Applied Ergonomics 90 (2021) 103152

ELSEVIER

Contents lists available at ScienceDirect
Applied Ergonomics

journal homepage: http://www.elsevier.com/locate/apergo

Applied §
Ergonomics

Check for

Symptoms of convergence and accommodative insufficiency predict e
engagement and cognitive fatigue during complex task performance with

and without automation

Kyle A. Bernhardt , Dmitri Poltavski

Department of Psychology, University of North Dakota, 501 North Columbia Rd, Stop 8380, Grand Forks, ND, 58202, USA

ARTICLE INFO ABSTRACT

Keywords: Deficits in the accommodative and/or vergence responses have been linked with inattentive behavioral symp-
Convergence toms. While using automated systems (e.g., self-driving cars, autopilot), operators (e.g., drivers, pilots, soldiers)
Accommodation

visually monitor displays for critical changes, making deficits in the accommodative and/or vergence responses
potentially hazardous for individuals remaining actively engaged in the task at hand. The purpose of this study
was to determine if symptoms of accommodative-vergence deficits predict an individual's level of task
engagement and cognitive fatigue while performing a flight simulation task with or without automation. Eighty-
four participants performed a flight simulation task with or without automation. Prior to task completion, self-
report accommodative-convergence deficit symptoms were assessed with the Convergence Insufficiency Symp-
tom Survey (CISS). Before and after the flight simulation task participants rated their task engagement and
cognitive fatigue. Electroencephalographic activity (EEG) was recorded concurrently during task performance.
Results showed that higher scores on the CISS were related to increased feelings of fatigue and decreased ratings
of task engagement. The CISS was also positively related to parietal-occipital fast alpha power during the last 10
min of the task for participants using automation, suggesting increased cortical idling. CISS scores did not predict
performance. Results have implications for optimizing operator cognitive states over extended task performance.
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1. Introduction

The visual system plays a vital role in an operator’s ability to suc-
cessfully perform tasks. For instance, pilots scan instruments during
flight and drivers continuously integrate visual information from the
road to safely maneuver an automobile. Two of the oculomotor re-
sponses critical for human operators are the accommodative and ver-
gence responses. Accommodation occurs when the shape of the
crystaline lens changes as an adaptation to near or far foveal (focused)
vision as the ciliary muscles surrounding the lens of the eye relax or
contract, thereby changing the tightness of the zonular fibers that attach
to the lens and act as suspensory ligaments (Rehman et al., 2019).
Vergence occurs when the eyes move inwards or outwards to maintain a
fused, singular image on the retina. Accommodation and convergence
are coupled physiologically. Through this coupling, when the eyes
accommodate, they also converge and when the eyes converge, they also
accommodate (American Optometric Association, 2011).

A significant amount of research and system design consideration has

been given to reducing operator visual fatigue (asthenopia) to improve
operator comfort and performance (Arvanitis et al., 2007; Blehm et al.,
2005; Dillon and Emurian, 1996; Emoto et al., 2005; Rajabi-Vardanijani
et al., 2014; Rempel et al., 2007; Sommerich et al., 2001; Wang and
Huang, 2004). However, significantly less is known about how the visual
system influences the cognitive states of operators. A review focusing on
virtual image displays by Edgar (2007) asserted that high workload
operational conditions tend to shift accommodation inwards and result
in accommodative strain while operators use virtual image displays (e.
g., heads-up-displays). Recent research has demonstrated that extended
driving can modulate measures of the oculomotor system. Specifically,
Vera et al. (2016) found that participant intraocular pressure decreased
and accommodative lag (a measure of accommodative functioning)
increased from pre to post after performing a 2 h simulated drive,
indicating a decline in accommodation. Moreover, these changes in
ocular parameters were accompanied by increased feelings of fatigue
and reduced arousal. Because the oculomotor system plays a vital role in
operator performance, deficits in oculomotor responses may result in
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suboptimal cognitive states that ultimately influence safety outcomes.
Specifically, individuals with oculomotor deficits may be more suscep-
tible to reductions in sustained attention over time.

1.1. Accommodative and convergence insufficiency and sustained
attention

Previous research has shown that deficits in accommodative and/or
vergence responses may mimic attentional difficulties and behavioral
symptoms characteristic of Attention-Deficit/Hyperactivity Disorder
(ADHD), such as poor concentration and missing details (Borsting et al.,
2005; Poltavski et al., 2016). The most common disorders of the
accommodative and vergence systems include accommodative insuffi-
ciency (AI) and convergence insufficiency (CI). Al is a sensory motor
disorder characterized by an inability to focus or maintain focus at near,
while CI is a sensory motor anomaly linked to deficits in the ability to
attain and/or sustain accurate eye convergence at a near target (Marran
et al., 2006). Al and CI often present with similar symptoms including
image blur, headache, asthenopia, diplopia, and poor concentration
while performing near work (American Optometric Association, 2011;
Daum, 1983, 1984; Hinkley et al., 2016). In two retrospective studies by
Daum (1983, 1984) of patients with AI (n = 96) and CI (n = 110), the
comorbidity rate between the disorders was 65%. Borsting et al. (2003)
provided a more quantitative analysis of the prevalence and severity of
symptoms known to occur both in patients with Al and patients with CL
Using the Convergence Insufficiency Symptom Survey (CISS) of 16
questions and a 3-point scale ranking system for frequency of occur-
rence, Borsting et al. (2003) showed that the comorbidity of Al with CI
that has all three classic clinical CI signs (exophoria at near, a remote
near point of convergence, and decreased fusional amplitudes) was 79%
in their sample of 392 school children aged 8-15 years. A modified
15-question version of CISS was also used to evaluate symptoms in
adults age 19-30 years by comparing a group with symptomatic CI (all
three clinical signs present) to those with normal binocular vision
(Rouse et al., 2004). Excellent discrimination (sensitivity, 97.8%; spec-
ificity, 87%) was obtained using a cutoff score of >21 for adults, which
the researchers recommended to use in 19-30 year olds for evaluation of
symptoms of CI. The results of these studies suggest that the CISS is a
valid and reliable instrument that can be used clinically or as an
outcome measure for research studies for individuals with convergence
and accommodative deficits.

Poltavski et al. (2012) provided experimental support for the link
between accommodative-vergence deficits and sustained attention by
decoupling the accommodative-vergence responses with —2.0 diopter
(D) lenses in healthy adults. Poltavski and colleagues found that par-
ticipants wearing —2.0 D lenses had significantly reduced performance
on a sustained attention task (Conners’ Continuous Performance Test)
and greater accommodative lag, indicating a diminished accommoda-
tive response. Additionally, greater accommodative lag predicted an
increased probability of clinical ADHD diagnosis according to the
behavioral results of the sustained attention task. Similar findings have
recently been reported by Daniel and Kapoula (2019), who showed that
healthy participants under accommodation/vergence conflict had a
greater interference effect on the Stroop test.

In their subsequent study, Poltavski et al. (2016) used a similar
research design with college students grouped according to their CISS
scores into the low and high CISS symptom groups. The results showed
that the high CISS symptom group committed a significantly greater
number of commissions, perseverations, and had worse target detect-
ability on Conners’ Continuous Performance Test than the low CISS
symptom group across both stress (—2.0 D lens) and non-stress sessions
(normal vision).

1.2. Oculomotor functioning, task engagement, and automation

The above findings indicate that accommodative and/or vergence
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deficits may compromise sustained attention. The construct of task
engagement is highly relevant for tasks requiring sustained attention
and vigilance (Matthews et al., 2002). Task engagement refers to a state
in which the operator is actively orientated toward a task (Hockey et al.,
2009) and uses cognitive resources to process task-related stimuli
(Kamzanova et al., 2011). Task engagement includes aspects of energy,
concentration, and motivation (Matthews et al., 2002). A loss of task
engagement puts the operator at risk for distractibility and mind wan-
dering (Matthews et al., 2013), while greater task engagement has been
shown to positively relate to vigilance task performance (Matthews
et al., 2017). Given the results of Poltavski et al. (2012, 2016) and Daniel
and Kapoula (2019) relating oculomotor deficits and their CISS-based
symptoms to compromised sustained attention performance, the ocu-
lomotor system may affect task engagement, an important construct for
several operational environments (e.g., long-haul driving, unmanned
aerial vehicle missions, baggage screeners).

One applied area in which task engagement plays an important role
is the monitoring of automated systems. Researchers have shown that
automated systems can result in reduced task engagement over time
(Neubauer et al., 2012; Saxby et al., 2013) and may compromise vigi-
lance performance (Matthews et al., 2010). Since a large portion of the
information obtained by a human operator is in the visual domain,
disruptions in visual functions vital for carrying out near work (i.e.,
convergence and/or accommodation) may play an important role in
modulating task engagement and affect operator performance when
automated systems are in wuse. Specifically, operators with
accommodative-vergence deficits using automated systems may be
prone to a greater loss of task engagement over time.

The underlying rationale for the link between oculomotor deficits
and task engagement is based on the relationship between stressors, task
engagement, and vigilance performance. Matthews et al. (2017) used
structural equation modeling to test the causal paths between a stressor
(i.e., the common cold), task engagement, and vigilance performance.
Results indicated that task engagement directly impacted vigilance
performance and mediated the effects of stressors on vigilance perfor-
mance. The authors concluded that stressors reduce cognitive resource
availability for operators to remain actively engaged in a task. By
extension, stressors like disruptions in accommodation and/or conver-
gence responses may act in a similar fashion to modulate task engage-
ment by reducing cognitive resource availability through the continuous
adjustment of image blur and/or disparity. Because automated envi-
ronments typically reduce task engagement from the outset,
accommodative-vergence deficits may further hamper task engagement
and compromise safety when operators monitor automated systems.

1.3. EEG correlates of task engagement and visual functioning

Differences in EEG bandwidths (i.e., alpha, beta, theta) have been
shown to relate to certain cognitive states. Cognitive fatigue and task
disengagement are typically accompanied by increases in posterior
brain region alpha bandwidth activity (Barwick et al., 2012; Borghini
et al., 2014; Lal and Craig, 2001; Zhao et al., 2012). Baldwin et al.
(2011) reported that increases in posterior pre-stimulus higher fre-
quency alpha power spectral density (PSD; 10-13 Hz) coincided with
errors committed on a visual search task and reduced feelings of alert-
ness. Fairclough and Venables (2006) found that alpha PSD was nega-
tively related to ratings of task engagement during the latter half of a
flight simulation task. Moreover, increased alpha power in the visual
cortex is thought to reflect reduced cortical excitability (Lange et al.,
2013; Romei et al.,, 2008) and reduced visual processing efficiency
(Ergenoglu et al., 2004; Hanslmayr et al., 2005; van Dijk et al., 2008).
Thus, more engagement, less fatigue, and better visual processing
appear to be accompanied by attenuated alpha power in posterior brain
regions.
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1.4. Current study

While there is an extensive body of literature regarding cognitive
states and automation, substantially less is known about the effects of
oculomotor deficits on operator cognitive states in operational envi-
ronments (e.g., driving, flying an aircraft). Given the relationships be-
tween AI/CI and sustained attention, the purpose of this study was to
determine the extent to which oculomotor symptoms characteristic of
accommodative-vergence deficits, as measured by the Convergence
Insufficiency Symptom Survey (CISS), could predict participant cogni-
tive states during the performance of a 62 min flight simulation task with
or without automation. To assess the cognitive states of participants
during task performance, we used self-report measures and electroen-
cephalography (EEG). Specifically, we sought to determine how much
variability in task engagement and cognitive fatigue could be accounted
for by accommodative-vergence deficit symptoms above and beyond
task characteristics and how the presence or absence of automation in-
teracts with oculomotor symptoms to influence cognitive states.

With the above reviewed literature, we made five predictions. In-
dividuals scoring higher on the CISS would: (1) report being less
engaged in the task, (2) report feeling more fatigued, (3) exhibit
increased posterior EEG alpha power likely in the higher alpha fre-
quency, (4) perform worse when required to respond to high effort
events, and (5) experience reduced engagement, increased fatigue, and
increased posterior fast alpha power more so under conditions when
automation is used.

2. Method
2.1. Participants

Ninety-five undergraduate students were recruited to participate in
this study. Six participants did not complete the study and were
excluded from further analysis. Five participants were excluded for not
possessing 20/20 or corrected to 20/20 vision (evaluated via self-report
visual acuity), resulting in a final usable sample size of 84 (25 men and
59 women) ages 18-30 years old (M = 19.13, SD = 1.92). No partici-
pants reported any form of traumatic brain injury within the past year,
visual pathology, a current diagnosis of ADHD, or use of psychiatric
medication. Approximately half of the participants (n = 44) completed
the study during the morning (08:00-12:00) and the remaining partic-
ipants (n = 40) completed the study during the afternoon (12:00-17:00).
This study was approved by the University of North Dakota institutional
review board. Each participant provided written consent before
participating. Since ecological validity of the present investigation was
not the primary purpose of the study, the researchers did not attempt to
match the age and gender composition of the sample to a particular
operator population.

2.2. Materials

2.2.1. Convergence Insufficiency Symptom Survey

Participants were evaluated for oculomotor symptoms characteristic
of CI and AI using the Convergence Insufficiency Symptom Survey (CISS;
Borsting et al., 1999). The CISS is a 15-item questionnaire that asks
participants to rate the frequency to which they experience symptoms of
CI (e.g., double vision, sore eyes) when reading or doing close work on a
scale of 0 (never) to 4 (always). To score the CISS, items are summed to
form a total score ranging from O to 60. Higher total scores indicate
greater symptom endorsement. The CISS was chosen because previous
research has indicated that it is a valid and reliable tool for identifying CI
symptom severity (Borsting et al., 2003; Rouse et al., 2004). Specifically,
total scores greater than or equal to 21 have been shown to identify
adults with CI (sensitivity = 97.8%, specificity = 87%; Rouse et al.,
2004).
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2.2.2. Short Stress State Questionnaire

The task engagement scale of the Short Stress State Questionnaire
(SSSQ; Helton, 2004; Helton and Naswall, 2015) was used to assess
subjective task engagement. The SSSQ is a shorted version of the Dundee
Stress State Questionnaire (DSSQ; Matthews et al., 2002) and consists of
24-items that load on the three higher order factors of task engagement,
worry, and distress. Eight items load onto the task engagement scale.
Participants rated from 1 (not at all) to 5 (extremely) how well either
words or statements described themselves (e.g., active; I wanted to
succeed on the task). SSSQ task engagement scores were computed by
averaging the eight task engagement items. Higher scores indicate
higher task engagement. The scale was administered pre and post task.
We selected the SSSQ because it is a shortened version of the Dundee
Stress State Questionnaire, which is a widely used scale that measures
task engagement (Matthews et al., 2002). The task engagement scale of
the full DSSQ has been shown to negatively relate to EEG alpha power
(Fairclough and Venables, 2006).

2.2.3. Samn-Perelli Fatigue Scale

The Samn-Perelli Fatigue Scale (Samn and Perelli, 1982) was
administered pre and post task to evaluate subjective fatigue. This single
item scale has participants rate their current level of fatigue, with higher
scores indicating more fatigue, on a scale consisting of the following
divisions: 1 (fully alert, wide awake), 2 (very lively, responsive, but not at
peak), 3 (okay, somewhat fresh), 4 (a little tired, less than fresh), 5
(moderately tired, let down), 6 (extremely tired, very difficult to concen-
trate), 7 (completely exhausted, unable to function effectively). This scale
was selected because it was initially developed to assess military aircrew
fatigue and correlates well with extended flight hours (r = .52; Samn and
Perelli, 1982) and corresponds with psychomotor vigilance performance
(Petrilli et al., 2006).

2.3. Simulation

The Multi-Attribute Task Battery-II (MATB; Santiago-Espada et al.,
2011) was used as the experimental task. The MATB is a computerized
multitasking-workload simulator that mimics the cognitive tasks pilots
frequently encounter during flight; however, the MATB was designed to
be used by participants with and without aviation experience (Santia-
go-Espada et al., 2011). Many human factors studies have used the
MATB with non-aviator participants (Fairclough and Venables, 2006;
Fairclough et al., 2005; Fournier et al., 1999; Hsu et al., 2015; Morgan
et al., 2013; Smith et al., 2001). A screenshot of the MATB interface is
displayed in Fig. 1. There are four subtasks included within the MATB:
system monitoring, tracking, communications, and resource manage-
ment. For this study, the resource management task was not used
because it cannot be automated. That is, the tanks continually empty
and would have zero quantity by the end of the simulation if participants
were directed not to respond, as would be the case if the task was
automated.

The system monitoring task (see Fig. 2) required participants to
monitor two lights and four moving scales for changes from a normal
system state. A normal system state consisted of a green left light, a
colorless right light, and all four scales with the vertical shaded regions
oscillating about the center of the scales. If the left light turned from
green to colorless, participants had to press the F5 key on the keyboard
as quickly as possible. If the right light turned from colorless to red,
participants had to press the F6 key as quickly as possible. Finally, if the
shaded region of the vertical scales reached either of the extremes (high
or low) on the scale, participants had to press the corresponding
spatially mapped F key (F1, F2, F3, or F4) on the keyboard to bring the
scales back to a normal state. If the system was in a normal state, no
responses from the participants were needed.

The tracking task (see Fig. 3) is a manual compensatory tracking
task, which required participants to maintain a 1 cm circular reticle
within a box (~2 x 2 cm) centered between two crosshairs with the use
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Fig. 1. A screenshot of the Multi-Attribute Task Battery-II display (Santiago-Espada et al., 2011): system monitoring (upper left), tracking (upper center), com-

munications (lower left), and resource management (lower center) subtasks.

of a joystick (positioned in the dominant hand). The MATB program
introduced random movements of the circular reticle based on pre-set
low, medium, and high rates via a 4:3 horizontal-to-vertical sine wave
function. The tracking task can be programmed to be in automatic mode
(analogous to automatic pilot) or manual mode anytime during the
simulation.

The communications task (see Fig. 4) simulates the communication
between a pilot and air traffic control. Auditorily presented simulated
air traffic control radio calls instruct participants to tune one of four
radios to a specified frequency. Participants only responded when their
call-sign, NASA 504, was indicated by the radio call. For example, a
radio call might state, “NASA five zero four, NASA five zero four, tune
your COMM one radio to frequency one three four point five zero zero.”
The participant would then use the mouse, select the COMM one radio,
and dial in the appropriate frequency using arrows located on the fre-
quency display.

2.3.1. Conditions and testing session sequence

Three MATB conditions, each 50 min in duration, were created
during a small pilot study (N = 35). Participants were randomly assigned
to perform one of the three simulations. These conditions were labeled
manual, automated, and psychomotor vigilance task (PVT).

The manual condition required participants to manually perform
both the tracking task (high reticle movement) and system monitoring
task (8-10 events per min) simultaneously to simulate a manual control
environment.

The automated condition simulated a highly automated environ-
ment. The tracking task was set to automatic mode and participants only
monitored the system monitoring task for infrequent red light critical
signals, which occurred approximately once every 4-6 min. Requiring a

few number of responses was used to keep participants somewhat
engaged in the task (Saxby et al., 2013).

The PVT condition was included to elucidate the effects of critical
signal frequency and to mimic a standard vigilance task paradigm. In the
PVT condition, the tracking task was automated and participants
responded to a system monitoring red light every 10 s. This is in contrast
to the automated condition in which critical signals occurred very
infrequently. Moreover, in the manual condition, all possible system
monitoring task events occurred, whereas in the automated and PVT
conditions, only the red light occurred. In both the PVT and automated
conditions, the reliability of the automation was 100%. At no point did
the automation unexpectedly fail and require participants to regain
manual control of the tracking task.

To measure performance consistently across the different simula-
tions, participants also performed a 6 min performance evaluation
consisting of the tracking and communications task performed together
before and after their respective simulation conditions. These perfor-
mance evaluations were chosen to simulate high effort situations in
which a pilot must manually control an aircraft and respond to radio
calls. A similar strategy has been used in previous research examining
the effects of automation on performance (e.g., Saxby et al., 2013). In
the current study, participants responded to 22 randomized air traffic
control radio calls, half of which corresponded to the participant’s call
sign (NASA 504) and required a participant response. These radio calls
occurred in 5 s intervals. Separating the two performance evaluations
was the participant’s randomly assigned condition. Auditory cues
directed participants when to perform the subtasks corresponding to
either the performance evaluation or their assigned condition. Outcomes
measures included tracking task root-mean-square deviation from the
center point in pixels and communications task number of correct
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Fig. 2. The system monitoring task.

TRACKING
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Fig. 3. The tracking task.

responses, mean response time, and d-prime. The dprime() function from
the psycho package (Makowski, 2018) in R was used to compute d-prime.

2.4. Electroencephalography (EEG) recording

EEG was recorded using the Advanced Brain Monitoring (Carlsbad,
California) X-10 and X-24 wireless Bluetooth systems. Approximately
half of the participants (n = 46) were tested with the X-10 because the X-
24 hardware malfunctioned and required repairs. The X-10 and X-24
incorporate 9-channel and 20-channel electrode strips, respectively,
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Fig. 4. The communications task.

with electrode locations placed according to the international 10/20
system. Reference electrodes for both systems were placed at the mas-
toids. Both systems output the same variables and use the same artifact
decontamination procedure.

EEG data were sampled at 256 Hz and filtered with 50, 60, 100, and
120 Hz notch filters with a Low Pass FIR filter online during the data
collection process. Power spectral density (PSD) was then calculated on
a second-by-second epoch frequency by applying a 50% overlapping
Kaiser window for data smoothing to three data point windows con-
sisting of 256 decontaminated data points each. These data were then
subjected to Fast Fourier Transformation and log; transformed to yield
final PSD values for 1 Hz bins ranging from 1 to 40 Hz. For analyses, we
used relative PSD values, which were computed automatically by the
data acquisition software (Advanced Brain Monitoring, 2009). The
reviewed literature suggests that increases in alpha power in the
parietal-occipital area can indicate reductions in task engagement
(Fairclough and Venables, 2006) and visual processing efficiency
(Ergenoglu et al., 2004). Moreover, Baldwin et al. (2011) reported that
greater fast alpha power in the occipital region generally precedes errors
during vigilance. Therefore, our analyses focused on the POz site (the
most posterior midline site shared by the X-10 and X-24 EEG systems)
and we split relative alpha power into slow and fast frequency ranges.
Per the EEG manufacturer, slow and fast alpha were defined as 8-10 Hz
and 10-13 Hz, respectively (Advanced Brain Monitoring, 2009).

2.5. Procedure

Participants first provided written consent after arriving at the lab-
oratory. Next, participants completed a brief demographics question-
naire and the CISS. Participants then completed pre-task versions of the
SSSQ and Samn-Perelli Fatigue Scale.

A trained research technician then applied the EEG system to the
participant’s head and tested electrode impedances. Any electrodes
exceeding the manufacturer’s recommended impedance threshold of 80
kQ (Advanced Brain Monitoring, 2009) were adjusted. Participants then
watched an instructional video describing how to complete the MATB.
After this video, participants completed a 12 min, technician facilitated
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MATB practice session. During the practice session, participants per-
formed each MATB subtask individually for 3 min each. Then, partici-
pants practiced a performance evaluation for 3 min. Once the practice
session was complete, participants were randomly assigned to either the
automated (n = 31), manual (n = 26), or PVT (n = 27) simulation
conditions and given an appropriate briefing. Then, the MATB simula-
tion commenced following a pre-performance evaluation (6 min),
assigned simulation condition (50 min), post-performance evaluation (6
min) sequence. During the MATB, participants sat at a normal working
distance from the screen (~30-50 cm) under regular ambient indoor
lighting (~500 lumen/meter?). After the MATB, participants completed
post versions of the SSSQ and Samn-Perelli Fatigue Scale. Fig. 5 displays
the experimental setup.

2.6. Data processing and analytics

Descriptive statistics were computed for each self-report measure. 3
(Condition) x 2 (time of day) ANOVAs were used to determine if Con-
dition or time of day affected the CISS or any of the outcome measures.

EEG data during the MATB performance evaluations and simulation
conditions were sectioned off using timed markers. The 50 min simu-
lation conditions were separated into five, 10 min intervals and 5%
trimmed means were computed for fast and slow alpha PSD. The first
and last 10 min of each simulation condition (excluding performance
evaluations) were analyzed. Post-task Samn-Perelli Fatigue Scale and
SSSQ task engagement scores were also used as dependent variables.
These analyses focused only on post MATB questionnaire scores because
our research question was not concerned with changes in cognitive
states from pre to post but rather an overall state during the MATB.
Furthermore, initial analyses showed that pre task scales significantly
correlated with both the post task measures and the CISS. Therefore, pre
task measures accounted for shared variance in post task measures. It
should be noted that these correlations were stronger for SSSQ task
engagement scores.

Outcome measures (SSSQ task engagement scores, Samn-Perelli Fa-
tigue Scale scores, POz alpha power, and MATB performance) were
analyzed using hierarchical multiple regression. Models were specified
in three steps. Step 1 included simulation condition as a predictor, with
the manual condition as the reference category. The manual condition
was chosen as the reference because we were interested in the effects of
automation on outcome measures. Step 2 added the CISS as a predictor,
which was mean centered (Cohen et al., 2003). Finally, Step 3 added the
interaction between the CISS and simulation condition to uncover po-
tential differences in slopes between the simulation conditions with the
CISS as a continuous predictor (i.e., potential steeper slopes for those

Fig. 5. A photo of the experimental setup.
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using automation). Change in R? (AR?) with corresponding F-tests were
used to determine if the addition of predictors in each step significantly
increased variance explained. Analyses were conducted using R (R Core
Team, 2017).

Outliers and influential observations were identified using studen-
tized residuals and Cook’s distances. Specifically, observations with a
studentized residual more extreme than + 2.5 and a Cook’s distance
greater than 4/n — k — 1, where n is the number of participants and k is
the number of predictors (Hair et al., 1998), were deemed outliers with
significant influence. For the analysis of SSSQ engagement scores, one
participant was removed due to a significant influence on all three
models. It should be noted that the removal of this participant did not
influence null hypothesis decisions. Missing data were excluded on a
dependent variable basis (i.e., pairwise by analysis). Four participants
failed to complete the SSSQ questionnaire, resulting in a sample size of
N = 79 for SSSQ engagement scores. One participant failed to complete
the Samn-Perelli Fatigue Scale and was excluded, resulting in a sample
size of N = 83 for this scale. For EEG alpha power, seven participants
were excluded for either technical malfunctions (n = 6) or extremely
poor data quality (n = 1), resulting in a sample size of N = 77 for EEG
data.

3. Results
3.1. Initial data analysis

Descriptive statistics for self-report measures are displayed in
Table 2. Importantly, a 3 (Condition) x 2 (time of day) ANOVA on total
CISS scores revealed no significant differences between the three
simulation conditions [F(2, 74) = 0.08, p = .920], time of day [F(1, 74)
=0.44, p =.509], or an interaction between condition and time of day, F
(2, 74) = 2.19, p = .119. Moreover, 3 x 2 ANOVAs did not reveal any
significant main effects for time of day or the interaction between
Condition and time of day for all outcome measures (all p-values > .05).
These ANOVAs also did not reveal significant differences between the
conditions on pre-task measures (all p-values > .05).

3.2. Subjective engagement — SSSQ

Hierarchical regression model parameters predicting SSSQ engage-
ment scores are displayed in Table 3. The first model with Condition
predicting subjective task engagement scores was not significant.
However, the second model with the addition of CISS scores as a pre-
dictor resulted in a significant regression model and a significant in-
crease in R% (AR? = 0.09, p = .006). The negative regression coefficient
for CISS scores indicates that the more CI symptoms participants re-
ported, the less engaged participants felt during the task. Finally, the
inclusion of the CISS x Condition interaction did not significantly in-
crease model fit, indicating that a similar negative slope was evident
across the MATB conditions.

3.3. Subjective fatigue — Samn-Perelli Fatigue Scale

Samn-Perelli Fatigue Scale scores were analyzed in the same fashion
as task engagement. The Step 1 model accounted for a significant
amount of variance (see Table 4). Specifically, compared to the manual
control condition, the automated and PVT conditions resulted in higher
ratings of fatigue. The addition of the CISS in Step 2 resulted in a sig-
nificant overall model and a significant increase in R? (AR? = 0.12,p =
.002). CISS scores significantly predicted subjective fatigue, with higher
CISS scores being associated with higher Samn-Perelli scores. In other
words, the more CI symptoms participants endorsed, the more fatigued
they generally felt after performing the MATB. Finally, Step 3 resulted in
a significant overall model, but a non-significant increase in R%. None of
the interaction terms approached significance and were thus not
explored further.
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Table 2
Descriptive statistics for self-report measures by simulation condition.
Manual Automated PVT
Variable
n M SD n M SD n M SD
CISs 26 14.50 7.50 31 16.06 8.03 27 15.78 6.19
Pre SSSQ Engagement 25 3.61 0.52 29 3.75 0.78 25 3.54 0.39
Post SSSQ Engagement 25 3.38 0.52 29 3.35 0.72 25 3.04 0.79
Pre Samn-Perelli 26 2.77 0.86 31 2.71 0.94 26 3.00 0.80
Post Samn-Perelli 26 3.58 1.24 31 4.19 1.67 26 4.53 1.03

Table 3
Hierarchical regression predicting SSSQ task engagement scores from simulation
condition and CISS scores.

Step and Predictors Frnodel b SEb B R? AR?
Step 1 1.18 .03
Condition

PVT -0.27 0.19 -0.18

Automated —0.03 0.18 —0.02

Step 2 3.54* 12 .09%*
Condition

PVT -0.21 0.18 -0.15

Automated 0.01 0.18 0.01

CISS —0.03 0.10 —0.31**

Step 3 2.10 13 .00
Condition

PVT -0.22 0.19 -0.15

Automated 0.00 0.18 0.00

CISS —0.02 0.02 -0.26

PVT x CISS —0.00 0.03 —0.02

Automated x CISS —-0.01 0.02 —0.06

*p < .05, **p < .0L.

Table 4
Hierarchical regression predicting Samn-Perelli Fatigue Scale ratings from
simulation condition and CISS scores.

Step and Predictors Fonodel B SEb Vi R? AR?
Step 1 4.10% .10
Condition

PVT 0.91 0.34 0.35%*

Automated 0.69 0.32 0.28*

Step 2 6.52%** .21 2%
Condition

PVT 0.80 0.32 0.30*

Automated 0.61 0.30 0.25*

CISS 0.06 0.02 0.34**

Step 3 4.14%* .22 .01
Condition

PVT 0.79 0.22 0.30*

Automated 0.60 0.30 0.24"

CISS 0.07 0.03 0.44*

PVT x CISS —0.03 0.05 -0.07

Automated x CISS —0.02 0.04 —0.10

*p < .10, *p < .05, **p < .01, ***p < .001.
3.4. EEG alpha power

EEG slow and fast alpha power at POz were analyzed for the first and
last 10 min of the simulation condition period. For slow alpha, no sig-
nificant regression models were found for either time period (all p-
values > .05). Likewise, no significant models were found for the first 10
min of the task for fast alpha power. However, during the final 10 min of
the task, a pattern similar to subjective engagement was found for fast
alpha power - the first step with just Condition as a predictor was not
significant (see Table 5), but the inclusion of CISS scores in Step 2

resulted in a significant overall model as well as a significant increase in
R? (4R? = 0.09, p = .027). The more symptoms participants reported,
the more fast alpha power was generally exhibited during the final 10
min of the task. The inclusion of the CISS by Condition interaction did
not result in a significant increase in R?; however, the overall model
accounted for a significant amount of variance, F(5, 71) = 3.16, p =
.013, R? = 0.18. An examination of the model parameter estimates for
the interaction terms revealed a marginally significant slope for CISS
scores predicting POz alpha power in the PVT condition relative to the
manual condition. In light of this, we examined the simple slopes for
CISS scores predicting POz fast alpha power at each level of Condition
during the last 10 min of the MATB. Significant, positive slopes were
found for the PVT (b = 0.01, SE = 0.01, p = .013) and automated (b =
0.01, SE = 0.002, p = .046) conditions but not for the manual condition
(b = 0.001, SE = 0.003, p = .693). This indicates that the relationship
between POz fast alpha power and CI symptoms marginally changed
depending on the qualitative structure of the MATB. Fig. 6 displays these
slopes.

3.5. MATB performance

Models were also constructed predicting MATB performance from
CISS scores during the performance evaluations, which required par-
ticipants to employ more effort than their assigned conditions. No sig-
nificant models were found (all p-values > .05).

4. Discussion

The results of this study indicate that self-report symptoms of
accommodative-vergence deficits measured via the CISS account for a
statistically significant amount of variance in participant task engage-
ment and cognitive fatigue during the performance of a 62 min flight
simulation task. Participants with higher CISS scores generally reported

Table 5
Hierarchical regression predicting final 10 min POz fast alpha power from
simulation condition and CISS scores.

Step and Predictors Fonodel b SEb Vi R? AR?
Step 1 2.25 .06
Condition

PVT —0.03 0.04 —0.09

Automated 0.05 0.04 0.18

Step 2 4.15%* .16 .09*
Condition

PVT —0.03 0.04 —0.10

Automated 0.04 0.04 0.15

CISS 0.01 0.00 0.30%**

Step 3 3.16* .18 .03
Condition

PVT —0.03 0.04 —0.09

Automated 0.05 0.04 0.16

CISS 0.00 0.00 0.07

PVT x CISS 0.01 0.01 0.25"

Automated x CISS 0.00 0.00 0.16

*p < .10, *p < .05, **p < .01.
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Fig. 6. Regression lines for CISS scores predicting POz fast alpha power during
the final 10 min of the simulation by simulation condition.

being less engaged and more fatigued after performing the MATB.
Furthermore, the CISS was positively related to fast alpha power in the
parietal-occipital region during the final 10 min of the MATB. Impor-
tantly, these findings remained after the variance due to simulation
condition was accounted for. That is, the CISS accounted for variance in
cognitive states beyond the task itself. To our knowledge, this is the first
study relating accommodative-vergence deficit symptoms to measures
of task engagement and cognitive fatigue during a task that mimics a
dynamic work environment. Despite the relationships found between
CISS scores and cognitive states, we did not find any evidence of CISS
scores relating to task performance.

4.1. CISS, task engagement, and fatigue

These results suggest that those with symptoms characteristic of
accommodative-vergence deficits are more at risk for task disengage-
ment and increased cognitive fatigue during extended working condi-
tions requiring continuous visual monitoring. When attempting to
compensate for poor accommodation and/or vergence, additional
cognitive resources may be required for optimal visual processing
(Poltavski et al., 2012). Over time, this additional resource demand may
increase fatigue and reduce an operator’s propensity for efficient
cognitive processing (i.e., task engagement). Our EEG results provide
some support for this claim. Increased alpha power in the occipital lobe
is thought to represent reduced cortical excitability (Lange et al., 2013).
Additionally, researchers have shown that increased posterior fast alpha
power is predictive of missed targets during a visual search vigilance
task (Baldwin et al., 2011) and that increased alpha power in posterior
brain regions is indicative of cognitive fatigue (Borghini et al., 2014).
Our EEG results indicated that CISS scores positively predicted fast alpha
power but only after participants performed the MATB for at least 40
min. Because the relationship between CISS scores and POz alpha power
appeared after 40 min of time on task, this supports our initial hy-
pothesis that accommodative-vergence stress relates to cognitive
fatigue-like constructs. Over time, accommodative-vergence stress ac-
cumulates from prolonged close work, which diverts attentional re-
sources away from the task to resolve image blur and disparity cues.
Therefore, we expected CISS scores would relate to EEG alpha power
during the last 10 min of the task as opposed to the first 10 min. If CI
symptoms were related to alpha power and cognitive fatigue-like con-
structs, this relationship would only manifest after participants experi-
ence accommodative-vergence stress from prolonged close work and
attentional resources are diverted from the task. The results of this study
supported this assertion.

The positive relationship between CISS scores and reports of fatigue
supports prior research showing a reduced accommodative response and
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increased ratings of fatigue over the course of a 2 h driving simulation
(Vera et al., 2016). These authors screened out individuals with poten-
tial accommodative deficits, so it is unclear if those with an exisitng
deficit would have shown a sharper decrease in the accommodative
response and greater cognitive fatigue. Moreover, no results relating
accommodation to driving performance were reported. Vera and col-
leagues concluded that the accommodative response could be an
objective measure of driver fatigue. Our results support this assertion in
that those with more oculomotor symptoms of accommodative-vergence
deficits generally report increased feelings of fatigue and less task
engagement.

Futhermore, our results support Matthews and colleagues’ (2017)
findings that operator stressors likely reduce the availability of cognitive
resources available for task performance. Matthews and colleagues
examined the common cold as a stressor, while the current study
examined oculomotor stress quantified with the CISS. Despite not
finding a relationship between CISS scores and MATB performance, the
relationships between CISS scores and the underlying constructs of task
engagement and fatigue necessary for efficient task performance lends
credence to the fitness of the oculomotor system as a potential variable
that modulates cognitive states.

4.2. AI/CI symptomology and automation

Generally, we did not find strong evidence supporting our hypothesis
that automation exacerbates the negative effects of increased AI/CI
symptomology. The relationship between the CISS and subjective mea-
sures (SSSQ task engagement and Samn-Perelli Fatigue Scale) did not
change as a functioin of simulation condition. However, simulation
condition did marginally interact with CISS scores for POz fast alpha
power, indicating that automation may change cortical activation
differently for those with higher symptoms of accommodation/vergence
deficits. Specifically, CISS scores significantly predicted POz fast alpha
power during the final 10 min of the task for those assigned to the
automated and PVT conditions but not the manual condition. Auto-
mated systems tend to result in less task engagement over extended use
(Saxby et al., 2013). Therefore, we predicted that those with higher CISS
scores would exhibit less engagement under automation than manual
control. However, we did not find this same interactive effect with SSSQ
engagement scores as we did with POz fast alpha power. Self-report
measures require operators to make retrospective judgements of ques-
tions relating to task engagement (e.g., I was committed to attaining my
performance goals). Thus, participants in the manual control condition
may have had similar retrospective accounts of the task over the course
of the simulation to those in the automated and PVT conditions after
extended time-on-task. Likely, automation and CI/AI symptoms interact
to change the efficiency to which information is processed (Hockey,
1997).

4.3. CI/AI symptomology and MATB performance

Although CISS scores did not predict task performance, the results
regarding task engagement and cognitive fatigue are in line with pre-
vious studies that did find performance decrements with those experi-
encing accommodative-vergence stress. For instance, Poltavski et al.
(2012) induced accommodative-vergence stress with —2.0 diopter len-
ses in healthy individuals and observed increased reaction times, more
response variability, and less signal detection on a sustained visual
attention task. These performance decrements are similar to those
experienced when individuals become disengaged from a task (Berka
et al., 2007; Matthews et al., 2002). One reason why CISS scores likely
did not predict performance in this study is because those with higher
scores on the CISS may not have had a sufficient
accommodative-vergence deficit. Without a formal oculomotor exami-
nation, there was no way of knowing if scores on the CISS truly reflected
if participants had severe enough accommodative-vergence deficits to
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affect performance. Relatedly, objectively measuring the oculomotor
responses and using these measures as predictors may have accounted
for more variance in all outcome measures. Another explanation is that
participants may have used compensatory effort to overcome oculo-
motor stress to adequately perform the MATB (Hockey, 1997).

4.4. Practical implications

The main application of the current research is the enhancement of
operator cognitive states. While researchers continue to explore avenues
for enhancing cognitive performance, the current results suggest that
operator cognitive states may be enhanced through augmentation of the
oculomotor system. Indeed, previous research has shown that stressing
the oculomotor system can produce inattentive behavioral responses (e.
g., Daniel and Kapoula, 2019; Poltavski et al., 2012). Therefore, one
“bottom-up” approach for operator cognitive state enhancement may be
to first train the oculomotor system with vision-based training programs
to support task engagement and sustained attention. The value of
office-based vision therapy for CI and AI has been well established in
clinical samples. For example, according to the results of a longitudinal
study conducted by the Convergence Insufficiency Treatment Trial
Study Group (2009), administration of a standard 12-week office-based
vergence/accommodative therapy in children between 9 and 17 years of
age diagnosed with convergence insufficiency produced an 84.4%
remission rate one year following treatment completion. Clinical
outcome measures included both clinical markers of convergence
insufficiency and CISS scores. The latter scores significantly decreased
following 12 weeks of treatment from a mean of 25.6 (SD = 8.1) to 8.6
(SD = 4.8) and remained unchanged one year later.

In non-clinical samples, oculomotor training regimens could also be
investigated. For example, computer-based platforms like HTS iNet
(Serna et al., 2011) combined with transcranial direct current stimula-
tion (tDCS) applied to the visual cortex, may increase visual system
robustness and buffer against resource depletions due to oculomotor
stress over time. Indeed, Wendel et al. (2017) showed that tDCS applied
to the visual system can improve the accommodative response to stimuli
at standard working distances. Since the accommodative and vergence
responses are largely involuntary, individuals working in extended
vigilance environments (i.e., baggage screeners) may still benefit from
reductions in CI/AI symptomology.

Another practical implication for these results is operator selection
and screening. While several occupations like aircraft pilots require the
assessment of accommodative and vergence responses, other occupa-
tions, like airport security personnel, do not (Czarnecki, 2018). In-
dividuals with accommodative and/or vergence deficits operating in
conditions requiring sustained vigilance may be at higher risk for
missing critical signals and becoming disengaged from their task.
Perhaps screening for or identifying these individuals and improving
their oculomotor responses could enhance their workplace performance
and comfort. The CISS could be used as a cost-effective rapid screening
tool for initially identifying individuals with accommodative and/or
vergence problems that may compromise sustained attention. These
individuals could then be referred for a more in-depth optometric exam
and potential treatment.

4.5. Limitations and future research

The main limitation of this study was that we only collected self-
report symptoms of CI/AI and did not collect objective measures of
vergence and/or accommodation during the simulation. These measures
would further support the relationship between the oculomotor system
and cognitive states. Another limitation is that the simulation duration
used in this study was much shorter than what would be experienced in
true working conditions. Many unmanned aerial vehicle missions can
last more than 6 h, and truck drivers continuously drive for several
hours. It should also be noted that AR? values found for the inclusion of
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CISS scores were fairly small (AR? = 0.09 - 0.12). Although a small
amount of variance was accounted for by CISS scores, the findings
should not be dismissed. Prentice and Miller (2016) provided a series of
rationales for when small effects could be considered “impressive.” One
of Prentice and Miller’s rationales is that minimal manipulation of the
independent variable resulting in a small effect is still meaningful.
Although we did not experimentally manipulate convergence or
accommodative deficits, we collected a minimal measure of existing
symptoms using the self-report CISS. Moreover, the short task duration
also contributes to a minimal manipulation. Therefore, the minimal
measurement of the oculomotor system and short task duration support
the importance of these findings and hopefully sparks more research in
this area.

Given these limitations, the results of this study should be considered
preliminary. While we have provided evidence for accommodative-
vergence responses relating to operator cognitive states, further
research is required to clearly elucidate the effects accommodative-
vergence stress has on operator cognitive states. Future research may
recruit individuals with diagnosed accommodative-vergence deficits
and incorporate objective measures of oculomotor functioning during
task performance. Future studies may also manipulate oculomotor stress
in a similar manner as Poltavski et al. (2012). Moreover, the use of brain
stimulation techniques applied to the visual cortex may offer a route to
further explore the functional relationship between the oculomotor
system and cognitive states (Wendel et al., 2017). Finally, using
eye-tracking technology could also provide more information about vi-
sual behaviors for individuals experiencing oculomotor stress.

5. Conclusion

Taken as a whole, the results of this study indicate that symptoms of
oculomotor deficits could hamper optimal operator cognitive states in
working conditions. We showed that self-report symptoms of
accommodative-vergence deficits can account for variability in operator
task engagement and cognitive fatigue during the performance of a
multifaceted task that mimics the cognitive tasks experienced by several
work conditions (e.g., airline pilots, military drone pilots, truck drivers).
Future studies should experimentally examine the relationship between
accommodative-vergence responses and the cognitive states of operators
in complex, operational environments.

Data statement

Currently, our data are not available for posting in the public domain
because we are in the process of using the data for developing classifi-
cation algorithms for different operational conditions in which workers
encounter automation. However, individuals interested in these data
can contact Kyle Bernhardt at kyle.bernhardt@und.edu for permis-
sioned access.

Declaration of competing interest
None.
Acknowledgements

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors. We would
also like to thank Dr. Karen Vanderzanden for her impeccable
proofreading.

References

Advanced Brain Monitoring, Inc, 2009. B-Alert Live User Manual. Carlsbad, CA.
American Optometric Association, 2011. Optometric Clinical Practice Guideline Care of
the Patient with Accommodative and Vergence Dysfunction: Reference Guide for


mailto:kyle.bernhardt@und.edu
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref1

K.A. Bernhardt and D. Poltavski

Clinicians. American Optometric Association, St. Louis, MO.. Retrieved from. http
s://www.aoa.org/documents/optometrists/CPG-18.pdf

Arvanitis, T.N., Petrou, A., Knight, J.F., Savas, S., Sotiriou, S., Gargalakos, M.,
Gialouri, E., 2007. Human factors and qualitative pedagogical evaluation of a mobile
augmented reality system for science education used by learners with physical
disabilities. Personal Ubiquitous Comput. 13, 243-250. https://doi.org/10.1007/
s00779-007-0187-7.

Baldwin, C., Coyne, J.T., Roberts, D.M., Barrow, J.H., Cole, A., Sibley, C., et al., 2011.
Prestimulus alpha as a precursor to errors in a UAV target orientation detection task.
In: Marek, T., Karwowski, W., Rice, V. (Eds.), Advances in Understanding Human
Performance: Neuroergonomics, Human Factors Design, and Special Populations.
CRC Press, Boca Raton, FL, 32-31.

Barwick, F., Arnett, P., Slobounov, S., 2012. EEG correlates of fatigue during
administration of a neuropsychological test battery. Clin. Neurophysiol. 123,
279-284. https://doi.org/10.1016/j.clinph.2011.06.027.

Berka, C., Levendowski, D.J., Lumicao, M.N., Yau, A., Davis, G., Zivkovic, V.T., et al.,
2007. EEG correlates of task engagement and mental workload in vigilance,
learning, and memory tasks. Aviat Space Environ. Med. 78 (5), B231-B244.

Blehm, C., Vishnu, S., Khattak, A., Mitra, S., Yee, R.W., 2005. Computer vision syndrome:
a review. Surv. Ophthalmol. 50 (3), 253-262. https://doi.org/10.1016/j.
survophthal.2005.02.008.

Borghini, G., Astolfi, L., Vecchiatio, G., Mattia, D., Babiloni, F., 2014. Measuring
neurophysiological signals in aircraft pilots and car drivers for the assessment of
mental workload, fatigue, and drowsiness. Neurosci. Biobehav. Rev. 44, 58-75.
https://doi.org/10.1016/j.neubiorev.2012.10.003.

Borsting, E., Rouse, M., Chu, R., 2005. Measuring ADHD behaviors in children with
symptomatic accommodative dysfunction or convergence insufficiency: a
preliminary study. Optometry 76 (10), 588-592. https://doi.org/10.1016/j.
optm.2005.07.007.

Borsting, E., Rouse, M.W., De Land, P.N., 1999. Prospective comparison of convergence
insufficiency and normal binocular children on CIRS symptom surveys: convergence
Insufficiency and Reading Study (CIRS) group. Optom. Vis. Sci. 76 (4), 221-228.

Borsting, E., Rouse, M.W., De Land, P.N., Hovett, S., Kimura, D., Park, M., Stephens, B.,
2003. Association of symptoms and convergence and accommodative insufficiency
in school-age children. Optometry 74 (1), 25-34.

Cohen, J., Cohen, P., West, S.G., Aiken, L.S., 2003. Applied Multiple Regression/
correlation Analysis for the Behavioral Sciences, third ed. Lawrence Erlbaum
Associates Publishers, Mahwah, NJ.

Convergence Insufficiency Treatment Trial Study Group, 2009. Long-term effectiveness
of treatments for symptomatic convergence insufficiency in children. Optom. Vis.
Sci. 86 (9), 1096-1103. https://doi.org/10.1097/0PX.0b013e3181b6210f.

Czarnecki, F., 2018. Medical and Physiological Guidelines for Transportation Security
Officers. Transportation Security Administration. Retrieved from. https://hraccess.ts
a.dhs.gov/hraccess/pdf/TSO_Medical_Guidelines.pdf.

Daniel, F., Kapoula, Z., 2019. Induced vergence-accommodation conflict reduces
cognitive performance in the Stroop test. Sci. Rep. 9, 1-13. https://doi.org/10.1038/
s41598-018-37778-y.

Daum, K.M., 1983. Accommodative dysfunction. Doc. Ophthalmol. 55, 177-198.

Daum, K.M., 1984. Convergence insufficiency. Am. J. Optom. Physiol. Opt. 61, 16-22.

Dillon, T.W., Emurian, H.H., 1996. Some factors affecting reports of visual fatigue
resulting from use of a VDU. Comput. Hum. Behav. 12, 49-59. https://doi.org/
10.1016/0747-5632(95)00018-6.

Edgar, G.K., 2007. Accommodation, cognition, and virtual image displays: a review of
the literature. Displays 28, 45-59. https://doi.org/10.1016/j.displa.2007.04.009.

Emoto, M., Niida, T., Okana, F., 2005. Repeated vergence adaptation causes the decline
of visual functions in watching stereoscopic television. J. Disp. Technol. 1, 328-340.
https://doi.org/10.1109/JDT.2005.858938.

Ergenoglu, T., Demiralp, T., Bayraktaroglu, Z., Ergen, M., Beydagi, H., Uresin, Y., 2004.
Alpha rhythm of the EEG modulates visual detection performance in humans.
Cognit. Brain Res. 20 (3), 376-383. https://doi.org/10.1016/j.
cogbrainres.2004.03.009.

Fairclough, S.H., Venables, L., 2006. Prediction of subjective states from
psychophysiology: a multivariate approach. Biol. Psychol. 71 (1), 100-110. https://
doi.org/10.1016/j.biopsycho.2005.03.007.

Fairclough, S.H., Venables, L., Tattersall, A., 2005. The influence of task demand and
learning on psychophysiological response. Int. J. Psychophysiol. 56 (2), 171-184.
https://doi.org/10.1016/j.ijpsycho.2004.11.003.

Fournier, L.R., Wilson, G.F., Swain, C.R., 1999. Electrophysiological, behavioral, and
subjective indexes of workload when performing multiple tasks: manipulations of
task difficulty and training. Int. J. Psychophysiol. 31, 129-145. https://doi.org/
10.1016/s0167-8760(98)00049-x.

Hair, J., Anderson, R., Tatham, R., Black, W., 1998. Multivariate Data Analysis, fifth ed.
Prentice-Hall, Englewood Cliffs, NJ.

Hanslmayr, S., Klimesch, W., Sauseng, P., Gruber, W., Doppelmayr, M., Freunberger, R.,
Pecherstorfer, T., 2005. Visual discrimination performance is related to decreased
alpha amplitude but increased phase locking. Neurosci. Lett. 375 (1), 64-68. https://
doi.org/10.1016/j.neulet.2004.10.092.

Helton, W.S., 2004. Validation of a short stress state questionnaire. Proc. Hum. Factors
Ergon. Soc. 48, 1731-1735. https://doi.org/10.1177/154193120404801107.

Helton, W.S., Naswall, K., 2015. Short stress state questionnaire: factor structure and
state change assessment. Eur. J. Psychol. Assess. 31 (1), 20-30. https://doi.org/
10.1027/1015-5759/2000200.

Hinkley, S., Veldkamp, A.F., Naszradi, K.O., 2016. Association of accommodative
amplitude and lag with attention deficit/hyperactivity disorder. Optom. Vis.
Perform. 4 (1), 35-42.

10

Applied Ergonomics 90 (2021) 103152

Hockey, G.R.J., 1997. Compensatory control in the regulation of human performance
under stress and high workload: a cognitive-energetical framework. Biol. Psychol.
45, 73-93. https://doi.org/10.1016/50301-0511(96)05223-4.

Hockey, G.R.J., Nickel, P., Roberts, A.C., Roberts, M.H., 2009. Sensitivity of candidate
markers of psychophysiological strain to cyclical changes in manual control load
during simulated process control. Appl. Ergon. 40 (6), 1011-1018. https://doi.org/
10.1016/j.apergo.2009.04.008.

Hsu, B., Wang, M., Chen, C., 2015. Effective indices for monitoring mental workload
while performing multiple tasks. Percept. Mot. Skills: Learn. Mem. 121 (1), 94-117.
https://doi.org/10.2466/22.PMS.121¢c12x5.

Kamzanova, A.T., Matthews, G., Kustubayeva, A.M., Jakupov, S.M., 2011. EEG indices to
time-on-task effects and to a workload manipulation (cueing). Int. J. Psychol. Behav.
Sci. 5 (8), 19-22.

Lal, S.K.L., Craig, A., 2001. A critical review of the psychophysiology of driver fatigue.
Biol. Psychol. 55, 173-194. https://doi.org/10.1016/50301-0511(00)00085-5.

Lange, J., Oostenveld, R., Fries, P., 2013. Reduced occipital alpha power indexes
enhanced excitability rather than improved visual perception. J. Neurosci. 33 (7),
3212-3220. https://doi.org/10.1523/JNEUROSCI.3755-12.2013.

Makowski, D., 2018. The psycho package: an efficient and publishing-oriented workflow
for psychological science. J.Open Source Software 3 (22), 470. https://doi.org/
10.21105/joss.00470.

Marran, L.F., De Land, P.N., Nguyen, A.L., 2006. Accommodative insufficiency is the
primary source of symptoms in children diagnosed with convergence insufficiency.
Optom. Vis. Sci. 83 (5), 281-289. https://doi.org/10.1097/01.
0px.0000216097.78951.7b.

Matthews, G., Campbell, S.E., Falconer, S., Joyner, L.A., Huggins, J., Gilliland, K., et al.,
2002. Fundamental Dimensions of subjective state in performance settings: task
engagement, distress, and worry. Emotion 2 (4), 315-340. https://doi.org/
10.1037//1528-3542.2.4.315.

Matthews, G., Szalma, J., Panganiban, A.R., Neubauer, C., Warm, J.S., 2013. Profiling
task stress with the dundee stress state questionnaire. In: Cavalcanti, L., Azvedo, S.
(Eds.), Psychology of Stress. Nova Science Publishers, Hauppauge, NY, pp. 49-91.

Matthews, G., Warm, J.S., Reinerman-Jones, L.E., Langheim, L.K., Washburn, D.A.,
Tripp, L., 2010. Task engagement, cerebral blood flow velocity, and diagnostic
monitoring for sustained attention. J. Exp. Psychol. Appl. 16 (2), 187-203. https://
doi.org/10.1037/a0019572.

Matthews, G., Warm, J.S., Smith, A.P., 2017. Task engagement and attentional resources:
multivariate models for individual differences and stress factors in vigilance. Hum.
Factors 53 (1), 44-61. https://doi.org/10.1177/0018720816673782.

Morgan, B., D’Mello, S., Abbott, R., Radvansky, G., Haass, M., Tamplin, A., 2013.
Individual differences in multitasking ability and adaptability. Hum. Factors 55 (4),
776-788. https://doi.org/10.1177,/0018720812470842.

Neubauer, C., Matthews, G., Langheim, L., Saxby, D., 2012. Fatigue and voluntary
utilization of automation in simulated driving. Hum. Factors 54 (5), 734-746.
https://doi.org/10.1177,/0018720811423261.

Petrilli, R.M., Roach, G.D., Dawson, D., Lamond, N., 2006. The sleep, subjective fatigue,
and sustained attention of commercial airline pilots during an international pattern.
Chronobiol. Int. 23 (6), 1347-1362. https://doi.org/10.1080/07420520601085925.

Poltavski, D.V., Biberdorf, D., Mark, C., 2016. Association of asthenopia with sustained
attention, accommodation and encephalographic activity. Vis. Dev. Rehabil. 2 (3),
155-168.

Poltavski, D.V., Biberdorf, D., Petros, T.V., 2012. Accommodative response and cortical
activity during sustained attention. Vis. Res. 63, 1-8. https://doi.org/10.1016/j.
visres.2012.04.017.

Prentice, D.A., Miller, D.T., 2016. When small effect sizes are impressive. In: Kazdin, A.E.
(Ed.), Methodological Issues & Strategies in Clinical Research, fourth ed. American
Psychological Association, Washington, DC, pp. 99-110.

R Core Team, 2017. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria, version 3.4.0.

Rajabi-Vardanjani, H., Habibi, E., Siyamak, P., Dehghan, H., Maracy, M., 2014.
Designing and validation of a visual fatigue questionnaire for video display
terminals. Int. J. Preventative Med. 5 (7), 841-848.

Rehman, 1., Mahabadi, N., Patel, B.C., 2019. Anatomy, head and neck, eye. StatPearls
Publishing. In StatPearls [Internet]. https://www.ncbi.nlm.nih.gov/books/N
BK482428/.

Rempel, D., Willms, K., Anshel, J., Jaschinski, W., Sheedy, J., 2007. The effects of visual
display distance eye accommodation, head posture, and vision and neck symptoms.
Hum. Factors 49 (5), 830-838. https://doi.org/10.1518/001872007X230208.

Romei, V., Rihs, T., Brodbeck, V., Thut, G., 2008. Resting electroencephalogram alpha-
power over posterior sites indexes baseline visual cortex excitability. Neuroreport 19
(2), 203-208. https://doi.org/10.1097/WNR.0b013e3282f454c4.

Rouse, M.W., Borsting, E.J., Mitchell, G.L., Scheiman, M., Cotter, S.A., Cooper, J., et al.,
2004. Validity and reliability of the revised convergence insufficiency symptom
survey in adults. Ophthalmic Physiol. Optic. 24 (5), 384-390. https://doi.org/
10.1111/j.1475-1313.2004.00202.x.

Samn, S.W., Perelli, L.P., 1982. Estimating Aircrew Fatigue: A Technique with
Application to Airlift Operations (Technical Report SAM-TR-82-21). Brooks Air
Force Base. USAF School of Aerospace Medicine.

Serna, A., Rogers, D.L., McGregor, M.L., Golden, R.P., Bremer, D.L., Rogers, G.L., 2011.
Treatment of symptomatic convergence insufficiency with a home-based computer
orthoptic exercise program. J. Am. Assoc. Pediatr. Ophthalmol. Strabismus 15 (2),
140-143.

Santiago-Espada, Y., Myer, M.M., Latorella, K.A., Comstock Jr., J.R., 2011. The Multi-
Attribute Task Bettery-II (MATB-II) software for human performance and workload
research: a user’s guide. Hampton, VA. Retrieved from. https://matb.larc.nasa.go
v/files/2014/03/NASA-TM-2011-217164.pdf.


https://www.aoa.org/documents/optometrists/CPG-18.pdf
https://www.aoa.org/documents/optometrists/CPG-18.pdf
https://doi.org/10.1007/s00779-007-0187-7
https://doi.org/10.1007/s00779-007-0187-7
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref4
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref4
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref4
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref4
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref4
https://doi.org/10.1016/j.clinph.2011.06.027
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref6
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref6
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref6
https://doi.org/10.1016/j.survophthal.2005.02.008
https://doi.org/10.1016/j.survophthal.2005.02.008
https://doi.org/10.1016/j.neubiorev.2012.10.003
https://doi.org/10.1016/j.optm.2005.07.007
https://doi.org/10.1016/j.optm.2005.07.007
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref10
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref10
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref10
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref11
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref11
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref11
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref12
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref12
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref12
https://doi.org/10.1097/OPX.0b013e3181b6210f
https://hraccess.tsa.dhs.gov/hraccess/pdf/TSO_Medical_Guidelines.pdf
https://hraccess.tsa.dhs.gov/hraccess/pdf/TSO_Medical_Guidelines.pdf
https://doi.org/10.1038/s41598-018-37778-y
https://doi.org/10.1038/s41598-018-37778-y
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref16
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref17
https://doi.org/10.1016/0747-5632(95)00018-6
https://doi.org/10.1016/0747-5632(95)00018-6
https://doi.org/10.1016/j.displa.2007.04.009
https://doi.org/10.1109/JDT.2005.858938
https://doi.org/10.1016/j.cogbrainres.2004.03.009
https://doi.org/10.1016/j.cogbrainres.2004.03.009
https://doi.org/10.1016/j.biopsycho.2005.03.007
https://doi.org/10.1016/j.biopsycho.2005.03.007
https://doi.org/10.1016/j.ijpsycho.2004.11.003
https://doi.org/10.1016/s0167-8760(98)00049-x
https://doi.org/10.1016/s0167-8760(98)00049-x
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref25
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref25
https://doi.org/10.1016/j.neulet.2004.10.092
https://doi.org/10.1016/j.neulet.2004.10.092
https://doi.org/10.1177/154193120404801107
https://doi.org/10.1027/1015-5759/a000200
https://doi.org/10.1027/1015-5759/a000200
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref29
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref29
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref29
https://doi.org/10.1016/s0301-0511(96)05223-4
https://doi.org/10.1016/j.apergo.2009.04.008
https://doi.org/10.1016/j.apergo.2009.04.008
https://doi.org/10.2466/22.PMS.121c12x5
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref33
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref33
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref33
https://doi.org/10.1016/s0301-0511(00)00085-5
https://doi.org/10.1523/JNEUROSCI.3755-12.2013
https://doi.org/10.21105/joss.00470
https://doi.org/10.21105/joss.00470
https://doi.org/10.1097/01.opx.0000216097.78951.7b
https://doi.org/10.1097/01.opx.0000216097.78951.7b
https://doi.org/10.1037//1528-3542.2.4.315
https://doi.org/10.1037//1528-3542.2.4.315
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref39
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref39
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref39
https://doi.org/10.1037/a0019572
https://doi.org/10.1037/a0019572
https://doi.org/10.1177/0018720816673782
https://doi.org/10.1177/0018720812470842
https://doi.org/10.1177/0018720811423261
https://doi.org/10.1080/07420520601085925
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref45
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref45
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref45
https://doi.org/10.1016/j.visres.2012.04.017
https://doi.org/10.1016/j.visres.2012.04.017
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref47
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref47
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref47
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref48
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref48
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref49
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref49
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref49
https://www.ncbi.nlm.nih.gov/books/NBK482428/
https://www.ncbi.nlm.nih.gov/books/NBK482428/
https://doi.org/10.1518/001872007X230208
https://doi.org/10.1097/WNR.0b013e3282f454c4
https://doi.org/10.1111/j.1475-1313.2004.00202.x
https://doi.org/10.1111/j.1475-1313.2004.00202.x
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref54
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref54
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref54
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref55
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref55
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref55
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref55
https://matb.larc.nasa.gov/files/2014/03/NASA-TM-2011-217164.pdf
https://matb.larc.nasa.gov/files/2014/03/NASA-TM-2011-217164.pdf

K.A. Bernhardt and D. Poltavski

Saxby, D.J., Matthews, G., Warm, J.S., Hitchcock, E.M., Neubauer, C., 2013. Active and
passive fatigue in simulated driving: discriminating styles of workload regulation
and their safety impacts. J. Exp. Psychol. Appl. 19 (4), 287-300. https://doi.org/
10.1037/a0034386.

Smith, J.E., Gevins, A., Brown, H., Karnik, A., Du, R., 2001. Monitoring task loading with
multivariate EEG measures during complex forms of human-computer interaction.
Hum. Factors 43 (3), 366-380. https://doi.org/10.1518/001872001775898287.

Sommerich, C.M., Joines, S.M.B., Psihogios, J.P., 2001. Effects of computer monitor
viewing angle and related factors on strain, performance, and preference outcomes.
Hum. Factors 43 (1), 39-55. https://doi.org/10.1518/001872001775992480.

van Dijk, H., Schoffelen, J.M., Oostenveld, R., Jensen, O., 2008. Prestimulus oscillatory
activity in the alpha band predicts visual discrimination ability. J. Neurosci. 28 (8),
1816-1823. https://doi.org/10.1523/JNEUROSCI.1853-07.2008.

11

Applied Ergonomics 90 (2021) 103152

Vera, J., Diaz-Piedra, C., Jiménez, R., Morales, J.M., Catena, A., Cardenas, D., Di Stasi, L.
L., 2016. Driving time modulates accommodative response and intraocular pressure.
Physiol. Behav. 164, 47-53. https://doi.org/10.1016/j.physbeh.2016.05.043.

Wang, M.J., Huang, C., 2004. Evaluating the eye fatigue problem in wafer inspection.
IEEE Trans. Semicond. Manuf. 17 (3), 444-447.

Wendel, M., Burdzinski, G., Michalak, K.P., Przekoracka-Krawczyk, A., 2017.
Transcranial direct current stimulation as a new method for changing the
accommodative response of the eye. Opt. Appl. 47 (4), 499-510. https://doi.org/
10.5277/0a170401.

Zhao, C., Zhao, M., Liu, J., Zheng, C., 2012. Electroencephalogram and
electrocardiograph assessment of mental fatigue in a driving simulator. Accid. Anal.
Prev. 45, 83-90. https://doi.org/10.1016/j.aap.2011.11.019.


https://doi.org/10.1037/a0034386
https://doi.org/10.1037/a0034386
https://doi.org/10.1518/001872001775898287
https://doi.org/10.1518/001872001775992480
https://doi.org/10.1523/JNEUROSCI.1853-07.2008
https://doi.org/10.1016/j.physbeh.2016.05.043
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref62
http://refhub.elsevier.com/S0003-6870(20)30107-1/sref62
https://doi.org/10.5277/oa170401
https://doi.org/10.5277/oa170401
https://doi.org/10.1016/j.aap.2011.11.019

	Symptoms of convergence and accommodative insufficiency predict engagement and cognitive fatigue during complex task perfor ...
	1 Introduction
	1.1 Accommodative and convergence insufficiency and sustained attention
	1.2 Oculomotor functioning, task engagement, and automation
	1.3 EEG correlates of task engagement and visual functioning
	1.4 Current study

	2 Method
	2.1 Participants
	2.2 Materials
	2.2.1 Convergence Insufficiency Symptom Survey
	2.2.2 Short Stress State Questionnaire
	2.2.3 Samn-Perelli Fatigue Scale

	2.3 Simulation
	2.3.1 Conditions and testing session sequence

	2.4 Electroencephalography (EEG) recording
	2.5 Procedure
	2.6 Data processing and analytics

	3 Results
	3.1 Initial data analysis
	3.2 Subjective engagement – SSSQ
	3.3 Subjective fatigue – Samn-Perelli Fatigue Scale
	3.4 EEG alpha power
	3.5 MATB performance

	4 Discussion
	4.1 CISS, task engagement, and fatigue
	4.2 AI/CI symptomology and automation
	4.3 CI/AI symptomology and MATB performance
	4.4 Practical implications
	4.5 Limitations and future research

	5 Conclusion
	Data statement
	Declaration of competing interest
	Acknowledgements
	References


