional tasks (Kazandijan & Chokron, 2008).	

There is still some debate on the precise workings of visual search mechanisms (Vidyasagar 

2001; 2005; Wolfe 2007; Wolfe & Horowitz 2017). One of the leading visual search theories 

in the field, the Guided Search 4.0 model, claims that visual search does not work randomly 

but is guided by five different factors: bottom-up salience, top-down feature guidance, scene 

structure and meaning, guidance based on the history of prior search and guidance based on 

the perceived value of some items or features (Wolfe & Horowitz 2017). Despite 

contradictory views on the topic, it is not improbable that the visual search mechanisms need 

to be trained in order to read efficiently. 	

 The parietal cortex (part of the MD-pathway) has been shown to play a crucial part in 

shifting attention to specific regions in the visual field (e.g Arguin, Joanette & Cavanaugh, 

1993t; Friedman-Hill, Robertson & Treisman, 1995). Attentional shifting can be examined by 

particular visual search tasks, such as feature search and conjunction search (Buchholz & 

McKone, 2004). Feature search is when the searched-for target stimulus has a unique feature 

not shared by distractors (Scialfa and Joffe, 1998), e.g. when a single white line (target) is 

shown amongst several black lines (distractors). If the unique feature is salient it creates a 

pop-out effect and the reaction time becomes independent of the number of distractors 

(Buchholz & McKone, 2004; Cohen & Ivry, 1991; Wolfe, 2007). In feature search, stimuli 

are assumed to be processed in parallel without attention being shifted around the display 

(Buchholz & McKone, 2004). Therefore, attentional mechanisms are not involved in visual 
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feature search (Buchholz & McKone, 2004; Sirenteanu, Goebel, Goertz & Wandert, 2006; 

Sireteanu et al., 2008; Vidyasagar & Pammer, 1999; Iles et al., 2000).  

 In conjunction search, the target stimulus cannot be defined based on a single feature, 

only by a particular feature combination (Scialfa & Joffe, 1998), e.g. when the target is a 

white horizontal line amongst white vertical and black horizontal distractors. Here, stimuli are 

processed serially one by one and the search is terminated when the target has been found 

(Wolfe, 2014). Reaction times in conjunction search increase linearly in proportion to 

increasing number of distractors (Cohen & Ivry, 1991). The fact that the search slope 

increases with a larger set size suggests that conjunction search requires sequential shifts of 

attention around the display (Buchholz & McKone, 2004).  

 A growing body of research has indicated that dyslexic readers have difficulties with 

conjunction search tasks compared to normal readers, however, this is not the case with 

feature search (Buchholz & McKone, 2004; Sirenteanu, Goebel, Goertz & Wandert, 2006; 

Sireteanu et al., 2008; Vidyasagar & Pammer, 1999; Iles et al., 2000). In visual conjunction 

search, reaction times for dyslexic readers grow more rapidly with increasing set size than 

they do for normal readers (Sireteanu et al., 2008). These results echo findings concerning 

attentional problems in dyslexia, given that conjunction search, but not feature search, is 

thought to be dependent on attentional mechanisms (Buchholz & McKone, 2004) For 

example, conjunction search becomes impaired if the parietal cortex is disrupted in normal 

observers through the use of transcranial magnetic stimulation (TMS) (Ashbridge, Walsh & 

Cowey, 1997). The mechanisms that control attention in conjunction search are the same 

mechanisms we use in reading (Vidyasagar, 2010). Although results are inconsistent, poor 

readers might have a deficit in the parietal areas that control shifts of attention (Buchholz & 

McKone, 2004; Martin, Kronbichler & Richlan, 2016; Richland, Kronbichler & Wimmer, 

2011). This deficit could possibly play a causal role in producing the reading difficulties that 

characterize dyslexia (Vidyasagar & Pammer 1999; Vidyasagar 2001). If the hypothesis of an 

impaired MD-pathway in dyslexic readers is indeed true it does not come as a surprise that 

they perform worse on conjunction search tasks compared to normal readers. This difference 

between normal readers and dyslexic readers might be explained by the fact that dyslexic 

readers take a longer time to shift their attention around the display (Buchholz & McKone, 

2004). 
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The word length effect 

 The word-length effect is defined by a correlation between the processing of a visual 

word and its length. It is evaluated as the relationship between naming time or lexical decision 

and the number of letters in the word (Barton, Hanif, Bjornstrom & Hills, 2014). In other 

words, with every letter added to word, the reading time is increased. When children develop 

reading skills, from being poor readers to being efficient readers, the word length effect is 

reduced as they stop reading every word letter by letter (Barton et al., 2014; Zoccolotti et al., 

2005).  

 The dual route cascade model describes two reading routes, namely, the sublexical 

route and the lexical route. Letter-by-letter reading is based on sublexical processing, where 

the graphemes of a word are serially decoded into phonemes one by one (Martens & de Jong, 

2006). Graphemes are the smallest functional letter units, generally corresponding to and 

symbolizing phonemes. Phonemes, on the other hand, are the smallest units of spoken sound 

within a word (Ehri, 2011). When readers become more efficient they start using the lexical 

route, where all letters of a word are activated in parallel and activate the word’s entry in the 

orthographic lexicon (Martens & de Jong, 2006). The orthographic lexicon is generally 

considered to be the memory store of written word forms (Rapcsak & Beeson, 2004).  

  The word length effect seems to persist more strongly in dyslexic readers compared to 

chronological age controls, which is consistent with a letter-by-letter reading strategy 

(Martens & de Jong, 2006). In dyslexia, the reading system seems to be prevented from 

becoming efficient and automatized and dyslexic readers consequently fail to make the 

transition from using the sublexical route to using the lexical route (Ziegler et al., 2007; 

Martens & de Jong, 2006). A study by Juphart, Carbonnel and Valdois (2004) demonstrated 

that the word length effect did not emerge with efficient adult readers in relation to lexical 

decision tasks. Studies have indicated that the brain can learn to process conjunctions of 

visual features efficiently. When the brain has learned what conjunctions go together, the 

associated neural connections will endure over time (Frank, Reavis, Tre & Greenlee, 2013). 

As a result, it is possible that efficient readers learn to process feature conjunction in words 

parallely whereas dyslexic readers do not and continue to perceive words serially, using letter-

by-letter reading (Frank et al., 2013; Juphart et al., 2004). 

 Studies have indicated that visual spatial attention might be an important factor in reading, 

especially for reading pseudowords (Sieroff & Posner, 1988; Franceschini et al., 2012). 
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Moreover, according to Ziegler et al. (2007), intact attentional and visual orthographic 

processing is necessary for efficient reading using either route.  An elevated word length 

effect in dyslexic readers might therefore be caused by a general deficit in visual attentional 

processes (Facoetti et al., 2006).  

 

The current study 

 As noted above, research has indicated that individuals with developmental dyslexia 

perform worse on conjunction visual search tasks compared to normal readers, but not on 

feature visual search tasks (Buchholz & McKone, 2004; Sirenteanu et al., 2006; Sireteanu et 

al., 2008; Vidyasagar & Pammer, 1999; Iles et al., 2000). The central aim of the current study 

is to  confirm these results on visual search by slightly different means. This study differs 

from earlier studies in that participants will not be divided into dyslexic readers and normal 

readers, but will be rated on a continuum based on their reading abilities (IS-FORM) and 

previous reading history (ARHQ). We will also examine whether there is a connection 

between reading difficulties and the word length effect, in light of the fact that an elevated 

word length effect has previously been linked to reading difficulties (Martens & de Jong, 

2006; Zoccolotti et al., 2005). Finally, we will assess whether these two effects associated 

with reading problems might share a mechanism by examining the relationship between 

reaction times in conjunction visual search and word length effect tasks.  

 To recap, first we predict that greater reading difficulties are associated with slower 

reaction times for the visual conjunction search with increasing set size (greater slope), but 

not for the visual feature search (Hypothesis 1). Second, we predict that more reading 

difficulties are associated with a greater word length effect, that is, with increasing number of 

letters in a word, rather than being caused by slow reading in general. With every added letter 

in a word the reading time increases (Hypothesis 2). Lastly, we predict that greater difficulty 

with conjunction search is associated with a greater word length effect. In other words, that 

there is an association between the cost added by every added stimulus in the visual 

conjunction search and the cost added by every letter added to the word length effect 

(Hypothesis 3). 
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Method 

Participants 

 A total of 60 participants took part in the study, 48 females and 12 males. The mean 

age for participants was 25 years, ranging from 19 to 51 years. All participants were 

undergraduate students or had graduated less than two years ago. The participants were 

selected by convenience and were volunteers. They were required to have Icelandic as their 

native language and to have normal or corrected vision and hearing. Eleven participants had a 

prior diagnosis of dyslexia and 49 did not. Participants were not rewarded for their 

participation, but were allowed to sign up for a lottery where six participants received a gift 

certificate for 10.000 ISK. 

 

Procedure 

 The study was approved by the Icelandic Science Review Board and reported to the 

Icelandic Data Protection Authority. The experiment took place in a soundproof room. All 

subjects gave informed consent. First the participants filled out a questionnaire regarding 

former diagnosis for dyslexia and ADHD. Then they completed three questionnaires: The 

Adult Reading History Questionnaire [ARHQ] and Behavioral Evaluation Questionnaire for 

Adults I and II, intended to assess ADHD. These three questionnaires were all computerized. 

Next, participants partook in a visual facial processing task measuring global and featural 

form. Thereafter came a visual search task measuring featural and conjunction search, after 

which participants took part in a test to measure word length effect. Finally, participants 

finished the experiment by completing the Icelandic word form reading test [IS-FORM] and 

the Icelandic pseudoword form reading test [IS-PSEUDO]. In cases where pre-recorded 

instructions were not used (see below), participants were given a choice of reading by 

themselves or having instructions read out loud to them . The same applied for the consent 

form. A 17-inch monitor (resolution 1024 x 768) with a refresh rate of 85 Hz was used for all 

tasks performed on a Dell OptiPlex 760 computer. 

 Adult Reading History Questionnaire. ARHQ, initially developed by Lefly and 

Pennington (2000), evaluates the reading history of adults. The questionnaire has been 

translated to Icelandic. It has been psychometrically tested in a large diverse sample of adults 

in Iceland where it was verified as a reliable screening tool for dyslexia (Bjornsdottir et al., 
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2013).  Validity has been demonstrated by comparing adults with a diagnosis of specific 

reading disorder to typical adult readers (Bjornsdottir et al., 2013). ARHQ consists of 23 

questions that are responded to on a five point Likert-scale ranging from 0 to 4. The total 

score is divided by the maximum score that gives a score ranging from 0 to 1, with higher 

scores indicating more reading difficulties. As recommended by Bjornsdottir et al. (2014), 

question number 15 in the Icelandic version is excluded in the analysis. This questionnaire 

was computerized using the software PsychoPy (Peirce, 2007). Participants answered the 

questions by using the mouse to click on the preferred answer.  

 Behavioral Evaluation Questionnaire for Adults I and II. The Behavioral 

Evaluation Questionnaires are self-report rating scales for adults regarding their current and 

former ADHD symptoms. Validity has been established in a sample of relatives of children 

and adolescents who were diagnosed with ADHD (Magnusson et al., 2009). These lists have 

been confirmed as reliable screening tool for ADHD symptoms (Magnusson et al., 2009). The 

questionnaires include 18 questions that participants answer on a scale from ‘Never or Seldom 

(0)’ to ‘Very often (3)’. Questionnaire I evaluates behavior in the last six months and 

questionnaire II evaluates behavior from 5 to 12 years of age. Score points for all questions 

are summed for each list separately to produce two total scores, one for current ADHD 

symptoms and the other for symptoms of ADHD during childhood. Higher scores indicate 

increased ADHD symptoms. These questionnaires were computerized using the software 

PsychoPy (Peirce, 2007). 

 Test of Word Length Effect. The test was developed to measure word length effect 

in Icelandic. Words were selected from the Icelandic Frequency Dictionary (Pind, Briem and 

Magnusson, 1991). Words chosen for the test were Icelandic words with four, five, and six 

letters. Each word length category included 10 high frequency words and 10 low frequency 

words. All words were concrete concepts (nouns) with two syllables. Pseudowords were 

created by rearranging syllables. For example, the Icelandic words “íbúð” (e. apartment) and 

“magi” (e. stomach) would be rendered into two pseudowords, “íbgi” and “maúð”. Ten 

pseudowords were created for every low frequency category and the same was done for the 

high frequency categories. The test contains 20 normal words and 20 pseudowords for each 

word length category, which adds up to 60 normal words and 60 pseudowords in total.  

 Participants sat in front of a computer screen with their chin propped on a headrest in 

order to ensure the same viewing distance for every participant (57 cm). Participants listened 
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to prerecorded instructions. The test included 120 trials separated by two breaks. On each 

trial, a fixation cross was displayed on the screen center for 500ms, after which it was 

replaced by a word or a pseudoword. The font used was Arial and the letter height was 1 

degree of visual angle. Participants were instructed to indicate as quickly but as accurately as 

possible whether the text was a word or a pseudoword. Two keys on the keyboard (‘G’ and 

‘H’) were used two distinguish between words and pseudowords. The keys were marked with 

red stickers. The test had two editions, one where ‘G’ was used to represent the pseudowords 

and ‘H’ represented normal words, and the other edition with opposite mapping. Participants 

received visual feedback whenever they gave an incorrect answer. An incorrectly answered 

(pseudo)word appeared on the monitor for 500ms in red colour.  

 IS-FORM and IS-PSEUDO Reading Tests IS-FORM and IS-PSEUDO reading tests 

were developed by Sigurdardottir et al. (2015; 2017). They measure (pseudo)words read per 

minute and percentage of correctly read (pseudo)word forms. IS-FORM includes two lists of 

128 words each. One contains common Icelandic word forms and the other uncommon word 

forms. IS-PSEUDO contains one list of 128 pseudowords.  

 The lists were presented one at a time. A page containing the list was placed in front 

of the participants with the backside up. Participants were told to start reading immediately 

after the experimenter had counted to three and turned the page around. Participants were 

instructed to read as fast as they possibly could while making as few errors as possible. The 

lists were presented in this order: common word forms, uncommon word forms, and 

pseudowords. 

 Measures of Featural and Conjunction Visual Search. Visual search was measured 

using short simple lines. The lines were oriented 45 degrees to the left or to the right and were 

either black or white. Participants had to find the line (target) that was characterized by a 

unique combination of brightness and orientation and thus differed from all the other lines 

(distractors). A target was always present. When found, participants were to specify if the 

target was on the upper half of the monitor or the lower half using the up and down arrow 

keys, respectively. Set size varied between trials, with a minimum set size of 10 lines and a 

maximum of 60 lines. Set size varied in 5 line increments (10 lines, 15 lines, 20 lines etc.).  
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Figure 1. (A)-(D). Stimuli used for visual feature search and visual conjunction 
search. (A) Visual feature search with a set size of 20 stimuli, where the target has a 
distinctive brightness and orientation. (B) Visual feature search with a set size of 35 
stimuli, where the target has a distinctive colour and orientation. (C) Visual conjunction 
search with a set size of 10, where the target has with a specific combination of colour 
and orientation compared to distractors. (D) Visual conjunction search with a set size 
of 50, where the target has a specific combination of colour and orientation compared to 
distractors. The red circle represents the target stimulus. Participants did not see the 
circle while completing the task. 
 
 Measures of the visual search involving featural and conjunction search tasks were 

obtained in separate blocks, except in the practice trials, where both featural and conjunction 

visual search tasks were conducted in the same block. Each block contained 66 trials. Two 

blocks measured featural visual search and two blocks measured conjunction visual search. 

Blocks one and three were featural visual search and blocks two and four were conjunction 

visual search. In the featural visual search blocks, the target line had both a distinctive 
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orientation and a brightness different from all the other lines. In the conjunction visual search 

blocks, the target line had a specific combination of brightness and orientation different from 

all the other lines, see figure 1. 

 Participants sat in front of a computer screen with their chin propped on a headrest in 

order to maintain the same viewing distance for every participant (57 cm). First the 

participants listened to pre-recorded instructions for practice trials. The practice trials 

consisted of 12 trials which included both featural and conjunction search trials with a 

variation of set sizes. During the practice trials, when the participant had given an answer 

regarding the target’s position, distractors disappeared and a horizontal line appeared across 

the middle of the monitor to indicate where the upper and lower halves were divided. The 

target line and horizontal line stayed onscreen for two seconds. The lines disappeared before 

the start of the next trial.  

 On completion of the practice trials, participants listened to pre-recorded instructions 

preparing them for the experimental blocks. The experimental trials were as described above, 

with the exception that the next trial started as soon as an answer was given. The target thus 

did not stay onscreen and no horizontal dividing line was shown in the middle of the monitor. 

The experiment included four blocks: Two blocks of featural visual search and two of 

conjunction visual search. The first and third blocks were featural visual search blocks and the 

second and fourth were conjunction visual search blocks. Set size, location of distractors and 

location of target were selected randomly.  

 Measures of Global and Featural Form of Facial Processing. A global and featural 

face processing experiment was additionally conducted as part of this research project. 

Information about the procedure and results for this part can be found in the Bachelor Thesis 

written by Alexandra Arnardottir and Eydis Thuridur Halldorsdottir, who were our 

collaborators on this project. 

 

Design 

 The design of the study was a cross-sectional design. The visual search task had four 

blocks. In the visual conjunction search task there were two independent variables, the visual 

conjunction search constant and the visual conjunction search slope. The dependent variable 

in this task was history of reading difficulties (ARHQ). The visual feature search task had two 

independent variables: The visual feature search constant and the visual feature search slope. 
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The dependent variable in this task was also a history of reading difficulties (ARHQ). The test 

of word length effect had two independent variables: The word length effect constant and the 

word length effect slope. The dependent variable in the word length effect test was once again 

history of reading difficulties (ARHQ). In the analysis of the connection between the word 

length effect and the visual conjunction search, the word length effect slope was the 

dependent variable and the visual conjunction search slope served as the independent variable. 

 

Statistical analysis 

 Before the statistical analysis was run for the data set, trials with wrong answers were 

filtered out. Reaction times ±3 standard deviations away from the mean were then excluded 

for each participant. Next, the constant and the slope were  calculated, again for each 

participant. This was done for both the visual search tasks and the word length effect test. An 

alpha level of 0.05 was used for statistical tests, which were all two sided. Correlation was 

calculated both between a history of reading difficulties (ARHQ) and words read per minute 

(IS-FORM/IS-PSEUDO) and between a history of reading difficulties (ARHQ) and ADHD 

symptoms. Linear regression was used to assess the relationship between the visual search 

tasks and a history of reading difficulties (ARHQ). The same was done to assess the 

connection between the word length effect test and a history of reading difficulties (ARHQ). 

No participant was excluded in the analysis for the visual search tasks. However, two 

participants were excluded from the analysis of the word length effect test. One participant 

misunderstood the instructions and believed they were answering correctly when in fact 

giving incorrect answers (thinking that when the word appeared in red their answer was 

correct). The results from the other participant indicated that he also misunderstood the task 

since his score was more than three standard deviations from the mean. Effect sizes were 

estimated using Pearson’s r, r-squared and f-squared. R and IBM SPSS Statistics were used 

for statistical analysis. 
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Results 

 The ARHQ, our primary measure of interest, has a strong empirical basis as a reliable 

screening tool for dyslexia and shows a history of reading difficulties on a continuum 

(Bjornsdottir et al., 2013; Lefly and Pennington 2000). To nonetheless confirm the validity of 

ARHQ as a measure of a history of reading problems in our sample, we evaluated the 

association between the questionnaire and words read per minute in the IS-FORM/IS-

PSEUDO reading test. The reading speed estimates for the three reading lists in IS-FORM/IS-

PSEUDO test were highly correlated, ranging from r=0.77 to 0.92, significant at level 0.001. 

For this reason, estimates from all lists were combined into a single variable, that is, words 

read per minute. The correlation between ARHQ and words read per minute was r=-0.63, p > 

0.001 level. The association is depicted in figure 2.  

Figure 2. Association between ARHQ and IS-FORM 

 

 Current ADHD symptoms were highly correlated with childhood ADHD symptoms 

r=0.72, p > 0.001. Both measures were also associated with ARHQ as shown in figure 3. The 

childhood ADHD measurement yielded a correlation of r=0.47 and the adult ADHD 

measurement r=0.5, both significant at the 0.001 level. 
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Figure 3.  Relationship between the ARHQ and both current and childhood ADHD 
symptoms. 

 

 A one sample t-test was performed to test if the visual feature slope was flat.  The 

results revealed that the estimate was not zero, t(59)= -2.91, p = 0.005. Even though the visual 

feature search slope was not flat, the analysis showed with 95% confidence that the slope was 

negative, CI[-1.8, -0.3ms]. For each item added to the set size, the reaction time decreased, 

which is consistent with the pop-out effect of visual feature search tasks. A one sample t-test 

was also performed to test if the visual search conjunction slope was not flat. The results 

showed that the estimate was not zero, t(59)= 15.50, p > 0.001. The analysis demonstrated 

that for each stimulus added to the set size, the visual conjunction search slope increased by 

38.7-50.2ms. 

 A linear regression analysis was used to assess the relationship between visual feature 

search and a history of reading difficulties (ARHQ). However, a model that examined the 

relationship between ARHQ and the visual feature search constant, on the one hand, and the 

visual feature slope, on the other, could not confirm any association F(2,57) = 2.09, p = 0.13.   

 A multiple linear regression was calculated to predict a history of reading difficulties 

(ARHQ) based on the visual conjunction search constant and the visual conjunction search 

slope. A significant regression equation was found (F(2,57)=4,12, p = 0.02), which explained 

13% of the variance in a history of reading difficulties, f2=0.15. Only the visual search 

conjunction constant was a significant independent predictor of a history of reading 

difficulties t(57)= 2.42, p = 0.02. This was not the case for the visual search conjunction slope 

t(57)= 0.89, p = 0.38. The models’ intercept was not significant t(57)=1.89, p = 0.07.  
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Figure 4. Association between visual conjunction search constant (left) and visual 
conjunction search slope (right) and a history of reading difficulties, assessed by ARHQ based 
on the multiple linear regression model, with a 95% confidence area (gray). The black ticks 
on the x-axes represent the participants distribution on the visual conjunction search constant 
(left) and the visual conjunction slope (right). 
   
 The model predicts with 95% confidence that a history of reading difficulties, as 

assessed by ARHQ, rises by 0.04-0.10 when the visual search conjunction constant increases 

by one second and the visual search conjunction slope is fixed. Although the estimate for the 

visual search conjunction slope is not significant, it seems to be an important correctional 

variable for the model. That is, if the visual conjunction slope would be removed from the 

model, it would influence the other estimates. As seen in figure 4, a growing history of 

reading difficulties is associated with a greater constant, but the association between a history 

of reading difficulties and the slope cannot be confirmed.   

 A linear regression was run to assess the relationship between word length effect and a 

history of reading difficulties (ARHQ). The multiple linear regression model was significant 

(F(2,55)= 18.62, p < 0,001) and explained 40% of the variance in a history of reading 

difficulties, f2= 0.66. Both estimates, the word length effect constant (t(55)= 5.16, p > 0,001) 

and the word length effect slope (t(55)=5.12, p > 0.001) were significant independent 

predictors of a history of reading difficulties. The model’s intercept was not significant 

(t(55)=0.07, p = 0.94). The model predicts with 95% confidence that a history of reading 

difficulties (ARHQ) rises from 0.372 to 0.548 if the word length effect constant is increased 
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by one millisecond. That is, for each added second in the word length effect constant, the 

history of reading difficulties (ARHQ) increases by 0.37 to 0.54. This is a considerable effect 

since ARHQ scores range from 0 to 1. The word length effect slope was also positively 

associated with a history of reading difficulties. A history of reading difficulties (ARHQ) 

increases by 0.002776, 95% CI [0.002238, 0.003322], with every millisecond added to the 

word length effect slope. These results indicate that the intensity of history of reading 

difficulties are not only associated with decreased overall reading speed (constant), but are 

also associated with greater increases in reading time with every added letter to a word 

(slope). The association between a history of reading difficulties and the word length effect 

constant and slope is depicted in figure 5. 

Figure 5. Association between word length effect constant (left) and word length effect slope 
(right) and a history of reading difficulties, assessed by ARHQ based on the multiple linear 
regression model, with a 95% confidence area (gray). The black ticks on the x-axes represent 
the participants distribution on the word length constant (left) and the word length effect slope 
(right). The x-axes for the constant and the slope are not compatible since the distribution in 
milliseconds were not consistent. Therefore, the figures can not be compared.  

 

 Finally, a linear regression was used to assess the relationship between the word 

length effect slope and the visual conjunction search slope. The model could not verify a 

connection between these variables (F(1,56)=2.19, p = 0.14, r = -0,19). That is, each added 

item in the visual conjunction search does not predict that reading time increases with each 

added letter in the word length effect test. 
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Discussion 

 Research on visual search tasks has indicated that dyslexic readers have  problems 

with visual conjunction search tasks but not with visual feature search tasks, compared to 

normal readers (Buchholz & McKone, 2004; Sirenteanu, Goebel, Goertz & Wandert, 2006; 

Sireteanu et al., 2008; Vidyasagar, 1999; Iles et al., 2000). Our results did not replicate these 

findings to the fullest. As expected, an association was not found between visual feature 

search and a history of reading difficulties. Overall performance in visual conjunction search 

was associated with a history of reading difficulties. However, we were only able to confirm a 

relationship between a history of reading difficulties and the visual conjunction constant, but 

not with the conjunction slope. In other words, an individual with a greater visual conjunction 

constant was more likely to have a greater history of reading difficulties than an individual 

with a lower conjunction constant. As the participant completes the task, the constant can 

represent various factors, for example, the starting time, stopping time,  decision-making time 

and the time it takes to press the button. Since we could not confirm whether the visual 

conjunction search slope was associated with a history of reading difficulties, we could not 

affirm a connection between an increasing set size and increased reaction times for those with 

a greater history of reading difficulties. A collinearity between the conjunction constant and 

slope is a possible reason why the model could not confirm the estimate for the slope. We 

therefore only managed to partially validate Hypothesis 1, i.e. that a greater history of reading 

difficulties would be associated with slower reaction times for conjunction search with 

increasing set size, but not for feature search.  

 The word length effect is one of many factors that have been studied extensively in 

relation to dyslexia (Barton and Hills, 2014; Zoccolotti et al., 2005, Martens and de Jong, 

2006). Studies have shown that, compared to normal readers, dyslexia is more strongly linked 

to a greater word length effect (Martens and de Jong, 2006; Zoccolotti, 2005). Our results 

echo the findings of previous studies. The word length effect explained a considerable amount 

of the variance in the participants’ history of reading difficulties. Both the word length effect 

constant and slope were related to a history of reading difficulties. Moreover, a greater history 

of reading difficulties is related to both increased word length effect constant and slope. With 

each added second for the word length effect constant, the history of reading difficulties 

(ARHQ) increased considerably. The word length effect slope indicates that with every added 

letter in a word the reading time increases to a greater degree for those with a history of 
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reading problems. These results support Hypothesis 2, namely, that a greater history of 

reading difficulties are associated with a greater word length effect. That is, individuals with a 

greater history of reading difficulties do not only read words slowly, independent of the 

number of letters, but their reading time also grows longer with each added letter in a word. 

 It has been indicated that a greater word length effect for dyslexic readers could be 

caused by a deficit in visual attentional mechanisms (Facoetti et al., 2006). We therefore 

examined how the visual conjunction search slope is related to the word length effect slope, in 

addition to examining the relationship between visual search and the word length effect. 

However, the results could not verify a connection between the visual conjunction slope and 

the word length effect slope. , the time it takes to process each item added in the visual 

conjunction search tasks does not predict the time it takes to process each added letter in the 

word length effect test. Hypothesis 3 was consequently not supported. More precisely, we 

established no connection between  a greater difficulty with conjunction search and a greater 

word length effect. It is therefore possible that the process behind these two tasks are reliant 

on independent mechanisms.   

 Our results appear to indicate that individuals with a greater history of reading 

difficulties in general take longer to report the location of the target stimulus in conjunction 

search. Nevertheless, a history of reading difficulties is seemingly not linked to an increased 

cost in reaction time for processing each item added to the display. Our results could thus not 

replicate fully what other researchers have proposed, that dyslexic readers have a deficit in the 

MD-pathway, but rather that a greater history of reading difficulties is only associated with 

general slowness in reading (Iles, Walsh & Richardson, 2000; Franceschini et al., 2015; Gori, 

Seitz, Ronconi, Franceschini & Facoetti, 2016). The theory that -dyslexic readers have an 

impaired MD-pathway also assumes an impairment of attentional mechanisms in the parietal 

cortex, which support. visual spatial attention.(Vidyasagar & Pammer, 1999; Vidyasagar 

2001). This impairment could affect reading. If attentional mechanisms are not intact, an 

interference could emerge between letters while reading that would then lead to confusion 

(Francechini, 2012; Roach & Hogben, 2007). Research has supported the notion that visual 

conjunction search is dependent on attentional mechanisms and that, compared to normal 

readers, dyslexic readers perform worse on conjunction search tasks but not on feature search 

tasks (Buchholz and McKone, 2004; Sirenteanu, Goebel, Goertz and Wandert, 2006; 

Sireteanu et al., 2008). Even greater support for a connection between reading and attentional 
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mechanisms is that studies have reported that reading can improve drastically with training in 

action video games, which rely heavily on individuals’ attentional sources (Franceschini et al., 

2015).  

 The sampling of the study could have influenced the results. Our sample only included 

undergraduate students or students that graduated less than two years ago. This sample might 

therefore not be representative for individuals dealing with a history of reading difficulties, as 

people with the most severe reading problems are not likely to seek a university education. It 

is probable that dyslexic readers in this sample have better reading abilities than dyslexic 

readers who do not or have not attended university. There is also a possibility that individuals 

with a history of reading difficulties or dyslexia that attend university have trained their 

attentional mechanisms more compared to those with a less advanced educational 

background. This training effect could then possibly be related to the training of attentional 

mechanisms that have been found when dyslexic readers improve their reading with playing 

action videogames (Franceschini et al., 2015).  

 Finally, it is important to note that the dyslexic readers and individuals with a history 

of reading difficulties included in our sample might have trained their reading mechanisms 

more effectively than other dyslexic readers not included in the study. This is a likely scenario 

due to the fact that all participants in the sample were university students. The results might 

therefore not reflect the relationship we could possibly find with a more representative 

sample. In future studies it would be interesting to examine if a more clear-cut effect could be 

found by including all educational levels in the sample. It would also be practical to compare 

groups of dyslexic readers and normal readers by matching them by gender, age and 

educational level. 
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