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Abstract

Objectives: In ADHD a common obstacle of academic success is impaired reading comprehension. Impaired comprehension in ADHD is
accompanied by altered eye movements during reading as well as more general eye movement deficits associated with non-verbal stimuli. This
suggests that the reading deficits do not cause the eye movement impairment. Instead, eye movements might contribute to reading
comprehension difficulties. Methods: We tested whether minimizing the need for eye movements during reading aids comprehension. We
measured reading comprehension in a sample of undergraduate students with and without ADHD. Students read short paragraphs using
normal text reading with all words fully visible (FULL), PACED reading that preserved text layout with one word at a time appearing at its
usual location in the text, and reading with minimal eye movements in which one word at a time appeared in the center of the screen in a rapid
serial visual presentation (RSVP). Results: ADHD participants performed better in the RSVP condition relative to the other two reading
conditions that required eye movements, and they benefited from the RSVP condition requiring minimal eye movements by almost 13%
relative to neurotypical controls, who showed comprehension difficulties using the RSVP mode. Conclusions: Minimizing eye movement
boosted reading comprehension in the ADHD suggesting that eye movements are implicated in reading processes in ADHD, an interference
that can be avoided in the RSVP reading condition. Future work should explore the possibility of RSVP as a reading aid in ADHD adults and
potentially school-aged children.
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Statement of Research Significance

Research Question(s) or Topic(s): One clear obstacle of academic success can be reading difficulties. These difficulties have been
observed in attention-deficit/hyperactivity disorder resulting in diminished reading comprehension. Given previous work that
participants with attention-deficit/hyperactivity disorder exhibit eye movement alteration during reading as well as more general eye
movement deficits associated with non-verbal stimuli, we hypothesized that eye movements contribute to reading comprehension
difficulties. Main Findings: We found that minimizing the need for eye movement during reading boosted comprehension in the
attention-deficit/hyperactivity disorder but not the control group. Study Contributions: Our study suggests that previously documented
eye movement deficits in attention-deficit/hyperactivity disorder have negative cognitive ramifications during reading. Our data further
suggest that minimizing eye movements might be a way to minimize these negative effects. The study indicates that rapid serial visual
presentation can be a useful tool for reading texts to improve comprehension in attention-deficit/hyperactivity disorder.

Introduction of Mental Disorders (5th ed., text rev.; DSM-5-TR; American
Psychiatric Association, 2022) and is associated with social,

Attention-deficit/hyperactivity disorder (ADHD) is a common academic, and cognitive impairments (e.g, Lahey et al, 1994;

neurodevelopmental disorder that occurs in children as well as
adults (Polanczyk & Rhode, 2007; Sayal et al., 2018; Willcutt, 2012).
It encompasses symptoms of inattention, hyperactivity, and
impulsivity according to the Diagnostic and Statistical Manual

Corresponding author: Matthias Niemeier; Email: m.niemeier@utoronto.ca

Pievsky & McGrath, 2017). Although impulsivity and hyper-
activity have been found to decline with age, inattention appears to
persist into adulthood (Biederman et al., 2000; Hart et al., 1995)
with multiple ongoing adaptive impairments, higher divorce rates,
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lower socioeconomic status, and a lack of academic achievement
(e.g., Borland et al., 1976, Murphy & Barkley, 1996).

It is clear that a major hurdle of academic success can be reading
difficulties (e.g., Bastug, 2014; Bergey et al., 2016). Such difficulties
have been indeed found in ADHD resulting in diminished
comprehension and various compensation strategies (e.g., Brown
etal,, 2011; Miller et al., 2013; Palmini, 2008; Rucklidge & Tannock,
2002; Stern & Shalev, 2013). Prior ADHD research has assessed
reading comprehension using both standardized multiple-choice
tests (e.g., Nelson-Denny; Brown et al., 2011) and free-recall
paradigms (e.g., Miller et al.,, 2013), highlighting that multiple
formats can capture comprehension performance. A recent
scoping review synthesized findings from 34 studies confirmed
that reading comprehension is often reduced in ADHD, especially
on tasks requiring recall of central story ideas or references (Parks
et al, 2022). However, this study also highlighted that the
magnitude of reading difficulties in ADHD varies considerably
across studies depending on task demands. This suggests a
possibility that reading comprehension deficits in ADHD may
partly reflect some kind of underlying cognitive or attentional
constraints.

In addition, eye movements during reading are altered in
ADHD (Deans et al., 2010; Molina et al., 2020; Thaler et al., 2009)
and to some extent might be reflecting underlying comprehension
difficulties given that linguistic processes are mirrored in the eye
movements (e.g., Gagl et al., 2021; Rayner, 1998). However, even
when ADHD participants read at individually adjusted difficulty
levels eye movements are impaired (Molina et al., 2020). What is
more, eye movement deficits have been observed for non-verbal
stimuli (e.g., Dankner et al., 2017; Fried et al., 2014; Granet et al,,
2005; Mostofsky et al., 2001; Munoz et al., 2003; O’Driscoll et al.,
2005; Rommelse et al., 2008a; Solé Puig et al., 2015; for a review:
Rommelse et al., 2008b).

Recent eye-tracking research has demonstrated consistency of
oculomotor control deficits in ADHD. Children with ADHD show
longer fixation durations and shorter and more erratic saccades
during complex virtual reality memory tasks (Merzon et al., 2022),
and adults with ADHD exhibit gaze dynamics distinct enough to
enable high-accuracy classification using machine-learning mod-
els (Deng et al., 2022). A meta-analysis of 26 studies confirmed
significant impairments in antisaccade inhibition, delayed and
imprecise saccade initiation, and increased fixation variability
across age groups (Maron et al,, 2021). Additional antisaccade
deficits observed in ADHD include longer and more variable
reaction times, more frequent direction errors (Schwerdtfeger
et al,, 2013), and heightened distractibility by task-irrelevant gaze
cues (Lee et al,, 2015; Ossmann & Mulligan, 2003), often co-
occurring with deficits in response inhibition and prefrontal
executive function (Schneider et al., 2006; Seidman, 2006). Beyond
this, atypical visual scan paths have been shown to impair memory
performance in children with ADHD (Mohammadhasani et al.,
2020). Fabio et al. (2022) demonstrated that children with ADHD
rely more heavily on controlled attentional processes during
visual-motor tasks, which could increase cognitive load and reduce
efficiency. These oculomotor and attentional deficits align with
executive dysfunction models of ADHD (Barkley, 1997), sug-
gesting that top-down control deficits may cascade into broader
sensorimotor and cognitive challenges. Importantly, these oculo-
motor deficits are not restricted to controlled laboratory settings.
Poor oculomotor control including dysmetria and tracking
difficulties has been linked to reading and writing challenges
(Chamorro et al,, 2017; Kim et al., 2019; Langmaid et al., 2014;
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Shen et al,, 2012). This suggests that disruptions in the visuomotor
system have downstream consequences for learning and daily
functioning. Accordingly, understanding oculomotor patterns in
ADHD is essential to identifying how atypical eye movement
patterns may relate to broader neurocognitive and academic
difficulties (Maron et al., 2021). Together, these findings indicate
that ADHD is characterized by broad and domain-general deficits
in oculomotor control.

It is possible that reading difficulties in ADHD are aggravated
by eye movement difficulties, because reading deficits in ADHD
are correlated with working memory performance (Miller et al.,
2013) and because working memory is impacted by eye move-
ments (Moussaoui et al., 2023; Vasquez & Danckert, 2008).

To our knowledge the hypothesis that eye movements disrupt
reading comprehension in ADHD has not been explored. Here we
asked whether participants with ADHD relative to neurotypical
individuals would benefit from a reading condition that requires
little or no eye movements. Specifically, reading during rapid serial
visual presentation (RSVP) presents consecutive words in the
center of a computer screen. Although RSVP is not necessarily
advantageous for neurotypical readers (e.g., Benedetto et al., 2015;
Masson, 1983), the benefits of reading without eye movements
might still outweigh their disadvantages in ADHD. Therefore, in
the present study our first aim was to test whether RSVP reading
relative to normal reading offers more of a benefit in ADHD
compared to control participants. Such an RSVP benefit would
suggest a to-date unnoticed causal relationship between sensori-
motor/attentional processes and cognition in ADHD as well as
open up a new avenue towards aiding students with ADHD in their
academic success besides extended exam times (Brown et al., 2011)
and pharmacological treatment (Sharma & Couture, 2013). Also,
recognizing that medication is a prominent contributor to ADHD
treatment we intended to test whether RSVP reading has benefits
regardless of medication. Thus, identifying simple and scalable
strategies that improve reading comprehension in ADHD could
have important implications for classroom accommodations and
digital learning design.

Methods
Participants

Seventy-six undergraduate students were sampled from the
University of Toronto community. Our target sample size of
about thirty-five participants per group was informed by previous
research on ADHD and reading comprehension as well as
oculomotor deficits in ADHD (Maron et al., 2021; Parks et al.,
2022). There was no prior study to our knowledge that tested the
RSVP benefit in ADHD; thus, a priori power analysis was not
feasible.

All participants were undergraduate students recruited from
the University of Toronto Scarborough (UTSC), a large public
institution in Ontario, Canada. To contextualize the sample, UTSC
is a highly diverse university community. As of recent reports,
approximately 33% of students are international and 67% are
domestic, with international students coming from countries such
as China, India, South Korea, Taiwan, and Vietnam. The average
entering grade is high (87.9%), and nearly half of all students (48%)
receive financial aid through the Ontario Student Assistance
Program (OSAP). Among OSAP recipients, 39% report parental
incomes below $50,000, further reflecting the socioeconomic
diversity of the student population (2016 Census; Statistics
Canada; https://www.statcan.gc.ca/en/start). We present these
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institutional demographics for descriptive context only and do not
infer that our sample is representative of the larger student
population.

All participants gave their written and informed consent to
participate in the study and received a course credit or monetary
compensation ($5/30 min, usually $10). All participants had
normal or corrected-to-normal vision. Thirty-eight of them were
neurotypical participants (22 females; age range: 17 to 36 years,
median = 19.0 years, S.D. = 2.5 years). To be included, they were
required to self-identify as neurotypical, report no history of
ADHD or other neurodevelopmental, learning, or psychiatric
disorders, and not be receiving academic accommodations
through UTSC AccessAbility Services. Neurotypical control
participants were recruited through the UTSC Psychology
Department’s SONA research participation system, where stu-
dents enrolled in eligible courses volunteer for research studies in
exchange for partial course credit. Another thirty-eight partic-
ipants were recruited through the university’s Accessibility
Services, which supports students with documented disabilities,
and were invited to contact the research team directly in response
to approved recruitment advertisements and received monetary
compensation for their time. ADHD participants were required to
have a formal diagnosis of ADHD made by a clinician (21 females,
15 males, and 2 non-binary, age range: 18 to 44 years, median =
23.3, S.D.=4.8). These participants then self-reported whether
their diagnosis was of the inattentive (14 participants), hyperactive
(3 participants), or mixed subtype (20 participants). Consistent
with the known high rates of comorbidity in ADHD (e.g., anxiety,
depression, learning disorders, autism spectrum disorder), thirteen
of the ADHD participants reported one or more additional co-
morbid conditions (depression: 3, obsessive compulsive disorder:
2, anxiety: 4, subependymal nodular heterotopia: 1, cerebral palsy:
2, autism: 3, and learning disorders: 3). We adopted an inclusive
sampling strategy to better reflect the heterogeneity of real-world
ADHD populations (Faraone et al., 2024; Burnford &
Vidnyanszky, 2025; Gillberg et al., 2013; Pallanti & Salerno,
2020; Taanila et al., 2014; Wilens et al., 2002). Participants were not
excluded based on comorbid diagnoses unless the condition
involved major sensory, language, or cognitive impairments that
would prevent comprehension of task instructions. Recruiting
adults with ADHD was challenging, and applying stricter exclusion
criteria would have further limited our sample size and reduced
representation of a common comorbid condition. We report
separate analyses for ADHD participants with and without
comorbidities and acknowledge that these comparisons are
exploratory due to the small and heterogeneous subsamples.
ADHD participants were free to choose whether they took
medication on the day of the experiment or not, for greater
ecological validity. That is, we intended to test the benefits of RSVP
reading in a scenario closer to normal life where each person would
decide on a daily basis whether they take medication (see Results
for separate analyses of ADHD participants with and without
medication). All procedures were approved by the Delegated
Ethics Review Committee of the University of Toronto
Scarborough and were completed in accordance with Helsinki
Declaration.

Stimuli and procedures

The study was conducted online. Previous research has shown that
online testing if conducted properly produces data that have
similar reliability as data collected in lab settings (Anwyl-Irvine
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et al,, 2020; Krantz & Dalal, 2000; Meyerson & Tryon, 2003). To
optimize experimental control, participants were asked several
days prior to joining the experiment to be well rested and arrange
for a comfortable and distraction-free environment while using a
computer (laptop or desktop, no tablet or smartphone) of their
own choice. For their computer participants were also asked to
have Zoom installed as well as to download the Inquisit player
(Millisecond Software). Participants then joined a one-on-one
online meeting with one of the experimenters and were monitored
with the webcam feature on Zoom. Participants used Inquisit to
respond to a participant information questionnaire, followed by
the ADHD Self-Report Scale-V1.1 and the Matrices Abstract
Reasoning Test as well as the reading experiment. Furthermore,
because convergence insufficiency has been found to have a
prevalence of 15% in ADHD (Granet et al., 2005) we administered
the convergence insufficiency symptom survey in the ADHD
group (4 participants were unable to complete the survey due to
technical difficulties).

ADHD questionnaire

Each participant completed the Adult ADHD Self-Report Scape
(ASRS-v1.1) to assess ADHD symptoms in adults (Kessler et al.,
2005). The ASRS-v1.1 test is based on the Diagnostic and Statistical
Manual of Mental Disorders Text Revision Fourth Edition (DSM-
IV-TR) and consists of eighteen questions of which the first six
questions (ASRS Part A) are considered to be most predictive of
ADHD. ASRS Part B captures supplementary information about
ADHD symptoms.

Matrices abstract reasoning test (MART)

The MART is a subset of the International Cognitive Ability
Resource (Condon & Revelle, 2014) and consists of 11 tasks that,
similar to the Standard Progressive Matrices, require the
completion of 3-by-3 arrays of geometric patterns. The MART
measures cognitive abilities, more specifically, general intelligence
(Bors & Stokes, 1998; Condon & Revelle, 2014; Dworak et al., 2021;
Hamel & Schmittmann, 2006).

Convergence insufficiency symptom survey (CISS)

The CISS is a 15-question survey (e.g., Rouse et al., 2004; see
table S1) used to identify and quantify symptoms of convergence
insufficiency (CI). CI involves difficulties to focus on nearby
objects because of a decreased ability to converge the eyes. Scores
larger than 21 indicate a clinical level of CI (Bolding et al., 2012;
Horwood et al.,, 2014; Rouse et al., 2004)

Reading comprehension task

The reading experiment required participants to read text passages
and answer multiple-choice questions with four alternatives about
their content. We selected a reading comprehension task because it
engages the full range of cognitive processes involved in
naturalistic reading, including attentional control, eye movement
coordination, memory, and semantic integration. This method
provides a direct measure of reading outcomes. This allowed us to
evaluate whether reducing the need for eye movements affects
comprehension itself, rather than only speed or accuracy on more
basic tasks like word naming or lexical decisions that do not require
saccades. Importantly, the study was conducted during the
COVID-19 pandemic, when in-person testing and eye-tracking
was not feasible. A reading comprehension task thus offered an
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ecologically valid and practically feasible way to investigate eye
movement demands in a remote, webcam-monitored setting. The
passages were each 142 words long on average (SD = 4.64). Initially
30 passages were adopted and modified from Wikipedia articles.
These passages were selected to reflect an intermediate reading
level for undergraduate university students using the same
multiple-choice comprehension format employed in the main
study (i.e., one four-alternative question following each passage).
Topics were intentionally varied to span a broad range of
knowledge domains, including science, history, literature and the
arts, and social issues. This pilot experiment was tested on a
separate group of undergraduate participants. All passages were
written in language appropriate for a university population and
were empirically selected based on pilot performance. Readability
indices (Flesch Reading Ease, Flesch-Kincaid Grade Level, SMOG,
Dale-Chall) were computed for the passages (e.g., Flesch, 1948;
Noblin et al.,, 2022). On average, passages had a Flesch Reading
Ease of 36.3 (SD = 11.6), Flesch-Kincaid grade level of 13.8 (SD =
2.3), SMOG index of 15.5 (SD = 2.0), and Dale—Chall score of 18.4
(SD = 6.4; see Supplementary Table 9). These values indicate that
the materials were consistently at a college-level reading difficulty,
appropriate for our undergraduate sample, with modest variability
across passages. All questions were constructed to assess explicit
information presented directly in the passages and required
integration of specific facts, causal relationships, or key arguments
that appeared in the body of the text. A first pilot experiment was
conducted (font style: Courier New, size: 2.5% of the screen height,
black on white, constant presentation time: 60 seconds; for
additional display parameters see “fully visible reading” condition
in the next paragraph). The purpose of pilot 1 was to find passages
with an intermediate level of difficulty of about 62.5% accuracy (i.e,
the midpoint between perfect performance and guessing rate) to
avoid ceiling or floor performance, resulting in the selection of the 21
passages closest to that difficulty. For the 21 passages, a second pilot
experiment then observed intermediate response accuracies for a
wide range of presentations times. That is, for presentations times of
25, 30, 40, 50, 60, and 70 s, performance was 62.7% on average with
minimal deviation across those times (SD = 1.29%), suggesting that
presentation time within a wide range had close to no influence on
comprehension. For that reason and to keep the total time of the
main experiment to about 1 hour, we decided on a relatively short
presentation time. Specifically, during normal text reading (FULL
condition) presentation time was always 35 s per passage regardless
of numbers of words in a given passage. During the PACED and
RSVP conditions presentation time varied slightly because total time
depended on the presentation time of each word which was set to
0.25 s (regardless of numbers of syllables or letters, i.e., 35 s / 142
words & 0.25 s equivalent to 15 frames on a 60 Hz monitor; note that
this created a small rounding error of additional 0.6 s on average).

During the experiment, reading comprehension was captured
by randomly distributing (without replacement) the 21 passages
across three reading conditions. One could argue that the number
of passages per condition (seven) is modest. However, psycho-
metric analysis showed that comprehension scores reached a
Cronbach’s alpha as well as split-half reliability of 0.74. These
values are generally considered acceptable for experimental tasks of
this kind. Importantly, the values are likely conservative estimates,
as they were calculated across all experimental conditions rather
than within condition, which probably attenuates internal
consistency. Thus, despite the limited number of passages per
condition, the task provides a reliable measure of comprehension
performance suitable for examining group and condition effects.
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Over two thousand years ago, Arab spice traders told enticing tales
dedicated to spices such as cinnamon. They would go on about the
trials and tribulations associated with cinnamon sticks, perhaps
attempting to ward off Greek and Roman competitors, and to elevate
and mystify cinnamon and its source. Today, it might seem peculiar
that as qgly 1 as a spice would require
this form of guarding. The secret to the sources of spices could not

be kept for long, as Europsan explorers discoversd that spices were
plentiful and it would be easier to access this resource by doing
away with the Arabs. Mot only did this result in a lasting change
into the European diet, but it also changed the definition of wealth,
as cnly the rich and powerful were able to access these exotic
commodities before spices made their way to the homes of commoners.

(C)

Figure 1. Three reading tasks. The figure depicts the experimental reading conditions.
(A) FULL, (B) PACED, (C) RSVP.

Each condition presented words with the same font style and
size as in the pilot studies but varied in sensorimotor demands
(Figure 1): In the fully visible reading condition (FULL),
experimental trials presented participants with a text paragraph
for 35 s, followed by a new screen that presented a multiple-choice
question to test reading comprehension. Participants had two
minutes to select the correct answer (using their computer mouse
or touch pad) and to confirm their choice by clicking a “continue”
button. Next, they saw a “Spacebar” prompt in the center of the
screen. Participants were free to press the spacebar on their
keyboard whenever they were ready to move on to the next trial for
a total of seven trials/text passages.

Likewise, in the PACED condition each trial presented a text
passage on the screen with the spatial layout of a paragraph.
Instead of words, however, horizontal lines equal in length to the
respective word appeared as placeholders for 500 ms. Then one
placeholder at a time (starting from the top left) was replaced by
the respective word for about 250 ms (depending on the refresh
rate of each participant’s monitor). Thereafter, the placeholder re-
appeared to completely mask the word once again, and the next
word was revealed in the normal order of the text until all words
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had been shown. This way, participants were required to make eye
movements to each word similar to eye movements during normal
reading, except no regressive eye movements to previously
presented words (e.g., Frazier & Rayner, 1982) or previews of
future words (Rayner, 1975) were possible — unlike in the FULL
condition. However, similar to the FULL condition, the PACED
condition preserved spatial certainty and layout. That is, with the
help of the line placeholders participants could predict the center of
mass of each future word and, thus, plan eye movements. In
addition, the lines conveyed information about where each word
was placed relative to the paragraph as a whole. That said, one
could argue that the placeholders created unwanted visual
distraction. However, the lines should have been less distracting
than the surrounding words in the FULL condition because lines
are more dissimilar to words than words to one another. At the
same time, the words suddenly appearing in the PACED condition
(also see RSVP condition) created visual transients that should
have been substantially more salient than continuously visible
lines. In sum, the advantages of the placeholders outweighed the
disadvantages.

Finally, similar to the PACED condition the RSVP condition
showed single words for 250 ms each. However, each trial started
with a plus (2.5% of screen height) in the center of the screen for
500 ms, followed by every word of a given passage appearing, one at
atime, in that same central position, i.e., without the spatial context
of the paragraph. Alternatively, we could have placed words
centered on their optimal viewing point (OVP) which tends to be
between the beginning and the middle of a word (e.g., Brysbaert &
Nazir, 2005; for the limited effectiveness of OVPs during RSVP:
Benedetto et al., 2015). However, that would have meant that the
center of mass of the words shifted with each word and, thus, could
have triggered involuntary shifts of the eyes and of attention. Also,
to avoid that words masked one another, to approximate saccadic
suppression of vision (e.g., Burr et al, 1994; Frost & Niemeier,
2015) as well as to minimize the subjective impression that the
“inner voice” during reading appeared as too “robotic,” we used 50
ms gaps in the display. Thus, the RSVP condition had participants
read the text with a minimal (or no) need to make eye movements
during a given trial. In addition, participants were explicitly
instructed to focus on the center of the screen during word
presentation (as approximately confirmed by the experimenter via
Zoom) and to attend carefully to each passage in preparation for a
comprehension question. Also, given the brief presentation time of
individual words similar to typical saccade latencies, a strategy of
scanning words with multiple fixations would have been highly
inefficient and thus unlikely. However, precise foveation could not
be verified.

Trials of all three reading conditions were presented in a
blocked fashion and the order of blocks was randomized across
participants. Furthermore, to check the randomness of text
passages being distributed across reading conditions we used
two-sample Kolmogorov-Smirnov tests and found no significant
differences between the ADHD and the control group (FULL:
D (868) = 0.0378, p = 0.9695; PACED: D (868) = 0.0931,
p = 0.1080; RSVP: D (868) = 0.0771, p = 0.2696).

Statistical analysis

All statistical analyses were performed using RStudio (Version
2022.07.1.554) and IBM SPSS Statistics (Version 29.0; IBM Corp.,
2022). To analyze reading comprehension performance (scored as
binary correct/incorrect responses), we used generalized linear
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mixed models (GLMMs) with a binomial link function. These
models included a fixed within-subjects factor of Task Condition
(FULL, PACED, RSVP) and, where appropriate, a between-
subjects factor of Group (e.g., ADHD vs. control, medicated vs.
unmedicated). Subject ID was modeled as a random intercept to
account for individual variability and repeated measures.

We chose GLMMs over traditional ANOVAs because they are
better suited to the structure of our data. In particular, GLMM:s can
handle binary outcome variables like comprehension accuracy and
account for trial-level noise and individual differences via random
effects. In contrast, ANOVAs assumes continuous, normally
distributed outcomes that typically requires averaging across trials,
which can obscure variability and reduce sensitivity (Baayen et al.,
2008; Barr et al., 2013).

Our main approach involved likelihood ratio chi-square tests
comparing nested models. Specifically, we assessed whether adding
task condition, group, or their interaction significantly improved
model fit relative to simpler models (e.g., intercept-only or main
effects only). Fixed effect estimates, standard errors, and Wald z-
tests are reported; however, our main conclusions are based on
these model comparisons.

To rule out the possibility that the RSVP benefit was the simple
consequence of a oculomotor control deficit, convergence
insufficiency, we conducted a series of analyses testing for a
potential statistical relationship between comprehension scores
and scores from the Convergence Insufficiency Symptom Survey
(CISS) within the ADHD group. Furthermore, because the CISS is
based in part on questions inquiring about difficulties during
reading, potentially capturing cognitive-linguistic challenges aside
from purely motor control difficulties, we also conducted an
exploratory principal component analysis (PCA) on the CISS
scores to better understand its data structure. The PCA was
performed using IBM SPSS Statistics (Version 29.0; IBM Corp.,
2022), with components extracted based on standard criteria
(eigenvalues > 1) and varimax rotation to improve interpretability.
Removing a component that mainly reflected cognitive variance in
the data, we then calculated a modified CISS score that arguably
more purely captured oculomotor difficulties and re-computed
correlations with RSVP comprehension accuracy. Although this
analysis was exploratory, it was included to examine whether latent
symptom dimensions might help explain individual differences in
reading performance. Crucially, we used the PCA to reduce the risk
of a type II error with respect to the observed null result (i.e., no
correlation between CISS and RSVP benefit).

Results

MART scores revealed no difference between control and ADHD
participants (t(74) = —0.70; p = 0.48; Cohen’s d = 0.16; see
Table 1), suggesting comparable levels of general intelligence in
both participant groups. In contrast, participants with ADHD
scored significantly higher on the ADHD scale relative to controls
(t(74) = —7.43; p < 0.001; Cohen’s d = 1.70).

To inspect the reading performance data, we first compared
medicated versus not medicated ADHD participants (Figure 2A)
using GLMM with a binomial link function with a fixed within-
subjects factor Task Condition (FULL, PACED and RSVP), and a
between-subjects factor Group (here: medicated vs. not medicated;
for details: Table S2). Relative to the intercept model, there was a
trend for the task effect model ()4 = 5.67, p = 0.058). Crucially
however, there was no medication status effect (y33 = 1.97, p =
0.16). Also, the model that included the interaction did not explain
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Table 1. Descriptive statistics for primary measures by group
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ADHD Scale MART CISS FULL Reading PACED Reading RSVP Reading
ADHD Mean 16.42* 0.60 28.00 0.72 0.68 0.77*
St. dev 1.65 0.25 10.29 0.24 0.21 0.23
Controls Mean 13.18%* 0.64 27.80 0.65 0.64 0.59%*
St. dev 2.11 0.22 10.80 0.22 0.21 0.23

Note: Values reflect group means and standard deviations (in italics) for the ADHD and control groups on all primary dependent measures. * Indicates significant group differences. The ADHD
Scale refers to the ADHD Self-Report Scale (ASRS-v1.1); MART = Matrices Abstract Reasoning Test; CISS = Convergence Insufficiency Symptom Survey. Reading accuracy values reflect the

proportion of correct responses for each presentation condition (FULL, PACED, RSVP).
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Figure 2. Comprehension in the reading experiment. (A) medicated vs. unmedicated participants with ADHD, B) ADHD participants with and without comorbidities, and (C) ADHD

group vs. control. Error bars indicate standard errors.

more than the model that consisted of the main effects alone (33, =
3.22, p =0.20). Second, we found that ADHD participants with and
without comorbidities did not differ significantly from one another
(Figure. 2B): relative to the intercept, there was no co-morbidity
effect (35 = 0.005, p = 0.818), and the model that included the
interaction did not explain more than the model that consisted of
the main effects (y%, = 2.02, p = 0.36; for details: Table S3). For
exploratory comparisons between ADHD subtypes (combined and
inattentive; note that only three participants identified as hyper-
active), please see the Supplementary Material (Table S4 and
Figure S1).

Figure 2C shows reading performance in the ADHD group as a
whole compared to control participants suggesting that partic-
ipants with ADHD performed better, especially in the RSVP
condition. Indeed, relative to the intercept, there was a significant
group main effect (3 ; = 18.87, p < 0.001). However, there was no
main effect of task (x4 = 0.505, p = 0.78; Table 2), suggesting that
the small differences in presentation time and variability across
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tasks had little influence on performance, consistent with our pilot
data. Most importantly, the model that included the interaction
significantly explained more than the model that just consisted of
the main effects (%, = 7.58, p = 0.022).

To explore post-hoc the interaction we used a linear contrast
approach. To this end we first compared conditions where
participants needed to make saccades (FULL and PACED) to the
minimized eye movement condition (RSVP) in line with our a-
priori assumption that participants with ADHD are impacted by
eye movements (for the second part of the linear contrast we
compared FULL vs. PACED, see later). The model that included
the interaction significantly explained more than the model that
just consisted of the main effects (x4 5 = 7.26, p = 0.007, significant
after serial Bonferroni correction) (see Table S5). This shows that,
relative to controls, there was an RSVP benefit in ADHD.
Expressed in numbers, relative to the saccade conditions ADHD
participants improved by 6.96% whereas controls got worse by
5.82% thus amounting to a relative benefit of 12.78%.
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Table 2. Generalized Linear Mixed Model: All Participants
Regression Estimates - Group and Reading Condition

Sth.  Wwald
Predictor Estimate  Error z P
Fixed effects:
Intercept 0.79 0.10 7.80 <.001%%%*
Group
ADHD versus Control 0.49 0.11 436 <.001%**
Task
PACED versus FULL —0.09 0.13 —-0.70 0.49
RSVP versus FULL 0.01 0.14 0.08 0.94
Interaction
PACED versus FULL*ADHD -0.15 0.27  -0.57 0.57

versus Control
RSVP versus FULL*ADHD 0.56 0.27 2.05
versus Control

0.04*

Note: Subject ID as random effect, with variance = 0.27, S.D. =0.51. Control and FULL
modeled as reference groups. ***p < 0.001, ** p < 0.01

To test whether separate RSVP benefits and disadvantages
existed in the ADHD and the control group, respectively, two
additional follow-up GLMM:s were run separately for ADHD and
control participants comparing performance on the FULL and
PACED task to the performance on the RSVP task. Relative to the
intercept, ADHD participants displayed a main effect of task
(x33 = 4.86, p = 0.027; Table S6), suggesting that ADHD
participants had better comprehension without eye movements
than with eye movements. By contrast, control participants
showed a non-significant trend for worse comprehension in the
RSVP condition relative to the other conditions (x3s = 2.82,
p = 0.09; Table S7).

We also compared the FULL and PACED conditions (as the
second part of the linear contrast). The model that included the
interaction did not explain more than the model that just consisted
of the main effects (x%5 = 0.09, p = 0.77) (see Table S8). Together,
these post-hoc analyses show that participants with ADHD
benefitted from the RSVP condition more than the FULL or the
PACED condition, whereas control participants showed no
reliable difference in comprehension.

Because the ADHD group had a higher ratio of male
participants than the control group, we also compared reading
performance of female and male participants. In neither of the two
groups did we observe gender-specific differences (ADHD group:
x33 = 0.07, p = 0.79; control group: x35<0.01, p = 0.99). This
shows that the RSVP benefit in the ADHD group is not due to
having more male participants.

Finally, we tested whether the RSVP benefit in ADHD was
statistically explained by different degrees of convergence
insufficiency as captured with the CISS. A total of 25 out of the
34 ADHD participants who completed the CISS showed a score
larger than 21 which is indicative of a clinical level of CI (Bolding
etal,, 2012; Horwood et al., 2014; Rouse et al., 2004). Inspecting the
reading performance data in the participants with lower CISS
scores still revealed an RSVP benefit that was comparable to that of
participants with higher scores (5.61% vs. 8.00% respectively).
Furthermore, we found that CISS scores correlated with the FULL
as well as the RSVP condition (r = —0.61, p < 0.001, and
r = —0.377, p = 0.028, respectively), whereas the scores did not
correlate with the PACED task (r = —0.21, p = 0.22). Crucially,
CISS scores did not correlate with the RSVP benefit (performance
in the FULL and PACED conditions relative to RSVP; r = 0.131,
p = 0.46). Because only CISS scores but no formal diagnosis of
convergence insufficiency was available for our study, we next
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Table 3. Rotated Component Matrix of PCA

Component

CISS Questions 1 2 3 4

Question 1 0.645 0.592 0.045 0.144
Question 2 0.358 0.681 0.276 0.120
Question 3 —0.084 0.771 0.105 0.386
Question 4 0.340 0.723 0.268 0.100
Question 5 0.474 0.469 0.455 0.079
Question 6 —0.065 0.101 0.779 0.270
Question 7 0.285 0.203 0.107 0.684
Question 8 0.102 0.096 0.330 0.811
Question 9 0.611 —0.014 0.404 —0.130
Question 10 0.787 0.336 0.023 0.232
Question 11 0.829 0.347 0.092 0.218
Question 12 0.106 0.153 —0.070 0.803
Question 13 0.670 0.014 0.211 0.264
Question 14 0.376 0.173 0.751 0.078
Question 15 0.266 0.418 0.739 —0.014

Note: Considered component loads larger than 0.47 (bolded).

examined the CISS more closely. Given that many of its questions
asked about reading difficulties it is possible that the survey did not
measure purely oculomotor difficulties but cognitive-linguistic
challenges with reading as well, or that our participants, sensitized
by their participation in a reading study, responded in a biased
manner to survey items about reading. Therefore, we ran a PCA
that extracted four components (eigenvalues: 6.54, 1.68, 1.42, and
1.04 respectively; 71.2% of total variance explained; Varimax
rotation; Table 3 and see supplementary Table 2). Based on these
results component 3 seemed to capture cognitive difficulties,
whereas the other components seemed to reflect more oculo-motor
difficulties and visual aspects of reading difficulties. For that
reason, we removed component 3 and only summed over the factor
scores for components 1, 2, and 4 as an alternative CISS score. We
correlated this modified CISS measure with the RSVP benefit. Still
no significant correlation was observed (r = 0.11, p = 0.58),
suggesting that CI has a negligible, if any, influence on the RSVP
benefit.

Discussion

We tested the hypothesis that eye movements during reading
might be disruptive to reading comprehension in individuals with
ADHD. To this end we had undergraduate students with and
without ADHD read short paragraphs in a FULL condition with
normal text reading, in a PACED condition that retained the
spatial structure of the paragraph but revealed only one word at a
time, and in an RSVP condition where the spatial structure was
broken up and all words appeared in the center of the screen in a
consecutive manner, thereby requiring minimal eye movements.
We observed that in the RSVP condition ADHD participants
performed better than in the two other conditions that made eye
movements necessary. In contrast, control subjects showed the
opposite pattern; they showed a trend for greater difficulties with
RSVP reading as opposed to reading with eye movements such that
the relative RSVP benefit in ADHD amounted to a drastic
improvement in comprehension of about 13% compared to
controls. As we will argue, these results suggest that in ADHD eye
movements interfere with reading comprehension and that the
interference can be avoided in the RSVP condition.

However, before discussing how this RSVP benefit in ADHD
might arise from the absence of eye movements, five alternative
interpretations of the RSVP benefit unrelated to eye movements
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should be considered. First, flashing words RSVP style might have
an alerting effect on ADHD participants and, thus, improve
sustained attention. Challenges with sustained attention can be a
predictor of poor reading performance (Stern & Shalev, 2013) and
are often observed in ADHD (e.g., these challenges can be reflected
in diminished suppression of microsaccades in anticipation of
upcoming events in ADHD; Dankner et al., 2017; Fried et al,,
2014). Second, perhaps RSVP reading removes visuo-attentional
distractions that otherwise would impact normal reading. That is,
normal text paragraphs might present visually complex images
that reflexively attract attention thereby impeding the typical flow
of reading in ADHD. Third, it is possible that RSVP reading
removes distractions on a level of cognitive-linguistic processes
that impacts paragraphs reading in ADHD. That is, during normal
reading the preview of future, not yet fixated words (and the
opportunity for regressions, i.e., to go back to and re-read earlier
words) is often beneficial (Benedetto et al., 2015). But it might help
ADHD readers to be forced to focus on one word at a time during
RSVP. Fourth, ADHD participants might have had poorer
strategic abilities to time their reading speed. That is, because
the present reading experiment limited the time for reading,
ADHD participants might have been less sure about how fast or
slow to read the paragraphs to make optimal use of their time in the
FULL condition whereas in the RSVP condition no such strategic
challenge existed. Fifth, the RSVP format may have benefited
ADHD participants simply because it was novel. Individuals with
ADHD are often more responsive to novel or stimulating tasks
which can enhance motivation and cognitive engagement (e.g.,
Zentall, 2005). This may have made the RSVP condition more
engaging for ADHD participants relative to controls, potentially
amplifying their attention and efforts. However, all five inter-
pretations of the RSVP benefit are at odds with the fact that the
PACED condition too was novel and flashed words on the screen
which should have alerted participants as well as guided their
attention and PACED reading too did not permit previews or
regressions like RSVP reading while removing the strategic
necessity to time one’s own reading speed. Nevertheless,
PACED reading produced no benefit relative to normal text
reading. In sum, our results are difficult to reconcile with an
explanation that is unrelated to eye movements. Instead, our
results suggest that linguistic and working memory processes
involved in reading (Miller et al., 2013) are impacted in ADHD due
to interference with programming and/or executing eye
movements.

Several aspects of eye movements seem to be affected in ADHD
and could contribute to reading difficulties. Some individuals with
ADHD show altered coordination of the two eyes. Granet et al.
(2005) noted that the prevalence of clinical convergence
insufficiency (CI) in ADHD was 15%. This is consistent with a
recent eye movement study on reading that reported differences in
vergence movements in ADHD children compared to controls
(Molina et al, 2020; for an attention-based lack of vergence
movements see Solé Puig et al., 2015). Furthermore, reading is a
typical task where a clinical level of CI is noticed with various
symptoms such as unstable vision and blurred or moving words,
discomfort of the eyes and headaches as well as sleepiness (Rouse
et al.,, 2004). Therefore, in the present study we considered the
possibility that eye movements during normal reading might cause
blurred or double vision in ADHD, hence explaining the benefit of
the RSVP condition that required no eye movements. However, we
found no support for the idea that the RSVP benefit was driven by
CI in the subgroup of our ADHD participants with potentially
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clinical levels of CI. There was no evidence that CI scores were
correlated with the RSVP benefit, even when we conducted a more
in-depth analysis of the CI scores, arguably removing possible
cognitive confounds in the score. This approach reflected a good-
faith attempt to challenge the null result of no correlation between
CI scores and RSVP benefits. Indeed, trying to disprove the null
finding through such an additional, structured analysis, and still
failing to find supporting evidence for a correlation, offers
increased confidence that the RSVP benefit is truly unrelated to CL

Another form of eye movement deficit concerns overt orienting
during visually guided saccade tasks where individuals with ADHD
exhibit longer and more variable latencies relative to neurotypical
participants (e.g., Mostofsky et al., 2001; Munoz et al., 2003). These
difficulties might be mirrored in slower covert orienting of
attention as found in some studies (Brewer et al., 2001; McDonald
et al,, 1999; Nigg et al., 1997; Oberlin et al., 2005; Tomporowski
et al,, 1994; Wood, 1999) and a diminished natural asymmetry of
visuo-spatial attentional functions (e.g., Chen & Niemeier, 2017).
Thus, it is possible that making eye movements and shifting
attention is harder in ADHD such that reading turns into a dual
task of spatially shifting behavior and concurrent semantic
processing. As a caveat though, several other studies have reported
slower covert orienting to one side only, only during re-directing of
attention, or no deficits at all (Aman et al., 1998; Carter et al., 1995;
Epstein et al, 1997; Epstein et al., 2001; Novak et al., 1995; Pearson
etal.,, 1995; Roberts et al., 2017; Swanson et al., 1991). For now, it is
unclear whether these inconsistencies potentially arose from
differences in paradigms, small group sizes, or publication biases.
As another possible factor, some studies might have found normal
orienting in ADHD because their participants were recruited from
a population of high-functioning individuals. But if so, it would be
also unlikely that the RSVP benefit reflects orienting difficulties in
the current study because our participants were recruited from a
pool of university students (more on recruitment biases later).
Future research will have to clarify whether slow orienting of eyes
and attention contributes to the RSVP benefit.

As a third eye movement deficit, individuals with ADHD seem
to have difficulties with executive levels of oculomotor control.
They have been found to make unwanted anticipatory eye
movements during memory-guided saccade tasks (Castellanos
et al., 2000; Mostofsky et al., 2001; Rommelse et al., 2008a; Ross
et al., 1994) or during tasks requiring prolonged fixation (e.g.,
Munoz et al,, 2003). Furthermore, a review by Rommelse et al.
(2008b) found that in a majority of studies examining antisaccades
individuals with ADHD made directional errors. These deficits
might point at difficulties with response inhibition and sustained
attention as an underlying cause. Therefore, it is possible that
ADHD participants in our study, in an effort to make functional
saccades during reading and avoid unwanted saccades elsewhere,
over-activated frontal cortical regions associated with oculomotor
control that then interfered with working memory. Working
memory is a predictor of reading performance in ADHD (Miller
et al,, 2013), and saccadic eye movements are known to be
disruptive in transsaccadic working memory tasks (Moussaoui
etal,, 2022; Vasques & Danckert, 2008). This saccadic disruption of
working memory might be more severe in ADHD than in controls
and affect spatial and non-spatial contents of memory. Once again,
more research is required to investigate this possibility.

Further research is also required to test whether the RSVP
benefit generalizes to other reading speeds. Our pilot tests
suggested that comprehension was little influenced by a relatively
wide range of presentation times, implying that the RSVP benefit is
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fairly robust to different speeds. Nevertheless, it is possible that the
time constraints created a contrived situation that is different from
daily life where reading is often timed based on individual abilities.
Future studies should therefore test whether RSVP reading
remains beneficial under more flexible conditions.

It is also important to consider whether differences in total
reading time across conditions could explain the observed effects.
While presentation timing varied slightly across formats due to
imperfections in the experimental design, it was not reflected in a
main effect of task on comprehension, also consistent with our
pilot studies that showed a limited effect of presentation time on
performance for a wide range of times. Instead, we observed a
group-by-task interaction between RSVP and the other conditions:
participants with ADHD benefited from the RSVP condition,
while neurotypical controls showed a trend for reduced RSVP
comprehension. This crossover pattern cannot be explained by
presentation time differences.

To-date unclear is whether the RSVP benefit generalizes to
other participants. Recruiting a sample from university students
might have created recruitment biases and generalizability
limitations. What is more, there likely was a recruitment bias
between our two participant groups because we found that ADHD
participants overall were better at reading than neurotypical
controls when in the general population the opposite should be
expected. The reason for this observation likely has to do with our
ADHD participants being more motivated, often showing a keen
personal interest in the research topic, and the fact that many of
them came from other departments, such as the English depart-
ment, whereas control participants were recruited from introduc-
tory psychology courses. Although recruitment biases would not
explain the RSVP benefit in ADHD, it remains to be seen whether
with greater representativeness relative to the general population
the RSVP benefit is different, arguably greater than observed here.
For that reason, future work should replicate this paradigm in
larger and more diverse populations, including younger age groups
and individuals with different academic profiles.

Testing younger age groups will also be interesting because
ADHD of the hyperactive subtype should be more common. In the
present study we observed no comprehension differences between
subtypes. However, there only were three participants of the
hyperactive subtype. Interestingly, numerically these participants
showed rather different comprehension patterns and potentially
no RSVP benefit. Therefore, future studies should revisit the
question whether the RSVP benefit might depend on the subtype
of ADHD.

One common feature in ADHD is its heterogeneity. Although
our inclusive sampling approach reflects real-world heterogeneity
of ADHD, it also introduces variability that may obscure subtle
differences. Future research could benefit from recruiting more
narrowly defined ‘pure’ ADHD samples, which would exclude
individuals with comorbid conditions in order to isolate specific
cognitive or oculomotor mechanisms. However, we note that this
may reduce generalizability and introduce new sampling biases,
particularly given that comorbidities are highly prevalent in
ADHD populations (e.g., Faraone et al., 2024; Pallanti & Salerno,
2020). This trade-off between experimental control and ecological
validity should be considered carefully in the design of future
studies.

We also acknowledge a potential methodological limitation in
our measure of reading comprehension requiring a response to a
single multiple-choice question following short passages provides
a limited approximation of deeper semantic understanding. We
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selected this format because it is widely used in ADHD and
reading research, and because it provides an ecologically relevant
measure of reading outcomes. For example, Brown et al. (2011)
employed a standardized multiple-choice instrument (Nelson-
Denny), although other forms of measures have been used such as
a free-recall paradigm (Miller et al., 2013). Importantly, we were
constrained by the need to keep the total session time within
approximately one hour to accommodate participants with
ADHD and minimize fatigue. This time window, which included
pre-task questionnaires and cognitive measures, restricted the
number of passages and items we could feasibly include.
Although our comprehension items were piloted for consistency
and moderate difficulty, future research should incorporate a
more extensive reading battery incorporating various measures of
comprehension.

Finally, this study represents an initial step toward under-
standing how oculomotor demands influence reading compre-
hension in ADHD. While our findings offer promising insights,
they also raise important questions about underlying mechanisms.
Future work should incorporate standardized assessments of
decoding and reading fluency, as well as direct eye-tracking
measures, to more precisely characterize how eye movement
control relates to comprehension as well as to associated cognitive
functions such as working memory across saccadic eye movements
(e.g., Frost et al, 2019; Moussaoui et al., 2023). Although our
comprehension task was brief and not a standardized instrument
such as the Nelson-Denny (used in Brown et al, 2011), we
demonstrated that it had acceptable internal consistency. Future
work should replicate these findings using longer and standardized
reading batteries. This will help clarify whether the observed RSVP
benefit in ADHD reflects reduced oculomotor demands, enhanced
attentional focus, or working memory. Together, this will advance
a mechanistic understanding of reading difficulties in ADHD and
support the development of more targeted and evidence-based
interventions.

In conclusion, in the present study we observed a marked
improvement in reading comprehension when participants with
ADHD were able to avoid eye movements, arguably because
normal reading constitutes a dual task or because eye movement
control during reading interferes with cognitive processes. We
argue that RSVP reading might be a way in which individuals with
ADHD could improve their academic success.

Supplementary material. The supplementary material for this article can be
found at https://doi.org/10.1017/S1355617725101628.
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