
Vol.:(0123456789)

Reading and Writing (2024) 37:703–729
https://doi.org/10.1007/s11145-023-10428-0

1 3

Eye movements and reading comprehension performance: 
examining the relationships among test format, working 
memory capacity and reading comprehension

Corrin Moss1 · Sharon Kwabi1 · Scott P. Ardoin2 · Katherine S. Binder1 

Accepted: 1 March 2023 / Published online: 18 March 2023 
© The Author(s), under exclusive licence to Springer Nature B.V. 2023

Abstract
The ability to form a mental model of a text is an essential component of success-
ful reading comprehension (RC), and purpose for reading can influence mental 
model construction. Participants were assigned to one of two conditions during 
an RC test to alter their purpose for reading: concurrent (texts and questions were 
presented simultaneously) and sequential (texts were presented first, then questions 
were shown without text access). Their eye movements were recorded during test-
ing. Working memory capacity (WMC) and centrality of textual information were 
measured. Participants in the sequential condition had longer first-pass reading 
times compared to participants in the concurrent condition, while participants in the 
concurrent condition had longer total processing times per word. In addition, par-
ticipants with higher WMC had longer total reading times per word. Finally, partici-
pants in the sequential condition with higher WMC had longer processing times in 
central regions. Even among skilled college readers, participants with lower WMC 
had difficulty adjusting their reading behaviors to meet the task demands such as 
distinguishing central and peripheral ideas. However, participants with higher WMC 
increased attention to important text areas. One potential explanation is that partici-
pants with higher WMC are better able to construct a coherent mental model of the 
text, and attending to central text areas is an essential component of mental model 
formation. Therefore, these results help clarify the relationship between the purpose 
for reading and mental model development.
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Introduction

Reading comprehension (RC) is an essential skill throughout school and adult life, 
and many components interact to affect RC. These components include lower-
level (e.g., word recognition, decoding) and higher-level (e.g., inference-making) 
processes to create a moment-to-moment construction of the text (Kendeou et al., 
2014; van den Broek & Espin, 2012), which can be thought of as the process 
of comprehension (van den Broek & Espin, 2012). One widely endorsed theo-
retical perspective is the Construction Integration model of RC (Kintsch, 1988, 
1994). According to this model, the construction of a model is largely bottom-
up, relying on lower-level word decoding skills. To integrate new concepts into 
the representations, readers must hold recently read information in their work-
ing memory (WM) and integrate it with new information, as well as integrate it 
with background knowledge, on a moment-to-moment basis (Daneman & Car-
penter, 1980; Kendeou et al., 2014). While reading, readers work on constructing 
a mental model of the text, which is “coherent” when it is high quality (van den 
Broek & Espin, 2012). This mental model can be thought of as the “product of 
comprehension.” The quality of the mental model can be assessed in many ways, 
including through multiple-choice (MC) questions after reading (van den Broek 
& Espin, 2012). Successful comprehension largely depends on readers’ ability to 
create a high-quality mental model of the text (Kendeou, 2014).

One question of particular interest is whether manipulating a reader’s goals 
can encourage them to construct a better mental model of a text. In the context 
of RC tests, readers often have access to the text while they answer associated 
questions (concurrent test format). However, if readers cannot access the text 
while answering questions (sequential test format), they may alter their reading 
behavior to meet the increased demand of the task (Ferrer et  al., 2017; Ozuru 
et  al.). Prior research indicates that readers allocate more attention to areas of 
text that are central to understanding the passage when they are not given spe-
cific instructions about what is important, such as via comprehension questions 
(Schraw et  al., 1993). Sequential presentation may also require readers to rely 
more on their working memory capacity (WMC) to reproduce details of the text, 
whereas concurrent presentation may demand different skills, such as test-tak-
ing strategies (Andreassen & Braten, 2010; Ozuru et al., 2007; Schroeder, 2011). 
Therefore, sequential test formats could encourage readers to form a more coher-
ent mental model of the text. To date, few studies have examined how WMC and 
test presentation format influence the processes and products of comprehension 
(Clemens et  al., 2020; Keenan et  al., 2008; Schaffner & Schiefele, 2013). Eye-
tracking methodology allows researchers to observe online reading processes as 
they unfold over time and to make inferences about underlying cognitive process-
ing (e.g., lower- or higher-level) in addition to measuring RC response accuracy. 
The present study aims to address this gap in the literature by using eye-tracking 
methodology to examine participants’ online reading behavior during a RC test 
and investigate how test format and WMC are related to reading processes and 
outcomes.
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Comprehension test format

Different RC test formats require students to use different RC skills and read-
ing strategies (Ferrer et al., 2017; Ozuru et al., 2007; Schaffner & Schiefele, 2013; 
Schroeder, 2011). Prior research suggests that the ability to develop a coherent men-
tal model may be particularly important in sequential test formats (Kendeou et al., 
2014), and that sequential RC tests require students to utilize more higher-level pro-
cesses than concurrent test formats (Ferrer et al., 2017; Schaffner & Schiefele, 2013; 
Schroeder, 2011). Ferrer et al. (2017) used Read & Answer software to investigate 
the impacts of text access on reading behavior. They found that when students knew 
they would not have text access while answering questions, they re-read more before 
turning to the questions. The authors proposed that the sequential format encouraged 
students to read more carefully, perhaps prompting them to utilize more higher-level 
processes to create a coherent mental model of the text. Additionally, Schroeder 
(2011) investigated the relationship between WMC, reading strategies, and RC in 
adolescent readers using concurrent vs. sequential test formats, and found that the 
ability to create an accurate mental model of the text had a larger impact on RC 
performance in the sequential condition than in the concurrent condition. Schaffner 
and Schiefele (2013) found similar results when examining the relationship between 
cognitive and motivational factors and RC in approximately 450 eighth and ninth-
grade students. In the sequential condition, reasoning ability and inferencing skills 
strongly predicted RC performance. However, in the concurrent condition, these 
same higher-level processing skills did not predict RC performance. The research-
ers posited that the sequential format require readers to rely more heavily on mental 
representations of texts.

Despite a general consensus that mental models differ in importance based on test 
format (Ferrer et al., 2017; Schroeder, 2011), the effect of test format on compre-
hension response accuracy is less clear. Schroeder (2011) reported no difference in 
MC question response accuracy between concurrent and sequential conditions. Con-
versely, Cerdán et al. (2021) and Ozuru et al. (2007) found that response accuracy 
on some types of MC items were lower in the sequential condition than the concur-
rent condition. Therefore, more research is needed to determine if test format affects 
MC question response accuracy.

WMC and RC

A substantial body of evidence suggests that WMC is an important component of 
RC, and it may become even more important when students answer comprehension 
questions without text access (Andreassen & Braten, 2010; Schroeder, 2011). When 
having to answer questions without text access, readers must be able to hold recently 
read information in their WM and update that information as they continue to read 
and process new information (Daneman & Merikle, 1996). Readers must be able 
to effectively manage both the storage and updating components of WM to achieve 
successful comprehension (Daneman & Merikle, 1996), while also making strate-
gic decisions during reading such as spending more time on central text areas or 
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rereading to create a high-quality mental representation of the text. Daneman and 
Merikle (1996) conducted a meta-analysis of 77 studies investigating the relation-
ship between WMC and various types of language comprehension tasks. WMC 
was moderately correlated with RC performance, and they posited that readers with 
lower WMC were at a disadvantage when integrating new ideas into their mental 
model. They found that elementary-age poor readers exhibited difficulty in modi-
fying the contents in WM and struggled to control irrelevant information (Carretti 
et al., 2005).

WMC is also related to other higher-level RC processes. For example, Yeari 
(2017) found that university students with a higher WMC generated predictive infer-
ences faster than lower-span participants, and that higher-span participants could 
better inhibit less-relevant inferences. Additionally, higher-span participants gener-
ated more bridging inferences than lower-span participants. Similarly, Dutke and 
Von Hecker (2011) reported that participants with a higher WMC were better able to 
adjust their mental model of the text based on new information, and that higher-span 
readers could more easily disregard “distractor” information that did not fit into their 
mental model. Clearly, WMC is an important higher-level cognitive resource that 
influences students’ ability to construct a coherent mental model of the text.

Centrality of textual information

One skill that may interact with RC test format and WMC is the ability to identify 
and retain important textual information. Some areas of text, such as main ideas, 
are more important to understanding the whole passage than components such as 
supporting details (McCrudden & Schraw, 2007). McCrudden and Schraw (2007) 
define important textual ideas as “essential… to understand[ing] the text” (p. 114) 
and as “author defined and… cued by various characteristics internal to the text” (p. 
114). In this study, we refer to important ideas as central text areas and less impor-
tant text areas as peripheral areas. Prior research (Schraw et al., 1993) suggests that 
readers automatically judge the centrality of text components and devote more atten-
tion to central than peripheral areas unless given specific relevance instructions. 
Given this tendency to attend to central text areas, it follows that identifying and 
integrating central text segments is an important piece of creating a coherent mental 
model of the text (Kendeou et al., 2014).

However, the influence of centrality on RC varies based on the purpose for read-
ing, including whether participants receive specific instructions that guide their 
attention before reading (McCrudden & Schraw, 2007; Schraw et al., 1993). Prior 
work has described varying effects of centrality based on purposes for reading. For 
example, Yeari and colleagues (Yeari & Lev, 2021; Yeari et  al., 2015) reported 
varying results about the relationship between centrality and text processing times, 
which may be the result of different reading purposes. In Yeari and Lev (2021) adult 
participants were instructed to recall text ideas and identify central text areas after 
reading. Both good and poor comprehenders had longer reading times on central 
information than peripheral information. Interestingly, these longer reading times 
only appeared during rereading—there was no difference in first-pass reading time 
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between central and peripheral information. Conversely, Yeari et al. (2015) manip-
ulated participants’ purpose for reading (such as reading for pleasure versus read-
ing to answer test questions), and results indicated that participants spent more time 
reading central information than peripheral information, but only during initial read-
ing. When participants knew they would have to answer open-ended or MC ques-
tions after reading (both test formats were sequential), they spent more time re-read-
ing the peripheral information, which effectively canceled out the initial centrality 
effect. The authors suggest that re-reading peripheral information may be a correc-
tive strategy to prepare for unknown questions. However, participants remembered 
more central information than peripheral (measured by a surprise MC test after 
reading) regardless of the purpose for reading. Evidently, the purpose for reading 
influences how and when readers devote cognitive resources to processing central 
information.

A significant gap that remains in the literature is whether more subtle differences 
in reading task demands also influence readers’ behavior on central information. 
College-age readers routinely complete both concurrent (i.e., standardized tests) and 
sequential (i.e., reading a paper to discuss in class) reading tasks, yet no research 
to date has investigated whether altering test format influences reading behavior on 
central information. Allocating increased attention to central areas of the text is one 
indicator that readers are attempting to create a coherent mental model of the text, 
which is a behavior that becomes increasingly important when reading tasks are dif-
ficult. It is important to know whether skilled readers adjust their reading behaviors 
according to task demands to better understand the types of instruction that may be 
beneficial for pre-college students. The present study investigated this gap by meas-
uring processing times on central text areas during sequential and concurrent RC 
test formats.

Current study

The current study investigated the roles of test format, WMC, and text centrality in 
students’ online reading processes and RC-test performance. Online RC is difficult 
to study because it is a silent task, and many studies (e.g., Anmarkrud et al., 2013; 
Farr et al., 1990) have utilized student self-reports to investigate reading behaviors. 
These self-reports were potentially inaccurate and may have disrupted students’ nat-
ural reading processes (Cordón & Day, 1996). Other studies, such as Ferrer et  al. 
(2017), used a moving-window paradigm to measure processing time, which allows 
readers to see one word or sentence at a time. Although readers can sometimes 
return to previous portions of text using self-paced reading, only one section of text 
appears at a time, which is unlike natural reading. Eye-tracking more closely mim-
ics real-world reading, as participants can freely move between sections of the text, 
and it is a reliable and valid procedure that allows researchers to observe online RC 
processes with minimal interruption (Rayner et al., 2013). Additionally, eye-move-
ment data allows us to make inferences about underlying cognitive processes dur-
ing reading. Measures such as first fixation duration and gaze duration are thought 
to represent lower-level processing (such as decoding and word recognition), while 
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regressions and total reading time are thought to indicate higher-level processing 
(such as inference generation; Rayner et  al., 2013). Examining several eye-move-
ment measures allows us to observe how processing unfolds over time. The present 
study adds nuance to the literature by using eye tracking to examine how WMC and 
text centrality may impact processing behavior in concurrent vs. sequential test for-
mats throughout the RC process.

College-aged participants’ eye movements were monitored as they completed the 
Nelson Denny Comprehension Test (Brown, 1960). Half of the participants saw the 
passage and questions concurrently, and half saw the passage, then saw the ques-
tions without text access (sequential). Participants’ WMC was assessed. Addition-
ally, with the help of independent raters, we identified central and peripheral regions 
of the passage and compared the reading times for these section types.

We investigated several research questions. First, we examined whether WMC 
and test format affected RC response accuracy. Because WMC is an important com-
ponent of RC (Daneman & Merikle, 1996), we predicted that WMC would be posi-
tively correlated with RC response accuracy. Due to the conflicting findings regard-
ing the effect of test format on response accuracy (Ozuru et  al., 2007; Schroeder, 
2011), we also examined the relationship between test format and response accu-
racy. We predicted that individuals with higher WMC would have higher response 
accuracy than lower WMC participants, and that this effect would be larger in the 
sequential condition than in the concurrent condition. WMC may become more 
important when readers answer comprehension questions without text access 
because they must rely solely upon their mental model of the text to answer ques-
tions, whereas readers in the concurrent condition can utilize non-memory-based 
strategies to answer MC questions (Ozuru et al., 2007; Schroeder, 2011).

We also examined how test format was related to eye-movement measures that 
reflect both lower-level processing skills (i.e., word recognition) and higher-level 
processing skills (i.e., integrating information, forming inferences, updating the 
mental model). We expected that participants in the sequential condition would 
engage in more higher-level processing, which would be reflected in longer total 
reading times and more regressions, because the sequential condition likely requires 
readers to develop a more coherent mental model of the text (Ferrer et  al., 2017; 
Schaffner & Schiefele, 2013; Schroeder, 2011).

Additionally, we investigated how text centrality influenced reading behav-
ior across test format and WMC. We expected that participants would have longer 
initial reading times and more regressions on central areas than peripheral areas 
because prior research has shown that readers attend more to central than periph-
eral information during first-pass reading (Yeari et  al., 2015). Although our con-
struct of initial reading is slightly different from that in Yeari et  al. (2015), both 
constructs include reading that occurred before participants answered RC-test ques-
tions. Additionally, we predicted that centrality and test format would interact; we 
expected that participants in the sequential condition would show more regressions 
and have longer total reading times in central text areas than in peripheral areas, but 
that there would be no difference in reading time between central and peripheral 
areas in the concurrent condition. Readers show a preference for central information 
when they have no other instructions regarding what is important in the text (Schraw 
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et  al., 1993), so participants in the sequential condition likely devoted substantial 
attention to processing central information. However, participants in the concurrent 
condition may have used other information to guide their reading, such as informa-
tion in the questions or answer options. We also expected that participants would 
have longer total reading times and more regressions in central areas than peripheral 
areas, and that the differences would be greater for participants with higher WMC 
than lower WMC. Participants with higher WMC are likely better able to identify, 
attend to, and retrieve information from central areas of text, whereas lower WMC 
participants may not have the cognitive resources to utilize such higher-level pro-
cesses (Yeari & Lev, 2021).

Method

Participants

We recruited 90 students from a small liberal arts college in the Northeast region 
of the United States, aged 18–36 years (M = 20.4, SE = 2.4). Participants formed a 
diverse racial pool with 29 White, 30 Asian, 24 Black, 1 Native American, 4 His-
panic, 1 Middle Eastern, and 1 who declined to identify race. Participants were 
screened for reading disabilities before participation. Participants were randomly 
assigned to either the concurrent (n = 44) or sequential condition (n = 46). If neces-
sary for reading, they were allowed to wear glasses or contact lenses. They were 
compensated with either course credit or a raffle entry for a $25 gift card.

Apparatus

Eye-movement data were collected using an SR Research Eyelink 1000 Plus system, 
with a sampling rate of 2000 Hz, a resolution of 0.01 degrees of visual angle, and 
a range of 32 degrees horizontally and 25 vertically. The camera was placed 65 cm 
from the SR Research chinrest to minimize head movements. By default, eye move-
ments were recorded via the right eye, but students viewing of the computer moni-
tor was binocular. Stimuli (text and questions) were presented on a 24-in. monitor 
placed 93 cm from the SR Research chinrest. The passage was presented in standard 
upper- and lowercase paragraph format, using Times New Roman font, 1.5 spaced 
black text on a white background on a computer screen.

Materials

The Nelson–Denny comprehension subtest (Brown, 1960) Form G was used to 
assess participants’ comprehension skills. Six of the seven expository passages were 
used, as they were of similar length ranging from 15 to 21 lines of text. Each pas-
sage had five multiple-choice comprehension questions, which were a mix of literal 
(n = 14) and inferential questions (n = 16), and participants were required to answer 
all questions. Passages ranged in length from 2 to 4 paragraphs (M = 2.67), were 
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composed of 8–13 sentences (M = 11.5), and had 165–236 words (M = 203.17). 
Flesh-Kincaid reading-grade levels for five of the six passages ranged from 9.3 to 
10.9, while the remaining passage was a bit of an outlier at 14.7. The passages were 
also similar in terms of difficult/complex vocabulary. The passages ranged from 
15.6% to 18.14% of words that were considered complex, again with an outlier of 
25.75%, which was the same passage as above. See Fig. 1 for an example of the con-
current and sequential formats.

Automated operation span task

After the RC test, an E-prime 2.0.8 automated Operation task was administered to 
measure WMC (Unsworth et al., 2005). Participants solved a math problem, picked 
the correct answer, then memorized a letter that appeared after the equation. For 
example, the first screen had “5 + 9,” the second screen had “10? True or False,” and 
the last screen had an “A.” After a random number of equations and letters, partici-
pants were asked to recall all the letters in the order they saw them. The automated 
Operation task program generates a score which is the sum of the total number of 

Fig. 1  Passage and question presentation in the concurrent and sequential conditions
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correct letters recalled in the correct position. The automated operation span task 
has a test–retest reliability of 0.83 and good internal consistency (α = 0.78), thus is 
an accurate measure of WMC for college students (Unsworth et al., 2005). In addi-
tion, Redick et al. (2012) conducted a meta-analysis (N = 6000) on automated com-
plex span tasks (including automated operation span) and reported strong reliability 
and validity across all tasks.

Procedure

We obtained IRB approval before recruiting participants, and we sought informed 
consent from participants before beginning the experiment. After signing the con-
sent form, participants were fitted to the eye-tracking apparatus. The camera was 
focused on one of the participant’s eyes, and the system was calibrated. Participant 
viewing was binocular. The participant then completed a practice passage and two 
questions in the format consistent with their assigned condition (sequential or con-
current), so they were aware of their test format before beginning the experimental 
trials. Six passages in either the sequential or concurrent format were presented to 
the participant in a randomized order. Participants in the concurrent condition saw 
both the passage and questions on one screen, allowing them to read the passage and 

Sequential – Passage 

Fig. 1  (continued)
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questions in their preferred order and refer to the passage when responding to ques-
tions. In contrast, participants in the sequential condition were informed that they 
would not see the questions until clicking a button signifying that they had read the 
passage, and could not refer to the text when answering questions. In both condi-
tions, participants responded to questions by selecting their answers with a mouse 
click. Responses could be changed before progressing. Once students answered all 
questions, they clicked a box to proceed to the next screen. The eye-tracking pro-
gram automatically recorded and saved all answers. Following the RC test, partici-
pants completed the WMC test. Combined, the RC test and WMC task took approx-
imately 30 min. Participants were tested individually.

Centrality judgements

A norming study was conducted to identify the sections of the passages that were 
most and less central to the meaning of the passage. Twelve participants who did 
not participate in the eye-movement study were recruited for the norming study. 
Researchers have used anywhere from 3 (Yeari et al., 2015; Yeari et al., 2017) up to 

Sequential – Questions

Fig. 1  (continued)
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20 raters (Miller & Keenan, 2009; Yeari & Lantin, 2021; Yeari & Lev, 2021). Par-
ticipants were given the same six passages and asked to highlight sections that they 
found most central to the overall meaning of the passage. Participants did not see 
the RC questions. When eight or more of the 12 participants made the same judg-
ment, the section was deemed central. All other text was classified as peripheral. 
We calculated Cronbach reliability coefficients for these ratings for each passage, 
and coefficients ranged from 0.80 to 0.98 across the six passages, with an average of 
α = 0.92. These reliability coefficients are comparable to other studies (e.g., Miller & 
Keenan, 2009 α = 0.92; Yeari et al., 2015 and 2017, α = 0.80; Yeari & Lantin, 2021 
and Yeari & Lev, 2021, α = 0.93.). On average, about 11% of the information con-
tained within the text was classified as central. The average length of this informa-
tion was 4.79 contiguous words (SD = 2.67). Additionally, these regions were spread 
across the texts. As mentioned above, the participants who rated centrality never saw 
the RC questions, but we did examine how well the central regions lined up with the 
questions. Surprisingly, very few of the RC questions addressed the ideas that were 
deemed central: for two of the passages, none of the central items were asked about 
in the questions, for three passages, one question related to the central material, and 
for the remaining passage, two questions were related to the central material.

Results

Nelson Denny response accuracy and multiple eye-movement measures (first fixa-
tion duration, gaze duration, total time, and regressions) were the dependent vari-
ables. Fixations times for each word in the passage were used in the analyses. We 
averaged across all words in the passage to obtain average eye-movement measures 
(e.g., for first fixation duration, we measured the amount of time on each initial fixa-
tion on the word, and then took an average of all words in the passage to generate 
the measure for a participant for a particular passage). Linear mixed-effects (LME) 
regression models were run for each dependent measure, using the MIXED com-
mand in SPSS and REML estimation procedures, but we used a generalized linear 
mixed-effect model using a Poisson distribution for the regression eye-movement 
data since this dependent variable was a count variable. The appeal of these type 
of regression models was partially due to the ability to incorporate by-subject and 
by-item influences as random effects into the same analysis (Baayen et  al., 2008; 
Bates et al., 2018). The intercepts for subjects and items were included as random 
effects, and the fixed effects in all models for global analyses included test format 
(concurrent vs. sequential) and WMC scores, the interaction between test format and 
WMC. Test format was a categorical variable, and WMC was a continuous vari-
able. We conducted analyses on four eye-movement measures, so while the family-
wise alpha level was p = 0.05 we corrected that to p = 0.01 to accommodate for all 
of our dependent measures. Furthermore, Bonferroni corrections were used in post-
hoc analyses. WMC scores were centered by subtracting the mean score from each 
participant’s individual score. The uncentered mean for the WMC task was 59.26, 
SD = 12.57. See Tables 1 and 2 for means and standard deviations for all conditions.
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In another set of analyses, we examined eye-movement measures on central 
and peripheral text areas. See Table 3 for means and standard deviations for both 
Test Format conditions across WMC groups. For those analyses, test format, 
WMC, centrality, test format*WMC, test format*centrality, WMC*centrality, 
and test format*WMC*centrality were fixed factors. Data were evaluated for 
normality prior to analyses, and all dependent measures had skew and kurtosis 
values within accepted limits. There was no difference between WMC across 
the two format conditions (F (1, 88) = 1.40, p = 0.24; Mconcurrent = 57.74 and 
Msequential = 60.85).

Table 1  Descriptive statistics 
for nelson Denny response 
accuracy scores and WMC by 
WMC groups

Higher WMC Lower WMC

Nelson Denny 
response 
accuracy

Mean 83.47 79.84
SD 10.81 9.86
Skewness  − .62  − .49
Kurtosis  − .92  − .61
25% percentile 73.30 73.30
50% percentile 86.70 83.30
75% percentile 90.00 86.70

WMC Mean 68.65 48.63
SD 4.77 9.93
Skewness  − .35  − .93
Kurtosis  − .49 1.03
25th percentile 66.00 45.00
50th percentile 69.00 51.00
75% percentile 90.00 56.00

Correlation between ND and 
WMC

.40 (p < .001) .27 (p < .001)

Table 2  Descriptive statistics for global eye-movement measures

First fixation, gaze duration, and total time are reported in msec

Dependent measure Concurrent high 
WMC mean (SD)

Concurrent low 
WMC mean 7 (SD)

Sequential high 
WMC mean (SD)

Sequential low 
WMC mean 
(SD)

First fixation 229.11
(21.89)

235.71
(23.63)

239.67
(27.74)

242.76
(27.74)

Gaze duration 258.21
(32.68)

260.19
(30.63)

274.20
(42.14)

288.11
(43.60)

Total time 376.89
(80.78)

333.93
(56.42)

338.27
(156.53)

243.83
(65.02)

Regressions 0.36
(.20)

0.30
(0.15)

0.40
(0.20)

0.26
(0.14)
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Research question 1: how do test format and WMC relate to RC response 
accuracy?

Participants in the concurrent condition had higher response accuracy (M = 86%, 
SE = 1.55) than participants in the sequential condition (M = 77%, SE = 1.74). 
WMC was also a significant predictor in the model, (B = 0.016), with higher 
WMC associated with higher response accuracy scores. The interaction between 
WMC and test format was not significant.

Research question 2: how do test format and WMC influence eye‑movement 
measures?

Several eye-movement measures can be extracted from a single reading record, 
with some measures thought to reflect lower-level cognitive processing such as 
word recognition, and others thought to reflect higher-order processing such as 
text comprehension. First fixation duration and gaze duration served as the lower-
level eye-movement measures; total time and regressive eye movements served 
as higher-order text processing measures. For all reading measures, an average 
was obtained across all words per passage. See Table 4 for Fs and ps for all of the 
fixed effects.

Table 3  Descriptive statistics for eye-movement measures and centrality

Measure for first fixation, gaze duration and total time are reported in ms/char

Dependent measure Concurrent high 
WMC mean (SD)

Concurrent low 
WMC mean (SD)

Sequential high 
WMC mean (SD)

Sequential low 
WMC mean 
(SD)

Central
First Fixation 27.78

(9.08)
31.68
(8.32)

30.91
(8.14)

31.10
(8.61)

Gaze Duration 31.12
(10.44)

35.92
(10.29)

36.32
(10.23)

37.08
(12.35)

Total Time 80.70
(49.29)

71.54
(31.91)

81.97
(60.21)

59.07
(29.60)

Regressions 0.44
(0.28)

0.36
(0.18)

0.13
(0.10)

0.11
(0.07)

Peripheral
First Fixation 31.18

(9.48)
35.57
(7.75)

33.92
(7.47)

34.31
(8.86)

Gaze Duration 34.30
(10.94)

39.82
(9.72)

39.02
(9.76)

39.57
(11.50)

Total Time 76.16
(32.59)

69.20
(24.33)

60.99
(25.34)

55.88
(23.38)

Regressions 0.04
(0.05)

0.03
(0.03)

0.01
(0.03)

0.02
(0.14)
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Average first fixation and gaze duration

First fixation duration is the length of the first fixation on a word, regardless of the 
number of fixations on a word. Gaze duration is the sum of consecutive fixations 
made on a word before leaving the word. Participants in the sequential condition 
had longer average first fixation and gaze durations (first fixation: M = 246.64 ms, 
SE = 3.83; gaze: M = 285.43 ms, SE = 5.32) than participants in the concurrent con-
dition (first fixation: M = 234.23  ms, SE = 3.95; gaze: M = 264.41  ms, SE = 5.51). 
WMC was not a significant predictor, (first fixation: B =  − 0.196; gaze: B =  − 0.241). 
There was no interaction between test format and WMC on first fixation or gaze 
duration.

Total time spent on a word

Total reading time on words is the sum of all fixations on a word and includes 
regressions back to the word, and any rereading on that word. Participants in the 
concurrent condition spent more total time on words (M = 362.65, SE = 14.60) than 
participants in the sequential condition (M = 293.22, SE = 14.13). WMC was also a 
significant predictor in the model, (B = 1.85). Participants with higher WMC spent 
more total time on words than participants with lower WMC. There was no signifi-
cant interaction between WMC and test format.

Regressive eye movements

Regressions are the number of times participants return to a word after initially leav-
ing that word. There were no significant differences in regressions between condi-
tions. WMC was a significant predictor in the model, (B = 0.003); participants with 
higher WMC had more regressions to a word than participants with lower WMC. 
There was no interaction between WMC and test condition.

We want to note that to more directly compare the concurrent and sequential 
conditions, we examined reading times before participants started answering 
questions for the concurrent condition. However, participants in the concurrent 
condition could have used different passage reading strategies, thus, we exam-
ined the strategies used in the concurrent condition. Participants typically read 

Table 4  Fixed effects for 
question 2

Test Format WMC Test 
Format*WMC

F p F p F p

Accuracy 15.59  < .001 15.61  < .001 1.64 .20
First fixation 5.41 .02 0.86 .36 0.10 .75
Gaze duration 8.47 .005 0.70 .41 0.07 .80
Total time 14.79  < .001 6.41 .01 1.69 .20
Regressions 3.21 .07 14.35  < .001 3.95 .05
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each passage completely before reading the questions (64.4%—the percentages 
in this section refer to the number of passages since some participants varied the 
strategy they used across the six passages). Next, participants read some of the 
passage, but then read some of the questions (30.3%). We defined “reading the 
questions” as at least three fixations from left to right in the new region. Very few 
participants read the questions prior to the passage (3% read all questions before 
the passage, while 2.3% read some of the questions before the passage). When 
participants read some of the passage, then went to the questions (30.3%, refer-
enced above), they often then read the passage completely (78.4% of the 30.3%). 
Very few participants never read the whole passage (only 21.6% of the 30.3% 
referenced above). Even when participants did not completely read the passage, 
they, on average, read 88% of the passage. Thus, nearly all participants, most of 
the time, read the majority of the passage. In addition, when they read the ques-
tions before finishing the passage, most of the time (65% of the 30.3%), partici-
pants only read one question before returning to the passage. If the participant 
left the passage, read one question, then returned to the passage, their reading 
time once they returned to the passage was included in the initial reading data. 
Because the data in the concurrent condition are complicated by these strategies, 
we ran another analysis on the total word reading time, but this time, only the 
64.4% of the data that fell into the “passage first” strategy for the concurrent con-
dition were included in these analyses. Interestingly, the above reported patterns 
were maintained. Participants had longer total word reading times in the concur-
rent condition (M = 355.39, SE = 16.02) compared to the sequential condition 
(M = 293.22, SE = 14.13). WMC was also a significant predictor in the model, 
(B = 2.79, F = 4.85, p = 0.03), with higher WMC individuals spending more time 
on individual words relative to participants who had lower WMC. The interaction 
was not significant, F = 2.18, p = 0.14.

Research question 3: analysis of eye‑movement measures across test condition, 
WMC, and centrality of information

Independent raters identified sections of each passage that were central to 
the overall meaning. Within each of these sections, the times and counts were 
summed and then divided by the number of characters in the section, since these 
regions differed in size. See Table 5 for all Fs and ps for the fixed effects.

Average first fixation and gaze duration

Participants had longer first fixations and gaze durations on peripheral text 
regions (first fixation: M = 33.71  ms/char, SE = 0.95; gaze: M = 38.19  ms/char, 
SE = 1.20) than central regions (first fixation: M = 30.36 ms/char, SE = 0.95; gaze: 
M = 35.15, SE = 1.20). WMC was not a significant predictor. Test format was not 
significant, nor were any of the interactions.
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Total time per word

Participants in the concurrent condition (M = 43.24 ms/char, SE = 4.16) spent signif-
icantly less total time on words than those in the sequential condition (M = 65.87 ms/
char, SE = 4.12). Participants with higher WMC had longer total times (B = 0.59). 
In addition, participants spent significantly more time reading central sections 
(M = 58.55  ms/char, SE = 3.61) than peripheral sections (M = 50.56  ms/char, 
SE = 3.61). While there were significant two-way interactions between WMC and 
centrality, centrality and test format, and centrality and WMC, these effects were 

Table 5  Fixed effects for 
question 3

F P

First fixation
Centrality 113.80  < .001
Test format 0.24 .63
WMC 0.02 .88
Test format*WMC 0.49 .49
Test format*Centrality 0.96 .33
WMC*centrality 0.35 .55
Test Format*WMC*centrality 0.30 .59
Gaze duration
Centrality 65.43  < .001
Test format 1.13 .29
WMC 0.001 .97
Test format*WMC 0.001 .97
Test format*centrality 1.89 .17
WMC*centrality 0.98 .32
Test format*WMC*centrality 1.06 .30
Total time
Centrality 21.73  < .001
Test format 23.04  < .001
WMC 14.44  < .001
Test format*WMC 5.19 .03
Test format*centrality 13.78  < .001
WMC*centrality 10.02 .002
Test format*WMC*centrality 8.98 .003
Regressions
Centrality 563.41  < .001
Test format 172.95  < .001
WMC 14.35  < .001
Test format*WMC 3.95 .06
Test format*centrality 179.04  < .000
WMC*centrality 20.17  < .001
Test format*WMC*centrality 2.55 .12
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qualified by a significant three-way interaction among test format, WMC, and cen-
trality. To investigate this three-way interaction, we divided our sample into two 
WMC categories, with higher WMC participants having WMC centered scores 0 
or above and lower WMC participants having centered scores below 0, and sepa-
rated the data by test format and WMC category. We then ran additional post-hoc 
LME models where centrality was the fixed effect. See Fig. 2 for means and stand-
ard errors.

For the concurrent condition, there were no differences between reading times for 
central and peripheral regions across WMC categories (higher: F = 0.92, p = 0.34, 
and lower: F = 0.57, p = 0.45. However, for the sequential condition, higher WMC 
individuals spent more total time in central areas compared to peripheral areas, 
F = 27.37, p < 0.001. No differences were observed for lower WMC individuals, 
F = 1.61, p = 0.21.

Regressions

Participants in the concurrent condition (M = 0.22, SE = 0.02) had significantly 
more regressions than participants in the sequential condition (M = 0.07, SE = 0.02). 
In addition, participants had significantly more regressions into central sections 
(M = 0.26, SE = 0.02) than into peripheral sections (M = 0.02, SE = 0.02). There was 
a significant interaction between test format and centrality. See Fig. 3 for means and 
standard errors.

Although participants always made more regressions to central regions com-
pared to peripheral regions, the difference was larger for the concurrent condi-
tion than the sequential condition (concurrent: F = 755.32, p < 0.001; sequen-
tial: F = 220.02, p < 0.001). There was also an interaction between WMC and 

Fig. 2  mean total reading times on central and peripheral text sections between working memory catego-
ries
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centrality, F = 19.89, p < 0.001. See Fig.  4 for means and standard errors. 
Although participants always made more regressions to central regions compared 
to peripheral regions, the difference was larger for higher WMC participants 
than lower WMC participants (high WMC: F = 401.98, p < 0.001; low WMC 
F = 342.94, p < 0.001).

Fig. 3  mean regressive eye movements in central and peripheral text sections between concurrent and 
sequential test formats

Fig. 4  Regressive eye movements in central and peripheral sections of text between working memory 
categories
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Discussion

This study examined how test format (concurrent or sequential), WMC, and 
centrality of textual information affect reading processes and RC test outcomes, 
which may influence the formation of a mental model of the text. We examined 
eye-movement records of college-aged participants’ reading behavior to better 
understand the underlying cognitive processing that may be associated with cre-
ating a mental model of the text. To directly compare reading times between the 
test format conditions, we only analyzed initial passage reading time, or read-
ing time before participants began to answer MC questions. That is, although 
participants in the concurrent condition could have re-read the passage while 
answering the questions, this analysis only includes their initial reading time on 
the passage (including regressions back to sections of text before reading and 
answering questions). It is important to better understand the factors that influ-
ence the formation of a mental model of the text so we can assist readers in cre-
ating high-quality mental models across a variety of reading settings.

The present study yielded several important findings. First, test format 
impacted comprehension response accuracy and processing times. Participants 
in the concurrent condition had higher response accuracy than participants in 
the sequential condition. Participants in the concurrent condition also had 
longer processing times on measures thought to reflect higher-level processes 
than participants in the sequential condition, which contrasts with our hypoth-
eses. However, participants in the sequential condition had longer first fixation 
and longer first gaze durations, which are measures thought to represent lower-
level processing. This suggests that when participants know they will not have 
text access while answering questions, they slow down when they are initially 
reading each word. Second, WMC was related to both response accuracy and 
processing time. Higher WMC participants had higher response accuracy than 
lower WMC participants. Interestingly, participants with higher WMC also 
had longer total reading times on words, which is a measure thought to reflect 
higher-level processing. However, WMC was not related to eye-movement meas-
ures thought to reflect lower-level processing. Contrary to the hypotheses, there 
was no interaction between WMC and test format on response accuracy. Finally, 
participants engaged in different reading behaviors depending on text central-
ity. Surprisingly, participants had longer first fixation and first gaze durations 
on peripheral information than central information. However, as hypothesized, 
participants had longer total reading times on words and more regressions in 
central sections than peripheral sections, suggesting that they used more higher-
level processes while reading central sections. Further analyses of interaction 
effects showed that participants with higher WMC in the sequential condition 
had longer reading times on words and more regressions in central areas of text, 
but there was no difference in processing times in central and peripheral areas 
for participants with lower WMC or in the concurrent condition.
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Test format and reading comprehension

Consistent with prior research (Ozuru et  al., 2007), participants in the concurrent 
condition had higher response accuracy than those in the sequential condition. Con-
versely, our test format results for the reading time data are in contrast with most 
prior research (Ferrer et al., 2017; Schaffner & Schiefele, 2013; Schroeder, 2011), 
which suggested that readers utilize more higher-level processes in the sequential 
condition than the concurrent condition. Our findings also contrast with O’Reilly 
et al. (2018) and Wang et al. (2017), which found that readers had shorter reading 
times during a concurrent-format RC test than when they answered a summary ques-
tion after reading (in other words, when they read to form a coherent mental model 
of the text). In our study, participants in the concurrent condition exhibited longer 
total word reading times, which is indicative higher-level processing, compared to 
participants in the sequential condition. However, participants in the sequential con-
dition had longer first fixation and first gaze durations than in the concurrent condi-
tion. Therefore, participants had slower initial reading times (possibly indicative of 
more carefully encoding text information) during the sequential format than the con-
current, but we had expected this pattern for the total reading time measure. Addi-
tionally, as predicted, participants with higher WMC in the sequential condition had 
longer total reading times on words in central sections than peripheral, but there was 
no difference for participants in the concurrent condition or participants with lower 
WMC.

The longer total reading times for words in the concurrent condition compared to 
the sequential condition was surprising. One explanation is that the sequential condi-
tion may tax skills we did not measure. For example, Ozuru et al. (2007) found that 
background knowledge was the most important variable for success in the sequential 
condition, whereas the concurrent condition required readers to strategically utilize 
the text. In the present study, the concurrent condition may have prompted readers to 
use higher-level processes to answer MC questions; however, the sequential condi-
tion may have relied on skills such as background knowledge or metacognition.

Another possible explanation for the longer total word reading times in the con-
current condition is that in the concurrent condition, readers may have been dis-
tracted by seeing both the questions and text, leading to slower reading times. To 
investigate this possibility, we conducted a supplementary analysis comparing par-
ticipants in the concurrent condition who read the text entirely before reading any 
questions and those who read at least one question before completing the passage. 
Participants who moved between the text and questions, even once, had longer total 
times on words and more regressions than participants who read the entire passage 
first (F = 7.72, p = 0.006). This is consistent with prior research suggesting that read-
ing the entire passage first (vs. reading the questions first) may facilitate test-taking 
efficiency (Bayrak Karsli et al., 2020; Yeari et al., 2021), and that reading the ques-
tions first may tax memory (Bayrak Karsli et al., 2020). Therefore, the longer read-
ing times in the concurrent condition may indicate distracted reading rather than 
deep text processing. However, to be clear, even when we included only the partici-
pants who read the entire passage first before reading any questions, total word read-
ing times were still longer for the concurrent condition than the sequential condition. 
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It could be the mere presence of the questions is enough to distract, even though 
readers have not yet turned to the questions.

Working memory and reading comprehension

The relationship between WMC and comprehension response accuracy was some-
what consistent with past research (e.g., Daneman & Merikle, 1996). Daneman and 
Hannon (2001) suggest that creating a mental model of the text is harder for lower 
WMC individuals, and this affects their performance. Correspondingly, our results 
suggest that even in the skilled college population, participants with higher WMC 
may be able to better encode important information in WM and integrate it in their 
mental model. First, lower WMC participants achieved lower response accuracy 
than higher WMC participants. Additionally, participants with lower WMC spent 
less time on measures thought to reflect higher-level processes than participants with 
higher WMC; however, there was no difference in lower-level processing between 
WMC groups. This suggests that readers with lower WMC utilized different strate-
gies than readers with higher WMC. These results are in line with prior work sug-
gesting that readers with lower WMC struggle with many aspects of the RC process 
(Carretti et al., 2005; Dutke & Von Hecker, 2011; Yeari, 2017), which may be nega-
tively related to their overall RC performance. Together, these findings suggest that 
readers with lower WMC may have struggled to construct a mental model of the 
text, and that WMC is particularly important for the higher-level processing needed 
to form a coherent mental model of the text, which is consistent with past work by 
Dutke and Von Hecker (2011) and Yeari (2017).

One reason participants with higher WMC may have utilized more higher-level 
processing and achieved higher response accuracy is that they may also have bet-
ter metacognitive skills. Metacognitive skills in reading are one’s ability to plan, 
monitor and regulate their reading behaviors (Burin et  al., 2020). Readers with 
good metacognitive skills will set their goals before reading, evaluate their com-
prehension throughout the process, and if they capture inconsistencies or break-
downs in comprehension, they will repair them by re-planning and using a dif-
ferent strategy (Zargar et  al., 2020). Touron et  al. (2010) suggested that WMC 
and metacognitive skills are closely related. Their work found that individuals 
with higher WMC were better at using particular strategies for learning, regulat-
ing cognition, and monitoring problem-solving processes (Touron et  al., 2010). 
Research also suggest that metacognition is an important variable for RC (see 
Baker, 1989 for a review; Burin et  al., 2020; Soto et  al., 2019). Therefore, it is 
possible that participants with higher WMC also had better metacognitive skills, 
which helped them build and update their mental models of the texts. Impor-
tantly with respect to the current findings, higher WMC participants made more 
regressive eye movements and subsequently had longer total word reading times 
on central regions compared to more peripheral ideas, but only in the sequen-
tial condition. This suggests that higher WMC participants adjusted their strate-
gies (a metacognitive component) while they were initially reading the passages, 
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knowing they would not have access to the passage while answering questions. 
There was no such evidence of this type of strategy use for participants with 
lower WMC.

Centrality of textual information

We also observed impacts of text centrality on cognitive processing that were 
consistent with prior work. Participants had longer total reading times per word 
and more regressions in central areas than peripheral, under certain conditions. 
This result is consistent with Yeari et  al. (2015), which found that participants 
had longer initial passage reading times on central areas than peripheral areas. 
However, participants had longer first fixations and first gaze durations on periph-
eral than central areas, which we did not expect. This finding contrasts with past 
literature (Yeari et  al., 2015; Yeari & Lev, 2021), which found that there was 
no difference in first-pass reading times between central and peripheral areas of 
text. The present study differs from Yeari and colleagues’ work in that it utilized 
differing RC test formats to manipulate task difficulty and purpose for reading. 
Because both test formats utilized a standard RC test with associated MC ques-
tions, readers may have attended more to peripheral information to prepare them-
selves for a wide variety of MC questions.

Although all participants had more regressions to central areas of text, the 
effect was greater for participants with higher WMC. Higher-achieving readers 
often have greater WMC, and therefore better executive functioning to direct 
important processes such as WM updating skills, (Daneman & Merikle, 1996) 
and are also typically better able to identify and integrate central text areas into 
their mental model (Yeari & Lev, 2021). Our results seem to support that individ-
uals with higher WMC may be better at integrating central ideas into their mental 
model. However, while participants had more regressions in the central sections 
than peripheral sections in both conditions, the effect was larger in the concurrent 
condition, which contrasts with prior findings (Ferrer et  al., 2017; Schaffner & 
Schiefele, 2013; Schroeder, 2011). This may again be due to possible distracted 
reading in the concurrent condition.

Importantly, we found that participants with higher WMC had longer total 
reading times in central areas of text, but only in the sequential condition. The 
sequential condition likely required readers to rely more on their mental model 
of the text, and attending to central areas of text may be indicative of attempting 
to form a coherent mental model. This finding suggests that good readers strate-
gically devote attention to important information to help them build a coherent 
mental model of the text when it is most needed. Perhaps college-age readers 
with lower WMC do not have the necessary metacognitive skills to identify that 
they need to change their reading behavior in the sequential condition, or they 
do not have enough cognitive resources available to change their strategy. Future 
research should investigate additional reader characteristics that may facilitate 
successful RC during differing task demands.
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Limitations and directions for future research

Results of this study should be evaluated in the context of its limitations. First, 
the literal MC questions that accompany the Nelson-Denny passages used here 
rely almost exclusively on peripheral information (although most inferential ques-
tions rely on integration of multiple ideas in the passage). Therefore, performance 
on the associated questions does not necessarily indicate how much central infor-
mation participants remembered. Additionally, attending to peripheral information 
may have been a successful strategy to answer MC questions correctly. However, 
prior research suggests that participants remember central information better than 
peripheral information regardless of purpose for reading, and that attending to cen-
tral information is an essential part of forming a coherent mental model (Yeari & 
Lev, 2021; Yeari et al., 2015). Creating a coherent mental model of the text is an 
important skill that influences RC test performance, regardless of whether ques-
tions address central or peripheral details. Future research should use MC questions 
specifically designed to measure memory of central details to further investigate 
the questions posed in this study. In addition, past research has indicated that the 
location of the central and peripheral information (e.g., beginning, middle, end of 
the text) may influence how that information is recognized and processes (Swett, 
et al., 2013). Since we used materials from an established RC battery, we were una-
ble to manipulate the location of the central information. Thus, future work should 
investigate how placement of central ideas interacts with the other variables we did 
examine.

Additionally, this study investigated the relationship between centrality of text 
information and cognitive processing, but it did not analyze the influence of text 
relevance. In the context of RC tests that utilize MC questions, text relevance refers 
to areas of passages that contain the answers to associated questions. Prior research 
(e.g., McCrudden & Schraw, 2007; Yeari et al., 2015) indicates that centrality and 
relevance of textual information influence cognitive processing in different ways, 
and relevance also influences the construction of a mental model of a text. Complet-
ing a RC test demands both the ability to recognize and encode central information 
and the ability to recognize and utilize the information necessary to answer the asso-
ciated questions. If readers with greater WMC do build a better mental model of the 
text, we would expect them to be better able to locate relevant information, integrate 
it into their mental model, and utilize it to answer associated MC questions. Future 
research should therefore evaluate whether WMC is related to processing and uti-
lizing text-relevant information, and if other factors such as test format affect this 
relationship.

Additionally, the present study used a between-subjects design, and although 
there were no WMC differences across test format conditions, a within-subjects 
design would be optimal. Future research should utilize a within-subjects design 
to address this issue. In addition, as we noted in the Results, assessing initial pas-
sage reading times in the concurrent condition was challenging since readers could 
make their own decisions as to how to approach the task (i.e., passage first or ques-
tion first). Future work should compare sequential and concurrent conditions by 
first instructing the participants in both conditions to read the entire passage, then in 
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the concurrent condition allowing them to refer back to the passage after they view 
the questions. This might allow for a more direct comparison between the condi-
tions. However, we do want to note that our design allowed for a more naturalistic 
approach for the readers, and it showed what may complicate the RC assessment in 
the concurrent condition. That is, students become distracted by the mere presence 
of the questions, even if they do not read them until after the passage is read.

Finally, the present study did not measure any student characteristics besides 
WMC. Prior work (e.g., Ozuru et al., 2007; Touron et al., 2010; Yeari, 2017) has 
shown that many higher-order skills, including background knowledge, inferencing, 
and metacognitive skills, contribute to successful RC. Future research should exam-
ine how other reader characteristics and skills are related to centrality effects and 
creating a coherent mental model of the text. In addition, there is a great deal of work 
that has examined how well readers generate inferences during reading. We suspect 
that had we incorporated a way of assessing the inferences that readers make, that 
may have revealed differences between higher and lower WMC participants.

Conclusion

The current study found that test format, WMC, and centrality of text information 
were related to the processes and products of RC. By measuring participants’ eye-
movements while reading texts and answering questions, we found that participants 
with higher WMC and participants in the concurrent condition had longer process-
ing times per word and higher response accuracy on MC questions. In addition, par-
ticipants with higher WMC in the sequential condition spent more time reading the 
central areas of text, but readers in the concurrent condition and with lower WMC 
(regardless of test format) did not show this effect. Therefore, WMC is an impor-
tant skill related to identifying important regions and integrating those ideas into the 
mental model of the text. However, in general, the sequential test format may not 
encourage the formation of a more coherent mental model. Future research should 
investigate factors that can influence how readers build mental models of text to 
encourage reading for comprehension. In addition, our findings indicate that lower 
WMC individuals did not spend more time on the central regions of the text. Future 
work might investigate the possibility of instructing struggling readers on how to 
identify important concepts and then assess if this instruction helps with RC pro-
cesses and outcomes.
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