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ABSTRACT
The aim of the study was to focus on whether visual processing differs
between distinct levels of reading competence in young adults, from a
regular orthography. We compared the 10% highest scoring (HRC) and
the 10% lowest scoring groups (LRC) of reading competence (using the
word chain test, WCT) in visual processing of global coherent motion
and global coherent form among young adults in Norway. Results
showed that the lowest scoring reading group had higher thresholds for
detecting coherent motion, than the highest scoring reading group,
indicating lower motion sensitivity in adults with low reading
competence of a regular orthography. There was no significant
difference between the groups in the coherent form control task. These
results may indicate reduced sensitivity to temporally defined stimuli
such as coherent motion in the group with low reading competence
possible related to vulnerability of the visual dorsal stream.
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Introduction

Reading can be understood as consisting of two different, but related skills; word decoding and read-
ing comprehension. Word decoding is efficient and correct recognition of the phonological code of
words (Verhoeven, 2011) and their meaning (Høien & Lundberg, 2012; Revlin, 2012), while reading
comprehension being able to interpret sentence and discourse is the product of word decoding and
language comprehension (Gough & Tunmer, 1986; Hoover & Gough, 1990).

Although prevalence varies depending on definition, a common cut off criterion is set at 1.5 stan-
dard deviations below the mean of age-matched reading skill and therefore classifies approximately
7% of the population as dyslexic (Peterson & Pennington, 2012). According to World Health Organ-
ization (1992), specific reading difficulties or developmental dyslexia is characterized by difficulties in
developing literacy, without this being explained by teaching, general intelligence, age or vision pro-
blems. Mixing of letters and words are examples of reading errors. It has been shown that people
with dyslexia primarily have difficulties with the technical side of reading, word decoding (Elbro,
Nielsen, & Petersen, 1994; Rack, Snowling, & Olson, 1992). Reading difficulty also seem to vary
with orthography, with reading difficulties in regular orthographies being more characterized by
speed difficulties than difficulty with accurate reading (Serrano & Defior, 2008).

Several theories describe causes of inadequate development of word decoding skills found in dys-
lexia. Currently the most dominant view of dyslexia states that specific reading difficulties originate
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from language deficits (Catts, Kamhi, & Adlof, 2012). According to the phonological theory, dyslexia
(and poor reading skills in general) is characterized by a deficit in the processing, access to or rep-
resentation of speech sounds (a phonological deficit) (Liberman, 1973; Ramus & Szenkovits, 2008;
Snowling, 1981, 2001, 2014; Stanovich, 1988). Several tests are used to measure phonological skills,
such as verbal short term memory and rime awareness (Melby-Lervåg, Lyster, & Hulme, 2012).
Another phonological skill that has received prominent attention in relation to dyslexia is phonemic
awareness, which refers to the ability to identify and manipulate phonemes in spoken words (Liber-
man, Shankweiler, Fischer, & Carter, 1974). Phonemic awareness has been shown clearly to be
associated with dyslexia (Castles & Coltheart, 2004) and is described as the most central predictor
for individual differences in word reading (Melby-Lervåg et al., 2012).

Reading difficulties have also historically been linked to visual processing (Morgan, 1896; Orton,
1925). In 1896 the term “word blindness” was used by Morgan (1896, p. 1) to describe the condition
of a young boy named Percy. With the term, Morgan described a hereditary state that made the boy
almost blind to words and letters. Percy had major problems learning to read despite high intelli-
gence, normally functioning vision and great educational efforts around him. He could only read
correctly short words like “and” and “the” without hesitant spelling. Furthermore, when he was writ-
ing words, he tended to mix the letters as in the writing of his own name “Precy” (Percy) (Morgan,
1896, p. 1). Later, authors elaborated on this idea and suggested that dyslexia is caused by visual pro-
cessing problems and that these are caused by specific deficits in the visual system (Stein, 2019; Stein
& Walsh, 1997; Vidyasagar & Pammer, 2010).

Following Ungerleider andMishkin (1982) model of two visual systems, it is customary to distinguish
a visual ventral and a visual dorsal pathway in the brain. From retina, visual information is sent to mag-
nocellular and parvocellular layers in lateral geniculate nucleus (LGN) in the thalamus. The magnocel-
lular system here is associated with perceiving stimuli that changes rapidly, while the parvocellular
system responds to color and detail information (Callaway, 2005; Milner & Goodale, 2006).

The two visual pathways move on to separate layers of the primary visual cortex (PVC) of the occi-
pital lobe in the back of the brain (Casagrande & Xu, 2004). While the dorsal pathway is largely domi-
nated by magnocellular signals (Maunsell, Nealey, & DePriest, 1990) and projects to the posterior
parietal cortex (PPC), the ventral stream receives a mix of magno- and parvocellular signals and pro-
jects to the inferior temporal cortex (IT) (Milner & Goodale, 2006). The streams have been referred to
as “what” (form and color) and “where” (motion and depth) as it is found that the ventral and dorsal
pathways are linked to object recognition in IT and object location in PPC, (Mishkin, Ungerleider, &
Macko, 1983; Ungerleider & Mishkin, 1982; see for overview Taylor, Olulade, Luetje, & Eden, 2018).
Subsequently the importance of motor control in the dorsal stream has also been highlighted (Good-
ale & Milner, 1992). IT cortex is also widely accepted to be the area in which visual word decoding
takes place (Dehaene & Cohen, 2011), termed Visual Word Form area (VWFA).

Stein and Walsh (1997) suggested that visual processing problems associated with dyslexia could
be explained by the function of the visual system of the brain. According to their theory, mild mag-
nocellular weaknesses in LGN could cause visual confusions that disrupt reading. It is suggested that
magnocellular weaknesses could create these visual impairments through the dorsal streams connec-
tion with PPC, as PPC is involved in eye movement and visual spatial attention (Andersen, 1989;
Bisley & Goldberg, 2010; Pouget, 2015; Stein, 2019; Stein & Walsh, 1997) which should be crucial
factors for reading.

A mechanism for how the dorsal stream impacts on word decoding has been described by
Vidyasagar and Pammer (2010). According to these authors, reading is a visual search task. In
this task the dorsal stream, which is involved in visual search (Bueichekú et al., 2016; Mangano
et al., 2015), acts as an attentional spotlight and provides information about the order of the letters
in a word and passes this information to the ventral stream (where VWFA is located). It is
suggested that deficits along the dorsal stream would disrupt visuospatial attention and therefore
also have effects on functions of the ventral stream where words are recognized (Vidyasagar &
Pammer, 2010).
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VWFA seems to be involved with sight word reading skill (Ben-Shachar, Dougherty, Deutsch, &
Wandell, 2011) and has repeatedly been found less active in dyslexic subjects (Martin, Kronbichler,
& Richlan, 2016; Van der Mark et al., 2009), probably reflecting their inefficient reading. Level of
visuospatial attention is indeed also found to be associated with word decoding (Franceschini,
Gori, Ruffino, Pedrolli, & Facoetti, 2012; Pammer, Lavis, Cooper, Hansen, & Cornelissen, 2005; Pam-
mer, Lavis, Hansen, & Cornelissen, 2004). And this association is found with both letter (Reilhac,
Peyrin, Démonet, & Valdois, 2013) and non-letter stimuli (Franceschini et al., 2012; Pammer
et al., 2005).

Several studies have used tests involving coherent motion to investigate dorsal stream function-
ality. Typically, such tasks involve several white dots moving coherently. The tasks often also contain
disturbing stimuli in the form of dots that have a random motion. Participants are asked to select the
stimulus with coherent motion or direction of such motion (Benassi, Simonelli, Giovagnoli, & Bol-
zani, 2010). Coherent motion has been shown to activate a part of the dorsal stream called MT/V5
(Braddick et al., 2001; Eden et al., 1996). And this area is dominated by magnocellular signals (Maun-
sell et al., 1990). Studies have shown that subjects with dyslexia have lower motion sensitivity than
have controls (Benassi et al., 2010; Gori, Seitz, Ronconi, Franceschini, & Facoetti, 2016; Rodrigues
et al., 2017). Study by Boets, Vandermosten, Cornelissen, Wouters, and Ghesquière (2011) support
the view that coherent motion is related to reading.

Studies using unselected samples in which groups are defined not by diagnosis but by skill level
have also been conducted. If word decoding is related to visual processing in the dorsal stream, mag-
nocellular and dorsal stream measures should differ between levels of reading skill. There appears to
be a difference between high and low skill level of word decoding in unselected samples among chil-
dren (Gori et al., 2016; Talcott et al., 2002; Talcott et al., 2003) and an association between reading
skill and motion sensitivity in unselected samples (Cornelissen, Hansen, Hutton, Evangelinou, &
Stein, 1998; Talcott et al., 2000) although with bigger samples the variance explained is smaller
(Gori et al., 2016; Talcott et al., 2002).

Relatively few studies have investigated motion sensitivity in unselected and normal reading adult
samples (Conlon, Sanders, & Zapart, 2004; Cornelissen, Hansen, Gilchrist, et al., 1998; Levy, Walsh,
& Lavidor, 2010). Conlon et al. (2004) found among students that poor word decoders (in terms of
both accuracy and speed) had lower motion sensitivity compared to a group of skilled word deco-
ders. Cornelissen, Hansen, Gilchrist, et al. (1998) compared groups of good and poor coherent
motion detectors among an unselected sample of students and found that poor motion detectors
made more errors on anagrams of a lexical decision task than good motion detectors. Levy et al.
(2010) also compared motion sensitivity in normal reading skill and found that good motion detec-
tors identified words (accurately) faster in a lexical decision task than poorer motion detectors, indi-
cating dorsal stream involvement in intact reading. However, they were not more accurate in the
anagram condition as found in the Cornelissen, Hansen, Gilchrist, et al. (1998) study.

From these reports motion sensitivity appears to differ between levels of word decoding, where
those subjects who are more proficient in word decoding also appear to have higher sensitivity to
motion. To our knowledge few studies have assessed motion sensitivity among readers of a regular
orthography. Gori et al. (2016) showed that Italian children’s early motion sensitivity predicted later
word decoding skill (normal or poor reading). Talcott et al. (2003) found significant higher motion
sensitivity in good readers compared to poor readers in Norwegian children. However, it seems that
fewer studies like this have investigated adult samples. Study by Lawton (2016) demonstrated that
visual movement direction-discrimination could be used for both detecting dyslexia early and for
a successful treatment.

We wanted to investigate if visual processing in an unselected sample of young adults from a
regular orthography, Norwegian readers, differ between distinct level of reading competence.

That contrasts with most studies using motion tests in the literature. Normally the studies have
selected dyslexic and controls. Based on previous reports on motion sensitivity, especially in chil-
dren, we think visual processing of coherent motion should differ among high and low level of
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reading competence. To find out, we compared visual processing between a group with the 10%
highest scores of reading competence, which we will refer to as the high reading competence
group (HRC) and a group with the 10% lowest scores of reading competence termed the low reading
competence group (LRC). The groups were drawn from a larger unselected sample (primarily young
students) of adults in Norway.

Methods

Participants

One hundred and ninety-one subjects participated in the study. Five subjects were removed due to
self-reported visual problems and testing errors (e.g., the experimenter gave participant too much
time to complete the word chain test). Therefore 186 subjects were included in the statistical analysis
(mean age 24.70, SD 5.98). From this sample two groups were selected; one scoring high (HRC
group) and other low (LRC group) on reading competence. The HRC group consisted of 18 partici-
pants (9 females and 9 males) with the 10% highest scores from the word chain test, with a mean
score of 74.67 (SD 4.51). The LRC group consisted of 18 participants (7 females and 11 males)
with the 10% lowest scores from the word chain test with a mean score of 33.72 (SD 3.14). The aver-
age age in the HRC group was 23.50 (standard deviation = 3.85). The average age of the LRC group
was 24.06 (standard deviation = 5.52).

The information registered about the participants were anonymous (age and gender). Infor-
mation about any dyslexia diagnosis was not registered and the test of reading competence used
was not diagnostic, so the group of poorer word decoding cannot be characterized as dyslexic.
Recruitment was primarily conducted among university students from NTNU (Norwegian univer-
sity of science and technology). The participants were randomly selected. The participants were
tested on word decoding test (the Wordchain Test) and on visual processing (the Motion and the
Form test) “Magno app”.

Stimuli and Procedure

“Magno App”
A visual processing app “Magno app” that run on an Android tablet has been developed recently
based on the work of Hansen, Stein, Orde, Winter, and Talcott (2001). The Visual Processing
tasks that are possible to evaluate using the app have been described in detail previously (Hansen
et al., 2001). They comprised psychophysical measures of global motion – and global form – proces-
sing, were each of the measures requires the detection of target visual stimuli embedded in a field of
distracter elements. The system was implemented in a way to both be possible to generate appli-
cations running on a PC and on an android tablet. As for mobile platform we choose Android,
since it made it easier to distribute the app to testers than using iOS. An early version of the app
is described in Wold, Krogstie, and Sigmundsson (2016).

The Global Motion Test
The motion test was tested using a computer. Either a Dell Latitude e6400 was used or a Dell Latitude
e6320, in a calm environment at a place and time suitable for the participants. The participants were
seated in approximately 40–50 cm from the computer screen.

The test displays two boxes. Each box contains 300 dots that move. The boxes are displayed in
intervals. For each interval, one of the boxes will be randomly selected to contain systematic motion,
also called coherent motion. A portion of the dots will move systematically back and forth between
left and right. The movement changes side (left/right motion) every 0.57 s. The rest of the dots in this
box will move randomly. In the second box, all dots will move randomly. Random motion means
that the dots change direction when colliding with other dots and after 0.57 s. 10% of the dots are
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removed after 0.085 s to prevent participants from following individual dots (Hansen et al., 2001;
Wold, 2016; Wold et al., 2016).

Animation time was 5 s, after which the participants were asked to identify which of the two boxes
showed systematic motion. The coherence of the dots is changed for the next trial based on response,
using a weighted staircase procedure. For correct response, “coherence” is set lower by 1dB (equiv-
alent to a factor of 1.222) making the task more difficult. In the case of a wrong response coherence is
increased by 3 dB (equivalent to a factor of 1.413) making the task easier. The final test result is a
geometric mean of the last eight reversal values (Wold, 2016). This detection threshold is defined
as the smallest proportion of coherently moving dots required for detection of coherent motion,
in which lower threshold indicates higher sensitivity (Hansen et al., 2001; Sigmundsson, Hansen,
& Talcott, 2003).

The Global Fixed Form Test
The fixed form test was tested using a computer. Either a Dell Latitude e6400 and a Dell Latitude
e6320 was used, in a calm environment at a place and time suitable for the participants. The partici-
pants were seated in approximately 40–50 cm distance from the computer screen.

This test shows two boxes. Each box contains 600 small static lines. The boxes are
displayed in intervals. For each interval, the lines in one box will form a circle shape in the
middle of the box. Which box this will be for each interval is random. The boxes with stimuli
are displayed for 4 s. The participants were then asked to identify which box contained the cir-
cle shape. The same type of staircase procedure was used as in the motion test (Wold, 2016)
with correct answers leading to a lowering coherency by 1 dB (factor of 1.222) and wrong
answers increasing coherency by 3 dB (factor of 1.413) (see Figure 1). The detection threshold
is defined as the proportion of coherently oriented lines necessary to detect the circle
shape. Lower threshold indicates higher sensitivity (Hansen et al., 2001; Sigmundsson et al.,
2003).

The Wordchain Test (WCT)
Reading competence was measured using the Wordchain Test (WCT) in Norwegian, the ordkjeder
(Wordchains), which is a valid and reliable test of word decoding proficiency (Høien & Tønnesen,

Figure 1. Schematic diagrams of the coherent motion (panels (a) and (b)) and coherent form (panels (c) and (d)) paradigms. For the
coherent motion stimuli, the arrows represent the motion vector of each dot in the panel. Panel (a) depicts 50% coherence; half of
the dots are moving together (in this case reversing left and right), whereas the rest of the dots are moving in random directions.
Panel (b) depicts the random motion in the non-target RDK patch. Each dot moves in a random direction so the average coherence
value is close to 0%. Panels (c) and (d) depict the coherent form task. In this measure subjects detect a circle which is comprised of
coherently oriented line segments. The outline depicts the region within the panel that contained the coherent target. Threshold is
defined as the percent coherent signal averaged over a number of staircase reversals for each stimulus type. See text for details
(stimuli are not drawn to scale) (Sigmundsson et al., 2003).
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1997; Jacobson, 1993; Miller-Guron, 1999). The test consists of a total of 90 wordchains. One word-
chain is four words that are assembled without spaces presented in the following way daycanhouse-
now. The wordchain can be divided by drawing three vertical lines segmenting the letters into words.
The subjects were asked to divide as many wordchains as possible within a 4-min time window.
Points were assigned to each correctly solved wordchain, with a maximum score of 90 points.
The test is thus a measure of both speed and accuracy of word recognition, and higher scores indicate
better word decoding skill (Høien & Tønnesen, 1997). The participants were able to familiarize
themselves with the test in advance.

Data Analysis

In the literature on skill versus ability there is usual to have cutoff points on 10% or 5% with low and
high competence in the skill the focus is on. For example when dealing with the question whether
children on different level in mathematic (high and low) differ in visual processing (see Sigmunds-
son, Anholt, & Talcott, 2010). In this study we did choose the cutoff point at 10% as the Sigmundsson
et al., 2010 study. If we take for example cutoff of 5% low (N = 9) and 5% high (N = 9) we get sig-
nificance .047 (2-tailed) for the coherent motion and .566 (2-tailed) for the form test. For the
group as a whole (N = 186) the correlation between reading competence score and the motion
score is: r =−.205, that is, significant at the .01 level. The correlation between reading competence
score and the form score is: r =−.105 (not significant).

Results

AMann–Whitney U test was used to investigate if there was a difference between the LRC and HRC
group on visual processing. Motion threshold for the HRC group was significantly lower than for the
LRC group, U = 86.000, p = .016. Fixed form threshold for the LRC and the HRC groups was not
significantly different, U = 137.000, p = .429.

From the descriptive statistics in Table 1 we can see that the LRC group on average scored
higher on the motion test than the HRC group, indicating lower sensitivity to motion (see Figures
2 and 3(A)). In the fixed form test the two groups scored approximately the same on average (see
Figure 3(B)).

Discussion

We tested if visual processing, specifically coherent motion threshold and fixed form threshold,
differ between distinct levels of reading competence in young unselected adults, from a regular
orthography, comparing the HRC and the LRC groups. In contrast to most of the studies using
motion tests in the literature, we did not compare a sample of selected dyslexic and controls
but compared the 10% of the highest and 10% of the lowest scoring subjects from a large unse-
lected sample, on visual processing. The results are in line with what has been reported in selected
samples, with lower reading skill showing lower motion sensitivity (Benassi et al., 2010; Taylor
et al., 2018). Coherent motion threshold differed between our groups with distinct levels of reading

Table 1. Mean and standard deviation for HRC and LRC groups on the psychophysical tasks of visual coherent motion and form.

LRC (n = 18) HRC (n = 18)
d p*Mean (SD) Mean (SD)

Motion (%C) 20.11 (5.801) 15.67 (2.497) .9 .016
Form (%C) 6.20 (1.752) 5.70 (1.342) .3 n.s

Notes: LRC = Low Reading Comptence, HRC = High Reading Comptence. *Significance for Mann–Whitney U test (two-tailed sig.).
ns: not significant for p < .05. %C: percent coherence at threshold. d: Cohen’s d effect size.
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competence, measured with the WCT. The results, therefore, support theories suggesting that
visual processing through the dorsal visual stream is involved in word decoding skill (Stein &
Walsh, 1997; Vidyasagar & Pammer, 2010) and that magnocellular signals might influence
word decoding in a perceptual bottom-up manner (Stein & Walsh, 1997). However, a closer
look on Figure 2 indicates that visual processing problems are not necessary for the development
of reading difficulties but may be one of potentially many causes of such difficulties. Importantly
our word decoding measure (WCT) differ in important ways from reading measures used in simi-
lar studies, such as lexical decision tasks with letter transpositions vs. words (Cornelissen, Hansen,
Gilchrist, et al., 1998; Levy et al., 2010). All words in the test were real words. Moreover, as the
WCT was presented on paper, there were no time constraint on presentation of the individual
stimuli, although the participants were asked to divide as many word chains as they could in
the 4-min time window. Moreover, the difference between the two groups on the fixed form
test was not significant.

Furthermore, previous studies have used samples who were mostly English speaking (Conlon
et al., 2004; Cornelissen, Hansen, Gilchrist, et al., 1998; Talcott et al., 2002). Reading difficulties
across orthographies differ. For example, struggling readers of regular orthographies often have a
main problem with reading speed (Serrano & Defior, 2008). Visual processing might be more impor-
tant for reading of irregular orthographies in which the grapheme-phoneme correspondence is more
complex. Still, our results with Norwegian subjects replicated differences between high and low read-
ing skill (word decoding skill) in motion sensitivity in previous English speaking samples (Conlon
et al., 2004). This suggests that visual processing ability in reading is also important in regular
orthographies.

Early reading development involves learning how to map letters with speech sounds (Sigmunds-
son, Eriksen, Ofteland, & Haga, 2017; Sigmundsson, Haga, Ofteland, & Solstad, 2020), and experi-
ence with reading words causes reading to eventually become automatic and effortless (Ehri, 2005).
Adults and children’s reading differ in terms of reading experience, and dorsal stream processing
might be more relevant in children because their reading is more demanding of attention. However,
our results suggest that different reading skill level among adults also differ in motion sensitivity,

Figure 2. The individual subjects in high reading competence (HRC) and low reading competence (LRC) group score in motion. The
line indicate the 1 SD from the mean score HRC group.
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which is consistent with similar research in adults (Hansen et al., 2001) and in children (Talcott et al.,
2003).

Ethical approval: All procedures performed in studies involving human participants were in
accordance with the ethical standards of the institutional and/or national research committee and
with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.

Disclosure Statement

No potential conflict of interest was reported by the authors.

Figure 3. Box plots depicting the HRC (n = 19) and LRC (n = 18) performance on the psychophysical tests of visual performance. (A)
Coherent Motion (U = 86.000, p = .016). (b) Coherent Form (U = 137.000, p = ns.). Horizontal lines within boxes represent the group
medians. Box edges define the first and third quartiles, whiskers define the 10th and 90th percentile.
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