
48

Or
ig

in
al

 A
rt

ic
le

INTRODUCTION

Over 80% of students with learning disabilities experience difficulty reading [1] and 

large numbers of these students wish to pursue postsecondary education in spite of 

their academic challenges [2]. A greater number of students with learning disabilities 

are enrolling in colleges and universities than ever before [3,4]. Hence, there is a need 

for more systematic and in-depth study of profiles of students with a specific learning 

disorder in reading that takes into account cognitive factors that may impact their read-

ing, a core skill for most majors in institutions of higher learning [5,6]. In response to 

this need, we designed a study to investigate reading comprehension skills and cogni-

tive abilities known to play a role in reading in a cohort of college students with dys-

lexia. We were particularly interested in determining if eye tracking data would provide 

new insights into well-established slower reading skills in advanced students with dys-
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gaze, processing speed, and verbal memory to the comprehension of simple sentence read-
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were recorded and they completed tasks of processing speed and verbal memory capacity. 
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eye patterns were associated with their performance on the cognitive abilities even after con-
trolling for intelligence, verbal ability, and reading abilities. In spite of the simplicity of the ex-
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lexia [7,8].

Less efficient reading is manifested by readers’ longer eye 

fixation times on individual words and more frequent eye 

movements across words, indicators of more effortful cogni-

tive processing [9]. Because eye fixations and movements are 

believed to reflect underlying cognitive process (10 for re-

view), eye-tracking methodology has been widely used to 

gather information about readers’ micro-level of processing 

as in word recognitions and phonological parsing as in De 

Luca, Borrelli, Judica, Spinelli, and Zoccolotti [11] and macro-

level processing as in text comprehension as in Hyönä, Lorch, 

and Kaakinen [12]. Researchers have reported more and lon-

ger eye fixations and higher frequencies of eye movement re-

gressions in students with dyslexia when compared to typical 

readers [13,14]. These studies have provided evidence for a 

relationship between the complexity of phonological, syntac-

tic, or semantic components of language in text and reading 

speed in students with dyslexia. However, a more fundamen-

tal question regarding reading comprehension in the context 

of simple sentence forms and content has received far less at-

tention. 

By using simple sentences in the current study, we intended 

to exclude complexity of forms and content as variables and 

rather to focus on reading efficiency which often remains a 

challenge, even for the most well-compensated adults with 

dyslexia [7]. Further, we were interested in the potential con-

tributions of specific cognitive processes to eye gaze fixations 

on a simple task of reading comprehension. While it is well-

known that inefficient word recognition leads to poor sen-

tence reading [15-17], research in reading comprehension 

also supports the contributions of non-reading cognitive abil-

ities to individual differences in text reading because the lim-

ited cognitive capacities of humans constrain information 

processing (18 for recent review).

Leonard et al. [19] suggest that cognitive processing abilities 

have two primary roles, processing speed and processing ca-

pacity. Processing speed, the ability to efficiently identify 

items, make decisions, and move on to the next items, taps a 

wide range of cognitive behaviors including reading [20]. 

Catts, Gillispie, Leonard, Kail, and Miller [21] found that poor 

readers were slower than typical readers on various process-

ing speed measures both on lexical tasks for processing of 

word naming and meaning and on visual-motor tasks for pro-

cessing of non-linguistic stimuli. The authors reported that 

speed of processing accounted for significance variance in 

reading achievement after controlling for phonological pro-

cessing skills. 

One of the most widely used tasks for measuring processing 

speed is the digit-symbol substitution [22]. Studies have 

shown the task to be minimally affected by intelligence, mem-

ory, or attention [23,24]. Digit-symbol substitution has been 

used extensively to investigate the relationships between gen-

eral processing speed and aging [25 for review] and is often 

used to investigate the associations between general process-

ing speed and processing of language [26-28]. In their study of 

relationships between sentence comprehension, verbal work-

ing memory capacity, and processing speed using the digit-

symbol substitution in college students and older adults, Ca-

plan and Waters [29] reported that verbal working memory 

was related to syntactic processing and processing speed was 

related to the overall reading efficiency for both age groups. 

Processing speed was related to reading efficiency on both an 

experimental sentence processing task and the standardized 

test of reading [30, Nelson-Denny Reading Test]. 

Processing capacity in working memory, the ability to tem-

porarily retain information for mental manipulation [19], is 

also considered as a significant determinant of higher-order 

cognition including reading. In their synthesis of research 

comparing students with and without dyslexia on measures 

of verbal memory, Swanson, Zheng, and Jerman [31] reported 

that students with dyslexia were distinctly disadvantaged 

compared with their peers on the verbal memory and recom-

mended memory be included in the reading assessment pro-

tocol. Verbal memory span appears to be a particularly im-

portant skill for achieving reading proficiency because readers 

must be able to retain and manipulate words while accessing 

their meanings in order to accurately interpret text. Several 

studies investigating the role of verbal memory in reading 

have reported that students with dyslexia often have difficul-

ties on tasks of verbal retention [32,33]. 

Tasks that involve the serial recall of verbal stimuli are 

among the most expensively used measures for assessing ver-

bal memory capacity in clinical practices and memory re-

search [34]. This type of memory, exemplified by many daily 

tasks, such as memorizing phone numbers, remembering the 

sequence of sentences spoken in conversation, and recalling 

the items on a shopping list, is essential for activities that in-

volve language. The serial recall can be tested in two ways, 

forward recall and backward recall. The two tasks are often 

combined into a single score; however, researchers have re-

cently viewed the two tasks separately because the tasks tap 

different skills. The forward recall primarily involves mainte-
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nance of information while the backward recall is consider-

ably more demanding and involves manipulation as well as 

maintenance of information, so researchers found perfor-

mance on backward recall is a more sensitive index of work-

ing memory capacity [35] and memory dysfunction [36]. 

In the current study, we sought to explore relationships be-

tween cognitive (processing abilities), behavioral (reading 

skills), and physiological (eye-tracking) measures to elucidate 

models of how people with dyslexia comprehend sentences. 

Previous studies of sentence comprehension have primarily 

examined how semantic and syntactic complexity would af-

fect reading comprehension of students with dyslexia [37,38]. 

In contrast, this study was designed to eliminate possible con-

founding factors for data interpretation due to the complexity 

of language processing required for tasks by using a linguisti-

cally simple set of printed stimuli. Furthermore, previous 

studies have examined the relationship between reading abil-

ities and cognitive skills by mainly using post-processing mea-

surement (e.g., reading accuracy) [39]. This is a valuable mea-

sure of reading performance when using linguistically com-

plex text; however, it may not provide fine-grained levels of 

information when using simple text because it may not be 

sensitive enough to detect the reading group differences. By 

analyzing participants’ eye fixations, we attempted to connect 

individual differences in cognitive abilities to on-line process-

ing of eye gaze patterns of students with and without dyslexia.

In our attempt to further understand how young adults with 

dyslexia comprehend simple sentences, we designed the cur-

rent study to employ both behavioral and psycho-physical 

methods to explore variables that may diminish the abilities of 

these students to read. The goal of our approach was two-fold: 

(a) to compare the trajectories of eye patterns in college stu-

dents with and without dyslexia while they are reading simple 

sentences and (b) to explore the potential contributions of 

specific cognitive processing skills, previously reported to be 

associated with reading ability, to eye fixation patterns during 

reading the simple sentences for comprehension. 

Based on the previous studies [14,40,41], we expected that 

eye fixation and movement patterns in dyslexia would reflect 

the students’ reading patterns and strategies. Specifically, we 

expected that the students with dyslexia would be less dis-

criminating than their peers in their eye-gaze fixation times 

for task-relevant keywords and less-relevant words and that 

students with dyslexia would show less efficient visual scan-

ning patterns between questions and text when compared to 

their peers. We also expected that processing speed and 

memory capacity would be associated to students’ eye fixa-

tion patterns in sentence reading even after controlling for 

students’ intelligence, verbal ability, and reading skills. 

METHODS

To compare the groups’ text comprehension patterns and 

strategies, we measured each subject’s (a) eye gaze at two lev-

els; the sentence level (entire text, text prior to viewing the ac-

companying question, text after viewing the accompanying 

question) and the word level (task-relevant keywords and 

less-relevant words) and (b) visual scanning trajectory includ-

ing the location of initial fixation and length of the scanpath 

(i.e., total distance traveled by the eyes while reading sen-

tences). To explore the potential contributions of processing 

speed and memory capacity to eye gaze patterns, we exam-

ined the relationships between the two respective cognitive 

processes and eye fixation times in three contexts: (a) reading 

the entire text, (b) fixations on keywords (i.e., areas of interest; 

AOIs), and (c) fixations on less-relevant words (i.e., non-AOIs) 

while controlling for intelligence, verbal skill, and reading 

ability. 

Participants
Sixty-four college students, 31 students with dyslexia (DR) 

and 33 students with typical reading skill (TR), participated 

either for course credit or monetary compensation. Of the 31 

students with DR, one was excluded from further analyses be-

cause he is a non-native speaker of English. Of the 33 students 

with TR, three were excluded, two due to technical problems 

with the eye tracking equipment and one due to failure to 

complete the entire experimental tasks. 

The final cohorts of participants with DR and TR were com-

posed of 30 students (20 females and 10 males) and 30 stu-

dents (23 females and 7 males), respectively. The two groups 

did not differ in age (mean age of DR group = 22.17 years, 

SD = 7.11, mean age of TR group = 22.10 years, SD = 2.39; F(1, 

58) = 0.50, p = 0.48). Students with DR were recruited through 

emails distributed through the university’s disability service 

office, announcements in undergraduate classes, and posters 

on campus. Students in the TR group were recruited through 

a university research participation website. This study was ap-

proved by the University’s institutional review board.

The first author, a certified speech-language pathologist, 

along with two trained research assistants, individually tested 

all potential participants to ensure that they met the inclu-
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sionary criteria for this study. To be included, students were 

required to meet the following criteria: (1) report a history of 

reading difficulties beginning in childhood, (2) score at or be-

low one standard deviation of the mean on word reading effi-

ciency or phonemic decoding efficiency tests from the Test of 

Word Reading Efficiency (42, TOWRE), (3) score no lower 

than a standard score of 80 on the Brief Intelligence Ability 

from the Woodcock Johnson III Test of Cognitive Abilities (43, 

WJ-III-COG), and (4) score no lower than a standard score of 

80 on the Verbal Ability from the WJ-III-COG [43]. 

Students in the TR group reported an absence of a history of 

reading difficulties at any time while in school. Their status 

was confirmed by their average or above average scores on 

the tests administered to the experimental students. When 

comparing the reading scores of the two groups, students with 

DR exhibited significantly weaker reading skills as shown in 

total word reading, F(1, 58) = 150.68, p < 0.001 (DR group 

M = 80.07, SD = 8.44; TR group M = 102.37, SD = 8.76) from 

TOWRE (42). No difference was found between the groups for 

the brief intelligence ability score, F(1, 58) = 1.56, p = 0.22 (DR 

group M = 100.83, SD = 8.46; TR group M = 103.77, SD = 9.67) 

or for the verbal ability score, F(1, 58) = 0.45, p = 0.51 (DR 

group M = 98.10, SD = 9.17; TR group M = 99.70, SD = 9.39) 

from WJ-III-COG (43). All participants in this study were na-

tive speakers of English and reported negative histories for 

pervasive cognitive deficits, behavioral disturbance, neuro-

logical illness, psychiatric illness, hearing impairment, or un-

corrected visual impairments. 

Assessments
All participants completed three experimental tasks: a sen-

tence comprehension task during which eye tracking data 

were collected, a processing speed task, and a memory capac-

ity task. A description of these measures follows.

Experimental sentence comprehension task
This task consisted of 12 stimulus sets (refer to Figure 1). Each 

set included two statements (e.g., “The girl has six birds, four 

dogs, and seven turtles. The boy has three birds, five dogs, 

and one turtle.”) accompanied by a comprehension question 

(e.g., How many dogs does the boy have?). Each sentence 

contained one subject (boy or girl) and three common objects 

(e.g., dogs, turtles, birds). Both sentences in a set were com-

posed of ten-word utterances and were positioned on the left 

side of the computer screen in a double-spaced format and 

the accompanying question was positioned on the right side 

of the screen. To minimize memory constraints, the sentences 

were presented as a whole, instead of word-by-word presen-

tation as it corresponds more closely to the natural reading 

situations and the question was included on the same screen 

as the set of statements, rather than appearing on a separate 

screen. The mean frequency count (per million) of the words 

in the statements and questions is 105.66 (44, Celex).

The experiment items were combined twelve filler items. 

The filler item consisted of a single sentence (e.g., “The boy 

ate one apple, two cherries, and three bananas.”) and a ques-

tion (e.g., “Did the boy eat more cherries than bananas?”) to 

prevent participants from discerning the fact that all of the ex-

perimental statements have the same schematic firm. Experi-

mental items and filler items were counterbalanced using a 

Latin square to control for the variability. All items were pre-

sented in a pseudo-randomized order. To avoid unintended 

effects of item order, sentence sets were divided into sets A 

and B in which items were listed in two different orders. Half 

of the participants in each respective groups were tested with 

set A and the other half were given set B (DR group n in set 

A = 14 and n in set B = 16; TR group n in set A = 17 and n in set 

B = 13)1). For each of the comprehension questions, each par-

ticipant’s response to the comprehension question received a 

score of either 1 (correct answer) or 0 (incorrect answer). The 

maximum possible score was 12 across all trials.

Processing speed
Digit-symbol substitution [22] is a timed test used to measure 

1)  To confirm that there was no significant difference between sets A and B data, we compared participant data for the sets in each group. For the DR group, no difference 
was found between sets in age, F(1, 28) =2.75, p = 0.11, word reading efficiency, F(1, 28) =3.18, p = 0.09, or experimental sentence reading accuracy, F(1, 28) = 0.71, 
p = 0.41. For the TR group, no difference was found between sets in age, F(1, 28) =1.31, p = 0.26, word reading efficiency, F(1, 28) = 0.44, p = 0.51, or experimental sentence 
reading accuracy, F(1, 28) = 0.06, p = 0.82.

Figure 1. Sample experimental reading task and areas of interest (AOIs) 
designated for eye tracking analysis. AOIs are the word areas in the sen-
tences needed to answer the accompanying question. The rest of the words 
were designated as non-AOIs. The accompanying question was not included 
in the AOIs or Non-AOIs.  

The girl has six birds, four dogs, and seven turtles.

How many dogs does the boy have?

The boy has three birds, five dogs, and one turtle.

   AOI                                   AOI
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the participants’ processing speed. For the digit-symbol sub-

stitution, the participant was presented with a sheet of paper 

showing nine numbers paired with symbols on the top of the 

page and told to copy the corresponding symbols in boxes ad-

joining to the numbers shown below. The total score was the 

number of correct number-symbol matches in 90 seconds. 

Test-retest reliability for digit-symbol substitution was re-

ported to range from .82 to .88 [45,46]. 

Memory capacity 
The digit span backward subtest from the Wechsler Memory 

Scale [47] was used to measure the participants’ processing 

capacity. The experimenter read a series of increasingly long 

lists of numbers at a speed of one second per digit. The partic-

ipant was then asked to repeat the numbers in the reverse or-

der (two trials for item, 2 to 8 digits). The test was terminated 

when the participant failed to replicate sequences containing 

the same number of digits twice. The total score was the num-

ber of lists repeated correctly, with a maximum score of 14. 

Test-retest reliability was reported at .83 [48,49]. 

Eye-tracking apparatus
Eye movements were measured with an LC Technologies 

head-free EyeFollower binocular system operating at 120 Hz 

with a 0.45 degree gaze-point tracking accuracy throughout 

the operational head range (horizontal range: 30 inches and 

vertical range: 20 inches). Text was presented in black Arial 20 

point font on a 24 inch (61 cm) light-emitting diode (LED) 

monitor with a resolution of 1,920 × 1,080 pixels. Fixations 

were extracted with a temporal threshold of 100 ms and a spa-

tial dispersion threshold of 1.5˚(minimum deviation of 25 

screen pixels). NYAN 2.0 software from Interactive Minds 

Eyetracking Solutions was used to analyze eyegaze data. 

Procedure
All tests were administered individually. Testing was con-

ducted in approximately one hour. Language tests, and a brief 

measure of intelligent ability, and eye tracking tasks were ad-

ministered followed by tests of processing speed and memory 

capacity. Administration procedures for language and intelli-

gence tests followed standardized procedures described in 

the test manual. Prior to the eye tracking task for sentence 

comprehension, the experimenters explained the eye-track-

ing methodology to the participants. Participants sat at a dis-

tance of 23.62 inches (60 cm) from the LCD monitor and used 

a custom-designed keyboard. After a thirteen-point calibra-

tion procedure, a trial practice was conducted on four items 

to familiarize participants with the procedures. The experi-

menter provided verbal feedback to the participants on the 

practice items regarding the accuracy of their answers. For the 

experimental trials, the experimenter instructed participants 

to read the text and answer the accompanying question as 

rapidly and as accurately as possible; however, no time limit 

was given. To avoid a possible bias related to participants’ 

hand dominance, participants were instructed to press the 

spacebar with their dominant hand. The participants con-

trolled the timing of the presentation for each stimulus by 

pressing the spacebar to advance the program after complet-

ing a trial. 

RESULTS

Sentence comprehension accuracy scores for DR and TR 

groups were 11.83 (SD = 0.38) and 11.73 (SD = 0.52), respec-

tively (maximum possible points = 12.0). The group means 

did not differ, F(1, 58) = 0.7, p > 0.05. In contrast, reaction times 

significantly differed for the two groups, F(1, 58) = 8.44, p =  

0.005. It took an average of 6,764.60 ms (SD = 1,669.69) per 

trial for the DR group while an average of 5,642.65 ms (SD =  

1,298.49) per trial for the TR group. 

Eye fixation analyses on sentence and word levels
Eye fixation measures were analyzed in two levels: the sen-

tence level and word level, using total gaze duration (50, sum 

of the durations of fixations in a region) and total number of 

fixation measures (50, sum of fixation count in a region). 

These eye gaze measures are considered to be important as 

global measures of visual attention [51]. For sentence level 

measures, we calculated total gaze duration and total number 

of fixations on (a) the entire text, (b) text before participants 

viewed the accompanying question, and (c) text after partici-

pants viewed the accompanying question. For the word level, 

we calculated total gaze duration and total number of fixa-

tions on (a) the Areas of Interest (AOIs) and (b) non-AOIs. 

AOIs are the keyword areas on the sentence needed to answer 

the accompanying question and all other areas of the sen-

tence were designated as the non-AOIs. For example, to an-

swer the question “How many dogs does the boy have?,” par-

ticipants needed to look at two areas, the location of the agent 

(e.g., the boy) and the location of the correct object response 

(e.g., five dogs) in the text, “The girl has six birds, four dogs, 

and seven turtles. The boy has three birds, five dogs, and one 
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turtles.” Thus, in this example, ‘the boy’ and ‘five dogs’ are 

designated as AOIs and other words as non-AOIs. The exam-

iner (1st author) excluded from analysis any responses that 

were answered incorrectly. This occurred in 0.9% of the data. 

Further, the examiner visually inspected each trial to check 

that the tracker had correctly recorded eye movements. Ap-

proximately 6% of data was excluded due to track loss or pro-

gram error. 

Total gaze durations and total number of fixations on (a) the 

entire text, (b) text prior to viewing the accompanying ques-

tion, and (c) text after viewing the question are presented in 

Figure 2. The first set of analysis was performed to compare 

the two groups for duration and number of eye fixations at the 

sentence level. Analyses of covariance (ANCOVAs) were con-

ducted to compare the DR and TR groups on gaze fixation 

measures with group membership (DR and TR groups) as the 

independent variable, eye fixation measures as the dependent 

variable, and WJ-III-COG verbal ability score (43) as the co-

variate. The verbal score was included to ensure that our re-

sults were not attributable to differences in verbal compre-

hension ability. The distribution of the processing data is 

commonly incompatible with a normal distribution [52], thus 

we converted the eye data to a normal distribution (−1.0 

< skewness < 1.0), using a logarithmic transformation [53].

The DR group had significantly longer gaze duration times 

than the TR group in (a) the entire text, F(1, 57)=7.75, p =0.007, 

ηp
2 =0.12, (b) text prior to viewing the question, F(1, 57)=4.35, 

p =0.04, ηp
2 =0.07, and (c) text after viewing the question, F(1, 

57) =5.61, p =0.02, ηp
2 =0.10. The covariate, verbal ability, was 

not significantly related to any of the three eye gaze variables, 

all ps >.05. In contrast, the groups did not differ on the total 

number of fixations in (a) the entire text, F(1, 57) =3.87, 

p =0.06, (b) text prior to viewing question, F(1, 57) =3.88, 

p =0.06, or (c) text after viewing the question, F(1, 57) =2.44, 

p =0.12. Again, verbal ability was not significantly related to 

any of the frequency of eye gaze fixations, all p >0.05.

The second set of analysis was performed to examine locus 

of eye-gaze fixations at the word level. Eye gaze for words was 

measured in two areas, areas of interest (AOIs) and non-AOIs. 

AOIs included the two keywords to answer the accompanying 

question, the location of the agent (e.g., the boy) and the lo-

cation of the correct object response (e.g., five dogs) and non-

AOIs included the other words in the sentences (refer to Fig-

ure 1). The measures were computed as a total gaze duration 

per word to provide adjustment for differences in the number 

of words across AOIs and non-AOIs. Total gaze durations on 

the AOIs and non-AOIs are presented in Figure 3. 

The DR group had significantly longer gaze duration times 

than the TR group on the AOIs and non-AOIs, F(1, 57) =5.05, 

p =0.02, ηp
2 =0.08; F(1, 57) =7.18, p =0.01, ηp

2 =0.11, respec-

tively. Verbal ability was not significantly related to the total 

gaze duration on the AOIs or non-AOIs, all ps >.05. For total 

number of fixation on the AOIs, the two groups were not differ-

ent, F(1, 57)=3.07, p =0.09; however, on the non-AOIs, the DR 

group had significantly more numbers of fixation than the TR 

group, F(1, 57) =4.72, p =0.03, ηp
2 =0.08. Again, verbal ability 

Figure 2. Total gaze duration (in milliseconds; ms) and total number of fixations on the entire text, text before viewing the accompanying question, and text 
after viewing the accompanying question for DR (dyslexia) group and TR (typical reading) group (bars indicate standard errors of the mean). *p<0.05.
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was not significantly related to the frequency of eye gaze fixa-

tions for the AOIs or non-AOIs, all ps>0.05.

In summary, analyses of the eye-fixation patterns of the DR 

and TR groups showed that, in spite of the ease of the task, 

college students with DR were slower to read sentences in re-

sponding to a simple comprehension question. Specifically, 

they fixated for longer period of time on the text than their 

peers both before and after reading questions; however, they 

did not move their eyes more frequently between words. 

Hence, the slower speed of the DR was due to the time needed 

to identify word (i.e., immediate word recognition), rather 

than the need for multiple fixations on a word. Second, stu-

dents with DR spent longer times fixating on both task-rele-

vant keywords (i.e., AOIs) and less-relevant words (i.e., non-

AOIs) than their peers. 

Initial fixation location and scanpath length analyses
Location of the first fixation was analyzed to determine partic-

ipants’ initial searching strategy for this task. We manually an-

alyzed participants’ initial fixation points on 720 (60 partici-

pants × 12 stimuli) data points. First fixation points were cate-

gorized as fixation on the text area or fixation on the question 

area. Among 720 data, 18 were excluded because their initial 

viewing points were neither in text nor question areas. The re-

maining 702 data were used for analysis (354 for DR group 

and 348 for TR group). For the DR group, the first fixations 

were located in text for 233 trials (66%) and in question for 121 

trials (34%). For the TR group, the initial first fixations were lo-

cated in text for 197 trials (57%) and in question for 151 trials 

(43%). The group membership (DR and TR) × location (text 

and question) two-way loglinear analysis yielded a significant 

main effect for location and a two-way interaction effect for 

group membership × location. More students inspected the 

text region before the question region, x2(1) = 35.86, p < 0.01, 

while a great number of students from the TR group inspected 

the question region first in comparison to the DR group, 

x2(1) = 6.28, p = 0.01.

Scanpath, the summation of the distance between gaz-

epoints, indicate readers’ scanning and visual search strate-

gies [54]. Lengthy scanpaths indicate increased sequence of 

eye movements (i.e., saccades) or poor layout design [55]. The 

average scanpath lengths (in pixel) for the DR and TR groups 

were 4783.61 (SD = 1,139.64) and 4,439.78 (SD = 972.01), re-

spectively. ANCOVA with group membership (DR and TR) as 

the independent variable, scanpath length as the dependent 

variable, and WJ-III-COG  verbal ability scores (43) as the co-

variate indicated that the scanpath length of the two groups 

did not differ, F(1, 57) = 1.43, p = 0.23. The covariate, verbal 

ability, was also not significantly related to the scanpath 

length, F(1, 57) = 0.20, p = 0.66.

Relationships between sentence eye gaze duration and 
cognitive processing abilities

Prior to exploring relationships between processing speed, 

memory capacity, and sentence comprehension, we com-

pared the DR and TR groups’ scores on these two cognitive 

Figure 3. Total gaze duration (in milliseconds; ms) and total number of fixations for the areas of interest (AOIs) and non-AOIs for DR (dyslexia) group and TR 
(typical reading) group (bars indicate standard errors of the mean). *p<0.05.
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measures. For the digit-symbol substitution task, the average 

raw score (total possible score = 93) was 62.33 (SD = 8.29) for 

the DR group and 68.03 (SD = 10.00) for the TR group. On the 

verbal memory task, the average digit span backward scores 

(maximum possible score = 14) was 6.80 (SD = 2.36) for the DR 

group and 7.00 (SD = 1.59) for the TR group. To test for group 

differences, the raw scores from the digit-symbol substitution 

and digit span backward tasks were scaled to a mean of 0 and 

a standard deviation of 1. ANCOVAs were used with group 

membership (DR and TR) as the independent variable, cogni-

tive tests as the dependent variable, and WJ-III-COG brief in-

telligence ability score (43) as the covariate. The brief intelli-

gence ability score was included to ensure that the group dif-

ference in the two cognitive abilities was not attributable to 

differences in general intelligence. We found that the DR 

group had a significantly lower score on the digit-symbol sub-

stitution than the TR group, F(1, 57) = 4.14, p = 0.04, ηp
2 = 0.07 

and the covariate, brief intelligent ability, was also signifi-

cantly related to the digit-symbol substitution score, F(1, 

57) = 11.51, p = 0.001, ηp
2 = 0.17. In contrast, the groups did not 

differ on the digit span backward memory task, F(1, 57) = 0.03, 

p = 0.87 and brief intelligence ability was not significantly re-

lated to the digit span backward score, F(1, 57) = 1.85, p = 0.18. 

Subsequent analyses were conducted to determine the 

contribution of cognitive processing measures to gaze dura-

tion for the entire text, AOIs, and non-AOIs. Multicollinearity 

and independent errors assumptions were examined prior to 

the regression analyses. To test for multicollinearity, the vari-

ance inflation factor (VIF) was estimated. All values of the VIF 

were close to 1.0, suggesting multicollinearity was not biasing 

the regression model [56]. To test for independent errors, the 

Durbin–Watson test was used to examine serial correlations 

between errors. All values of the Durbin–Watson test were be-

tween 1 and 3, suggesting the residuals in the model were in-

dependent [57]. A series of hierarchical regression analyses 

were used to investigate the unique contribution of individual 

variables. The brief intelligence ability score and verbal ability 

score from WJ-III-COG (43) were entered for step 1, the read-

ing group (DR coded 1 and TR coded 2) was entered for step 2, 

and digit-symbol substitution and digit span backward scores 

were added for step 3. Table 1 shows the regression results for 

the total gaze duration on the entire text, AOIs, and the non-

AOIs that served as outcome variables.

For the total gaze duration on the entire text, the step 1 anal-

ysis was significant, R2 =0.18, F(2, 57)=6.40, p =0.003. The beta 

weight for the brief intelligence ability was significant, β=−0.60, 

Table 1. Hierarchical multiple regression analyses for intelligence, verbal ability, reading skills, processing speed, and memory capacities predicting total gaze 
duration for sentence and word levels

Total gaze duration

Entire text (sentence level) AOIs (word level) Non-AOIs (word level)

ΔR 2 β ΔR 2 β ΔR 2 β

Step 1 0.18** 0.19** 0.14*

   Brief Intelligence Ability −0.60** −0.60** −0.51**

   Verbal Ability   0.51**   0.55**   0.46*

Step 2 0.08** 0.05** 0.08**

   Brief Intelligence Ability −0.54** −0.55** −0.45*

   Verbal Ability   0.49**   0.54**   0.45*

   Reading group     −0.29* −0.23† −0.29*

Step 3 0.10*** 0.07** 0.08**

   Brief Intelligence Ability −0.34 −0.47* −0.22

   Verbal Ability   0.32  0.44*   0.27

   Reading group −0.23* −0.20 −0.22 

   Digit-Symbol substitution −0.30* −0.15 −0.32*

   Digit span backward   0.23*   0.23*   0.12

Total R 2 0.38*** 0.31** 0.30**

ΔR 2; R square change; AOIs, Areas of Interest.
†p=0.05, *p<0.05, **p<0.01, ***p<0.001.
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t =−3.52, p =0.001, indicating that the higher the participants’ 

intelligence ability, the less time they spent fixating on the text. 

The beta weight for the verbal ability was significant, β=0.51, 

t =2.96, p =0.004, indicating that the higher the participants’ 

verbal ability, the more time they spent fixating on the text. The 

step 2 analysis also yielded a significant result, R2 =0.27, F(3, 

56) =6.77, p =0.001. As in the step 1, the beta weights for the 

brief intelligence ability and verbal ability were significant, 

β=−.54, t =−3.28, p =0.002; β=0.49, t =2.99, p =0.004, respec-

tively. The beta weight for the reading group was significant, 

β=−.29, t =−2.51, p =0.01, indicating that the DR group spent 

significantly longer time on the entire text than the TR group. 

Lastly, the step 3 analysis was significant, R2 =0.38, F(5, 

54) =6.49, p <0.001. The reading group significantly predicted 

total gaze duration on the entire text, β=−.23, t =−2.04, p =0.04. 

The beta weight for the digit-symbol substitution was signifi-

cant, β=−.30, t =−2.18, p =0.03, indicating that the higher the 

digit-symbol substitution score was, the less time participants 

spent fixating on the text. The beta weight for the digit span 

backward was significant, β=0.23, t =2.05, p =0.04, indicating 

that the higher the digit span backward score was, the more 

time participants spent fixating on the text. Neither intelligence 

nor the verbal ability significantly predicted the total gaze du-

ration on the entire text, all ps>0.05. 

For the total gaze duration on the AOIs, the step 1 analysis 

was significant, R2 =0.19, F(2, 57) =6.86, p =0.002. The beta 

weights for the brief intelligence ability and verbal ability were 

significant, β =−0.60, t =−3.55, p =0.001; β =0.55, t =3.26, 

p =0.002, respectively. The step 2 model was also significant, 

R2 =0.25, F(3, 56)=6.05, p =0.001. Brief intelligence ability sig-

nificantly predicted the total gaze duration on the AOIs, β=−.55, 

t =−3.32, p =0.002, as did verbal ability, β =0.54, t =3.26, 

p=0.002. The reading group was marginally significant, β=−.23, 

t =−1.94, p =0.05. Lastly, on the step 3, all predictors were en-

tered simultaneously, resulting in a significant increase in R2, 

R2 =0.31, F(5, 54)=4.93, p=0.001. Intelligence ability, β=−0.47, 

t =−2.39 p =0.02, verbal ability, β =0.44, t =2.51, p =0.02, and 

digit span backward, β=0.23, t =2.03, p =0.04, were significant 

predictors. Neither reading group nor digit-symbol substitution 

significantly predicted the total gaze duration on the AOIs, all 

ps >0.05.

For the total gaze duration on the non-AOIs, the step 1 analy-

sis indicated that two predictors explained 14% of the variance, 

R2 =0.14, F(2, 57)=4.52, p =0.01. Brief intelligence ability signifi-

cantly predicted the total gaze duration on the non-AOIs, 

β =−0.51, t =−2.89, p =0.005, as did verbal ability, β =0.46, 

t =2.64, p =0.01. On the step 2, reading group was added to the 

predictors, resulting in a significant increase in R2, R2 =0.22, F(3, 

56)=5.21, p =0.003. Brief intelligence ability, β=−0.45, t =−2.63, 

p =0.01, verbal ability, β =0.45, t =2.65, p =0.01, and reading 

group, β=−0.29, t =−2.41, p =0.01 were significant. Lastly, the 

step 3 analysis was significant, R2 =0.30, F(5, 54)=4.63, p =0.001. 

Digit-symbol substitution was the only significant predictor, 

β=−0.32, t =−2.23, p =0.03. Other variables did not predict the 

total gaze duration on the non-AOIs, all ps >0.05. 

In summary, the hierarchical regression analyses revealed 

that the DR group took longer time to process the entire text 

than the TR group. Processing speed was negatively related to 

the non-AOIs, indicating that students with faster processing 

speed skills spent less time fixating on the less-relevant words. 

Memory capacity was positively related to the AOIs, but not to 

the non-AOIs, indicating that students with larger processing 

capacity spent more time engaged in the task-relevant key-

words, but not in the less-relevant words. 

DISCUSSION

Reading time is the temporal dimension of comprehension, 

rather than a separate aspect of reading [58]. A change in one 

dimension leads to a change in another so that any variations 

in demands on comprehension should affect reading time, 

and vice versa. In our attempt to further understand how 

young adults with dyslexia spend their times on text com-

pared to their peers with typical reading skills, we used behav-

ioral and psycho-physical measures to explore variables that 

may impact reading times. To this end, we explored answers 

to specific questions associated with simple sentence reading 

of postsecondary students. We examined differences in eye 

gaze times during simple sentence reading in students with 

and without dyslexia and explored contributions of the stu-

dents’ cognitive processing skills to their eye gaze times on 

task-relevant and less-relevant information. 

As we predicted, college students with dyslexia read less 

strategically than their peers with typical reading skills. First, 

regardless of whether the words in sentences were task-rele-

vant keywords or not, students with dyslexia spent signifi-

cantly longer time on the words than their peers. They did not 

show strategic reading patterns such as spending more times 

on keywords or less times on non-keywords. Second, while 

typical readers often began their task by examining the ac-

companying comprehension question such that they could 

find which words of the given text were the informative parts 
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to answer the question, fewer students with dyslexia initially 

used this strategy to facilitate efficient comprehension. Third, 

the students with dyslexia spent more time reading the text, 

even before reading questions. That is, they did not quickly 

shift their eye gaze from text to the questions to locate key-

words needed to answer the questions. In contrast to the find-

ing that skilled readers are able to adjust their inspection 

strategy according to the purpose of reading and the task de-

mands, students with dyslexia were less adept at using this 

strategy for enhancing reading comprehension efficiency [59]. 

Our findings support the importance of teaching students 

metacognitive strategies associated with successful reading 

and learning. Specifically, it is important that students de-

velop metacognitive monitoring and control skills, including 

identifying keywords in text to answer comprehension ques-

tions accurately and efficiently and looking over questions be-

fore reading text to access key points of focus and to deter-

mine irrelevant details. Sheffield [60] pointed out that students 

with dyslexia need explicit and extended instruction and 

training for reading strategies in order for them to be able to 

execute the strategies with automaticity. 

In addressing metacognitive skills needed for reading, 

Mokhtari and Reichard [61] described three types of strate-

gies: global reading strategies, problem-solving strategies, and 

support reading strategies. Global reading strategies set the 

stage for the act of reading such as deciding what to read 

closely and what to ignore, problem-solving strategies are lo-

calized repair techniques used when difficult arise in under-

stand text (e.g., checking understanding when coming across 

conflicting information) and support reading strategies re-

quire the use of outside reference materials to maximize text 

comprehension (e.g., using dictionaries or library materials). 

Mokhtari and Reichard [61] investigated whether the use of 

the three reading strategies differ depending on the reading 

level for 825 students. They found that skilled readers used the 

global and problem-solving strategies more frequently than 

less skilled readers. Currently, most studies regarding the effi-

cacy of employing such reading strategies used the self-report 

measures [62]. In future research, direct observational studies 

should be conducted to investigate the efficacy of teaching 

metacognitive reading strategies, especially for poor readers 

given that instructional procedures reported for using these 

strategies are time-consuming and work-intensive for both 

educators and students [61,62]. 

Analysis of eye gaze patterns in the current study showed 

that students with dyslexia fixated for longer periods of time 

on the keywords in the sentences essential for responding ac-

curately to the questions. Interestingly, however, the students 

did not show a larger number of fixations on the keywords 

than their peers in spite of their prolonged durations. Typi-

cally, duration of eye fixations is positively correlated with the 

number of fixations [9]. Hyönä and Olson [14] observed that 

correlations between duration and number of eye fixations 

are particularly strong when the target stimuli are both infor-

mative and difficult to process. In the current study, while the 

keywords were informative for answering the questions, they 

were highly familiar words that should have been easy to pro-

cess. It is likely that the simplicity of the lexicon used in the ex-

perimental sentences accounted for the lack of group differ-

ences for total number of eye fixations in spite of the longer 

fixation times needed to process keywords observed for the 

students with dyslexia. These findings suggest that once stu-

dents with dyslexia recognized keywords, they were able to 

retain the words’ orthographic and/or phonological memo-

ries. The scanpath length analyses for gaze patterns support 

the lack of difference in the number of eye movements be-

tween the two groups. Slow recognition of lexically compli-

cated or syntactically ambiguous words in young adults with 

dyslexia has been reported [e.g., 36,61]. Data from this study 

support previously cited research showing that college stu-

dents with dyslexia show delayed word recognition while 

reading text. Our results showed that (a) slow word recogni-

tion occurs even in the context of a very simple sentence read-

ing task and that (b) rate of word recognition alone, rather 

than both rate of word recognition and the number of refix-

ations on words, accounts for the diminished reading speed 

in a simple sentence reading of students with dyslexia. 

Consistent with previous reports of processing speed defi-

cits in poor readers [e.g.,25,26,62,63], our students with dys-

lexia were significantly slower than their control peers on the 

behavioral measures of processing speed. While depressed 

processing speed on cognitive behavioral measures has also 

been reported for students with other types of learning dis-

abilities [e.g.,64–66], slow processing speed is more apparent 

in individuals with dyslexia [20,69]. In a comparative study of 

processing speed ability in students with dyslexia and stu-

dents with attention deficits/hyperactivity disorder, Shanahan 

et al. [20] reported that both groups showed deficits in pro-

cessing speed but students with reading disabilities demon-

strated more severe processing speed deficits. 

In contrast, no difference was found between the groups’ 

performance on our tasks of verbal memory span. Even 
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though several studies have found that verbal memory is re-

lated to reading ability [70–72], the relationship is likely to de-

pend on numerous factors including reading components 

and participants’ characteristics [73]. Our data concur with 

findings from Alloway et al.’s [74] study in which they reported 

no differences between college students with and without 

dyslexia on measures of verbal working memory. A possible 

explanation for the two groups’ similar performance on tests 

of memory involves dissociation between word reading and 

text comprehension. In their longitudinal study to examine 

factors that account for variance in word reading and text 

comprehension, Oakhill, Cain, & Bryant [75] found that verbal 

working memory contributed to text comprehension, but not 

to word reading. In the current study, the two groups were 

classified, in large part, by their word reading efficiency skills. 

Poor word reading should not be expected to predict verbal 

working memory ability in all populations. 

Finally, when we investigated relationship between the two 

cognitive abilities and eye fixations on sentence reading, con-

sistent with previous studies showing that non-reading cogni-

tive abilities impact reading performance (31 for recent re-

view), our regression analyses showed that specific cognitive 

processing skills accounted for unique variance in predicting 

eye fixation times. These relationships survived while control-

ling for intelligence and verbal abilities. Specifically, for eye 

gaze times on the entire text, reading group, processing speed, 

and memory capacity were significant predictors. Memory 

capacity was the significant predictor for task-relevant key-

words (i.e., AOIs) and processing speed was the significant 

predictor for less-relevant words (i.e., non-AOIs). Both pro-

cessing speed and memory capacity were related to the eye 

gaze times; however, the dynamic of the relationship was dif-

ferent. The faster the speed of processing, the shorter the time 

the students spent on the less-relevant words. The larger ca-

pacity for verbal memory of digits, the longer the time the stu-

dents spent on the task-relevant keywords, but not on the less-

relevant words. 

Processing speed is a cognitive skill which determines how 

quickly a person can complete a given task [23]. This speed is 

crucial for efficient word recognition in text. The task of read-

ing in an alphabet language requires the serial mapping of vi-

sual codes (i.e., graphemes) onto a language’s sound systems 

(i.e., phonemes). According to the visual-verbal disconnec-

tion hypothesis [76], slower reading in dyslexia is due to a dis-

ruption in an internal timing mechanism for coordinating or-

thographic symbols with the phonological codes. Breznitz 

and colleagues [77–80] have investigated the timing mecha-

nism extensively in individuals with dyslexia using a visual-

verbal asynchrony model with event-related potentials mea-

surement. Based on their findings, particularly for the slower 

P300 latencies, serving as a temporal measure of neural activi-

ties underlying the perceptual processing speed, they con-

cluded that depressed processing speed is an underlying fac-

tor of dyslexia. So far, there has been little attempt to connect 

individual differences in cognitive abilities to the patterns of 

eye gaze [39]. Our psychometric processing speed data in 

conjunction with our eye fixation data suggest that rapid serial 

visual-motor processing (behavioral tasks) and rapid serial 

ocular-motor processing (eye fixation patterns) for recogniz-

ing and categorizing simple symbols share features that con-

tribute to depressed reading time.

Verbal memory was positively related to the reading time. 

That is, students with higher verbal memory span spent more 

time engaged in task-relevant text information, but not in less-

relevant text information. Verbal memory capacity taps, in 

part, attention control [81,82, see also, 83]. Greater working 

memory capacity results from greater ability to maintain task-

relevant information in action while avoiding distraction. Ac-

cording to Engle and Kane [84], two components of atten-

tional control are related to working memory capacity. The 

first component was goal maintenance in active memory and 

the second component was the resolution of response con-

flict. Engle and Kane linked the two components to the brain 

structures suggesting that the goal maintenance relies on pre-

frontal cortex circuitry while the competition resolution relies 

on anterior circulate. In our study, students with higher verbal 

memory span maintained task-relevant information in active 

memory longer than students with lower verbal memory 

span. Using the Engle and Kane’s component model, our data 

appear to reflect that the students’ verbal memory capacity is 

related to their goal maintenance ability. However, further 

studies are needed to better understanding interrelationships 

among working memory processes, higher other cognitive 

abilities such as reading, and the neurological substrates that 

subserve theses skills. 

CONCLUSIONS

Eye fixation and movement measures taken during sentence 

reading expanded our understanding of roles that specific 

cognitive behaviors play for component skills of reading. The 

primary contributions of this report are the findings that (1) 
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college students with dyslexia read simple words in short sen-

tences more slowly than their typical reading peers even 

though the sentences consisted of elementary words, (2) this 

difference co-occurs with their slower times on a nonlinguis-

tic test of processing speed, and (3) performance on tests of 

processing speed and verbal memory span accounts for 

unique variation in their eye fixations during sentence read-

ing. Students with faster processing speed skill fixated for 

shorter periods of time on less-relevant text information and 

students with larger verbal memory spans fixated longer on 

more-relevant information. Further studies are needed to in-

vestigate the influence of cognitive abilities on individual dif-

ferences in eye gaze patterns during sentence reading across 

text that varies in complexity, length, and familiarity of con-

tent to improve our ability to identify and differentiate among 

the multiple mechanisms that underlie reading difficulties in 

adults who are facing the challenges of higher education. 
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