Received: 28 August 2020
DOI: 10.1111/psyp.13903

|

Revised: 10 June 2021

|

Accepted: 14 June 2021

ORIGINAL ARTICLE

Auditory spatial attention gradients and cognitive control as a
function of vigilance
Edward J. Golob1
Jeffrey R. Mock1

|

Jeremy T. Nelson2,3

1

Department of Psychology, University of
Texas, San Antonio, San Antonio, TX, USA
2

Military Health Institute, University of
Texas Health, San Antonio, San Antonio,
TX, USA
3

Department of Radiology and Imaging
Sciences, Indiana University, Bloomington,
IN, USA
4

Department of Computer Science, Tulane
University, New Orleans, LA, USA
5

Florida Institute for Human and Machine
Cognition, Pensacola, FL, USA
6

Department of Intelligent Systems and
Robotics, University of West Florida,
Pensacola, FL, USA
Correspondence
Edward J. Golob, Department of
Psychology, University of Texas, San
Antonio, 1 UTSA Circle, San Antonio, TX
78249, USA.
Email: edward.golob@utsa.edu
Funding information
This work was supported by a grant
from the National Institutes of Health
(R01DC014736). We thank Daniel Ball for
assistance with data analysis

|

Jaelle Scheuerman4

|

Kristen B. Venable4,5,6

|

Abstract
Selection and effort are central to attention, yet it is unclear whether they draw on
a common pool of cognitive resources, and if so, whether there are differences for
early versus later stages of cognitive processing. This study assessed effort by quantifying the vigilance decrement, and spatial processing at early and later stages as a
function of time-on-task. Participants performed an auditory spatial attention task,
with occasional “catch” trials requiring no response. Psychophysiological measures
included bilateral cerebral blood flow (transcranial Doppler), pupil dilation, and
blink rate. The shape of attention gradients using reaction time indexed early processing, and did not significantly vary over time. Later stimulus-response conflict
was comparable over time, except for a reduction to left hemispace stimuli. Target
and catch trial accuracy decreased with time, with a more abrupt decrease for catch
versus target trials. Diffusion decision modeling found progressive decreases in information accumulation rate and non-decision time, and the adoption of more liberal
response criteria. Cerebral blood flow increased from baseline and then decreased
over time, particularly in the left hemisphere. Blink rate steadily increased over time,
while pupil dilation increased only at the beginning and then returned towards baseline. The findings suggest dissociations between resources for selectivity and effort.
Measures of high subjective effort and temporal declines in catch trial accuracy and
cerebral blood flow velocity suggest a standard vigilance decrement was evident in
parallel with preserved selection. Different attentional systems and classes of computations that may account for dissociations between selectivity versus effort are
discussed.
KEYWORDS

attention capture, DDM, diffusion decision model, eye tracking, Simon effect, sustained attention,
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1 | AU D ITO RY S PAT IA L
ATT EN T IO N A N D V IG ILA NC E
The psychological construct of attention is broad and varied, but much of it can be condensed onto two dimensions:
Psychophysiology. 2021;58:e13903.
https://doi.org/10.1111/psyp.13903

selectivity and effort (Broadbent, 1958; James, 1890;
Kahneman, 1973). Attention selectivity refers to differential processing of a subset of information at a given time,
with selection typically directed towards information related to a task goal, memory, or a physically salient stimulus
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(Chun et al., 2011; Awh et al., 2012). Attention effort refers to the subjective ease, or lack thereof, in performing a
given task. High amounts of effort are often interpreted as
a reflection of a capacity limit for attention, with effort increasing over time in vigilance tasks. Langner and Eickhoff
(2013, p. 870) made the following distinction: “This ability
to keep one's mind continuously focused on a particular task
is considered a fundamental dimension of attentional control,
distinct from shifting or dividing the attentional focus or controlling its selectivity” (p. 870).
Prominent theories of attention take different positions on
the relation between selectivity and effort. Classic work by
Kahneman has a link between attention selectivity and effort
due to their common influences on the allocation of resources
(Kahneman, 1973). Other resource-based theories can have
interactions between selectivity and effort, but it depends on
the specific performance situation (Navon & Gopher, 1979;
Wickens, 2008). To the extent that effort relates to working memory demands, selectivity may also be compromised by capacity limits of working memory (Caggiano &
Parasuraman, 2004; Helton & Russell, 2011; Lavie, 2005)
as well as the content in memory (Golob et al., 2017; Luna
et al., 2020; Park et al., 2007). In contrast, Posner's theory of
attention networks has a distinct alerting system for effort,
and orienting and executive systems for selectivity (Petersen
& Posner, 2012; Posner, 2008). Other approaches view the
subjective sense of cognitive effort as a signal that indexes
the costs versus benefits of the ongoing task, which is used to
influence cognitive control decisions (Kurzban et al., 2013;
Shenhav et al., 2017).
A fundamental property of attention is that it is limited
over both space and time (James, 1890). Both attention selectivity and effort are commonly studied by experimentally
varying parameters to identify when selection and effort are
suboptimal or fail. In this study we use the auditory modality
to examine selectivity in the realm of space. Effort can be
indexed by performance reductions over time periods lasting
minutes to hours (termed the “vigilance decrement”). The
vigilance decrement is often characterized as a reduction in
cognitive resources over time (Warm & Parasuraman, 2008).
Here we tested whether the presumed resources for selectivity and effort show commonality or are distinct.
There were two main questions that motivated this study,
and both examined attention selectivity as a function of effort; with effort indexed by the magnitude of vigilance decrements. The first question was whether the shape of auditory
attentional bias over a wide spatial range (termed an “attention gradient”) changes over the course of the vigilance
decrement. If selectivity and effort reflect common attentional resources then changes in the attention gradient would
covary with the vigilance decrement. This prediction would
apply classic resource depletion, and potentially also withdrawal of resources from the task (Thomson et al., 2015).
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Alternatively, if the shape of an attention gradient is stable
during the vigilance decrement, then this would suggest different resources contribute to auditory spatial selectivity and
applying effort over time. The second question was whether
attention control covaries with vigilance at a later stage of
response selection, where attention control or stimulus-
response compatibility in response selection was indexed
by “Simon effect” (described below). As in the well-studied
Attention Network Test (ANT; Fan et al., 2002), the two selectivity metrics can be extracted from different comparisons
within the same task dataset. Relative to Posner's attention
systems described above, the attention gradient measure
likely reflects the orienting system, while the Simon effect
indexes the executive system.
Much of the research on both spatial attention and vigilance uses tasks in the visual modality. However, the auditory
modality has an advantage over other sensory systems in the
realm of spatial processing because the auditory system can
detect environmental events from all directions and at a range
of distances. The omnidirectional sensitivity of audition has
been related to having a specialized role as a warning system
that can automatically direct attention to events happening in
the world (Schafer, 1977; Scharf, 1998). These and other features of the auditory system1 highlight the possibility of finding notably different cognitive operations among sensory
modalities with respect to spatial attention and vigilance.
There are prior vigilance studies that presented sounds from
one or two speakers (Szalma et al., 2004; Warm &
Dember, 2004). However, no previous auditory vigilance
studies have mapped-out auditory spatial gradients over time,
which requires more than two sound locations. Similarly, we
found no vigilance studies on auditory attention control of
response selection that investigated the Simon effect or similar tasks.

1
There are other substantive reasons for why studying auditory spatial
attention may advance our general understanding of spatial attention. A
complicating factor in vision is that representation of space in the visual
field is not uniform: there are large differences in visual acuity as a
function of distance from the fovea (Rovamo & Virsu, 1979). Light
information that lands within the ~2° of visual angle occupied by the fovea
has an outsize representation in primary visual cortex and the ventral
stream (Born et al., 2015). The limited scope of foveal vision requires
specialized motor systems to move the eye around so that more of the
visual field can be sampled by the high-resolution fovea. Dedicated
short-term memory stores are consequently needed to retain information
that was gathered from portions of the visual field that were recently
sampled (Hollingworth et al., 2008). Visual attention and motor functions
are likely inter-related (Rizzolatti et al., 1987), which is supported by
observations of overlapping attention and eye movement circuits (Corbetta
et al., 1998). In contrast, the auditory system can sample sounds in parallel
from any location with smaller differences in spatial resolution, and
therefore does not need a specialized motor system for spatial sampling and
retention of sampled information in short-term memory.
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1.1 | Spatial attention gradients in
vision and audition
Spatial attention is often used to study attention selectivity.
When participants respond to a simple target, performance is
boosted by knowing in advance where the target is likely to
occur (Anton-Erxleben & Carrasco, 2013; Downing, 1988;
Einhäuser et al., 2008; Posner et al., 1978, 1980). To avoid
confounding spatial attention and response mapping subjects
typically either press one button to targets, or choose among
two or more buttons when discriminating targets on the basis
of a non-spatial feature (e.g., shape or pitch). The spatial
distribution of attention (attention gradients) can be studied
by occasionally presenting targets at various distances from
where spatial attention is currently focused. Such attention
gradients reveal how selectivity varies as a function of location within a given experimental context. Many studies have
explored how experimental parameters affect visual attention
gradients (reviewed in Yeshurun, 2019), and are a basic element for quantitative models of attention (Golob et al., 2017;
Reynolds & Heeger, 2009).
In visual studies attention gradients are often linear, as indicated by progressive increases in reaction time with greater
distance from the focus of attention (Downing & Pinker, 1985;
Eriksen & St. James, 1986; LaBerge et al., 1991). In some
instances gradients can adopt a quadratic shape over space,
with performance benefits at the attentional focus, reduced
performance to stimuli away from the focus, and then some
improvement in performance to stimuli at even greater distances (Bahcall & Kowler, 1999; Caparos & Linnell, 2010).
Far less is known about auditory versus visual attention gradients, but both linear (Mondor & Zatorre, 1995; Rorden &
Driver, 2001) and quadratic (Golob & Mock, 2019, 2020;
Golob, Winston, et al., 2017) patterns have been reported.
Gradients mapped out by occasional shifts in stimulus location likely reflect attention capture to an unexpected change
in the auditory scene (Bregman, 1990; Parmentier, 2014),
and is reflected by slower responses and decreased accuracy.
As one example, when participants make a choice response
to each stimulus in a sequence, an infrequent change between
two sound locations slows reaction times, even when participants respond on the basis of a non-spatial feature such as
pitch (Roeber et al., 2003; Wetzel et al., 2012). In the current study we also used occasional shifts in sound location
to estimate attention capture, but included a wide range of
locations to map out attention gradients. This approach is a
variation on classic paradigms where attention is directed to
one spatial location that usually receives a target (valid trial),
but targets are sometimes presented elsewhere (invalid trials;
Posner, 1978; Spence & Driver, 1994). Prior work using this
paradigm found that the gradients had quadratic shapes, as
indexed by reaction time x stimulus location functions, and
were sensitive to variables such as where participants focused
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top-down attention (left, midline, and right sides) and the
type (verbal vs. spatial) of concurrent memory load (Golob
& Mock, 2019, 2020; Golob, Venable, et al., 2017; Golob,
Winston, et al., 2017).
Studies in the visual modality suggest left-to-right shifts
in spatial attention over time in vigilance tasks. For example,
when line bisection performance is assessed there is a small,
rightward shift with more time on task (Benwell et al., 2013;
Manly et al., 2005). A similar rightward shift over time is also
evident for target detection accuracy (Matthias et al., 2009).
Asymmetries between the left and right sides of egocentric auditory space are commonly seen in dichotic listening
studies. In dichotic listening tasks, two sounds are presented
simultaneously, one to each ear using headphones, and participants identify or remember what they heard. Under these
conditions there is a prominent right ear advantage for which
sound is perceived or remembered best (Hugdahl, 2003;
Kimura, 1967; Morais & Bertelson, 1973, 1975; Yurgil &
Golob, 2010). The right ear advantage has been observed
when using speakers or spatial cues, which suggests a right
side bias rather than a peculiarity limited to using headphones
(Morais & Bertelson, 1973, 1975).
There are some indications that vigilance affects the right
ear advantage, at least in the context of sleep deprivation in
males (Johnsen et al., 2002) and split brain patients (Warm
et al., 1980). One of the goals of the present study was to
examine spatial attention gradients to determine if vigilance
has differential effects in the left versus right side of space. If
a dissociation were observed it would suggest more specific
mechanisms than a general reduction in attention resources,
which would be expected to have a symmetrical influence on
performance.

1.2 | Stimulus-response compatibility
(Simon effect) and vigilance
We next turn to the second question, that of how cognitive
control and vigilance are related. It has been known for years
that even when spatial information is unrelated to a task, the
location of the stimulus can still affect performance (Simon
& Small, 1969). Reaction times are substantially faster when
stimulus and response locations are on the same side of the
participant, relative to non-corresponding locations such as
when the stimulus is on the right, but the left hand makes the
response (now called the “Simon effect”). Slower responses
on non-corresponding trials is thought to reflect conflict between stimulus-response codes, when spatial and non-spatial
information are mapped onto two different responses (Lu
& Proctor, 1995). The Simon effect taps into transient abstract spatial codes used for action (Buhlmann et al., 2007;
Hommel, 1993; Wallace, 1971), and does not simply reflect
the locations of the hands. Depending on task conditions,
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there can be multiple spatial codes for both stimuli and actions (Hommel, 2011).
The Simon effect is one way to index spatial attention control, with smaller Simon effects associated with better attention control by not allowing the irrelevant spatial information
to influence response selection. Cognitive control is thought to
take a substantial amount of time to be engaged after a stimulus is presented (Botvinick et al., 2001; Posner & Boies, 1971).
Evidence supporting this idea is provided by grouping reaction
times into bins of fast, intermediate, and slow trials separately
for corresponding and non-corresponding trial types. When
using visual stimuli the Simon effect is consistently larger for
faster trials, and diminishes with slower responses (De Jong
et al., 1994; Hommel, 1993; Ivanoff, 2003). As is often the
case, findings are less clear in the auditory modality. Several
studies observed flat or increasing Simon effects across faster
to slower reaction time bins (Proctor & Shao, 2010; Wascher
et al., 2001), yet in one study when lower frequency tones
were used results were comparable to visual studies (Xiong &
Proctor, 2016). Differences in the efficacy of cognitive control can be manipulated using phasic arousal, operationalized
by comparing trials with versus without a cue before targets.
The, perhaps, counterintuitive result is that cognitive control
is better on trials without cues (Fan et al., 2002), particularly for short cue-target intervals (Asanowicz & Marzecová,
2017). Better cognitive control on uncued trials is likely secondary to having slower reaction times relative to cued trials,
which provides more time for cognitive control to be engaged
(Nieuwenhuis & de Kleijn, 2013; Schneider, 2017).
Cognitive control is thought to decline during vigilance
tasks (Warm & Dember, 2004), which may be accompanied by
a larger Simon effect. However, few studies have specifically
examined cognitive control in vigilance tasks, with some important exceptions (Ishigami & Klein, 2010; Luna et al., 2018;
Roca et al., 2011). If reaction times decreased during the vigilance episode then the Simon effect might also increase but
for a different reason; transient spatial codes may have greater
influence. Previous experiments typically use tasks with infrequent responding, such as continuous performance or sustained
attention to response (SART) tasks. The above paragraph
shows that cognitive control in general, and the Simon effect in
particular, has been extensively examined on the time scale of
relatively short trial blocks, with breaks in between blocks. We
are not aware of any previous studies that examined the Simon
effect as a function of vigilance (i.e., over time scales of tens
of minutes), although transfer effects after practice in visual
Simon tasks have been examined (Proctor & Lu, 1999).

1.3

|

Current study

In the present study participants were given an auditory spatial attention task lasting ~38 min, which was divided into
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6 equal watch periods. We focused on two main questions.
The first question was whether gradients reflecting attention capture change their shape as the vigilance decrement
develops. One possibility is that attention gradients may become more diffuse over time due to reductions in the ability to control focused attention and resist mind wandering
(McVay & Kane, 2009; Petersen & Posner, 2012). Such
“diffuse” gradients would be indexed by observing flatter
location x reaction time functions. The development of habituation could also lead to reduced attention capture driving the gradient shapes (Rankin et al., 2009). Adjustments
in sensitivity and response bias over time may also lead to
a change in attention gradient shape (Green & Swets, 1966;
Thomson, Besner, Smilek, et al., 2016). Alternatively, if the
shape of attention gradients does not index resources associated with effort that are presumed to lead to the vigilance
decrement, then gradient shape would not change over time.
The task used in this study was initially based on work showing that a change in stimulus location slows reaction time,
presumably due to distracting effects of attention capture on
behavior (Berti et al., 2004; Roeber et al., 2003) and neural
activity (Schröger & Wolff, 1998). The effects of infrequent
location changes are relative to the current focus of attention,
and thus performance reflects an interplay between top-down
and bottom-up processes. Accuracy was expected to decrease
over time, and as described below, two measures of accuracy
(targets, catch trials) provide an opportunity to test for different time courses of accuracy decreases over watch periods.
Lastly, for both reaction time and accuracy any vigilance effects could differ between left versus right hemispace locations, which would rule out interpretations based on a general
pool of resources.
The second main question is whether cognitive control
of irrelevant spatial information, as indexed with the Simon
effect, changes with time-
on-
task. We hypothesized that
the Simon effect would increase over time, which would be
consistent with performance reductions in many other tasks
as a function of vigilance. The Simon effect could have decreased over time as a byproduct of slower reaction times,
or increased due to faster reaction times. As a preview, the
findings ruled-out both possibilities for changes in the Simon
effect over time that are secondary to increases or decreases
in reaction time. Behavioral measures included reaction time
and accuracy in response to frequent targets as well as infrequent catch trials.
Additional methods were used to better understand any
vigilance decrements in our task. Computational modeling of
behavioral data was used to fractionate processing into estimates of decision variables (information accumulation rate,
decision boundaries) and non-decision time (“diffusion decision model” Ratcliff et al., 2016; Wagenmakers et al., 2007).
Psychophysiological methods often provide convergent evidence with behavior when studying the vigilance decrement.
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Here we measured blood flow velocity in left and right
middle cerebral arteries, which declines over time in vigilance tasks and is a well-validated physiological index of
the vigilance decrement (Warm & Parasuraman, 2007). Eye
tracking was also used to index cortical neuromodulation, as
pupil dilation is positively correlated to noradrenergic activity in the locus coeruleus (Joshi et al., 2016), and blink rate
is positively associated with dopamine levels (Jongkees &
Colzato, 2016). Consistent with prior work using other vigilance paradigms, we hypothesized that blood flow velocity
during task performance would first increase above baseline,
and then progressively decrease over time. Results have been
mixed when comparing blood flow in the left versus right
hemisphere over time, and most work uses visual stimuli.
Consequently, we did not make detailed predictions about
hemispheric differences. Pupil dilation and blink rate were
used as additional metrics to assess vigilance decrements in
our novel task. When starting a task pupil dilation typically
increases from baseline (Kahneman & Beatty, 1966), and for
prolonged tasks then decreases (Abe et al., 2020). Blink rate
increases with time when performing a visual task (Stern
et al., 1994), and was predicted to increase over time in the
current study.

2
2.1

|

M ET H OD

|

Participants

Young adult participants were recruited from the University
of Texas, San Antonio, and received course credit for participation (n = 30, age 19.9 ± 1.7 yrs., M/F = 13/17, 27/30
right-handed). The study focused on two behavioral effects—
spatial attention gradients, indexed as differences in reaction
time x location, and cognitive control, indexed by the Simon
effect, also by measuring reaction time. Our prior work using
this paradigm had effect sizes of Cohen's d = 0.91 for the
location effect and d = 1.07 for the Simon effect (Golob &
Mock, 2019). Power analysis showed a minimum of 12 participants would be needed for 80% power for the smaller location effect (p < .05). In addition to running more than twice
the needed participants (n = 30), the results below replicated
both of these prior findings. The analysis of vigilance was
powered at d = 0.53, which was well below effect sizes reported in a meta-analysis of the vigilance decrement (mean
d = 0.72, median = 0.63; See et al., 1995). Two additional participants were not included because the transcranial Doppler
sensors required the experimenter to enter the test chamber
for adjustments, which likely affected vigilance performance.
Potential subjects were initially screened using self-report for
major psychiatric and neurological disorders, as well as substantial hearing impairments. Hearing thresholds were tested
between 500–8,000 Hz using an audiometer (Maico, Eden
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Prairie MN) to ensure that thresholds were <25 dB and differences between ears were <10 dB. Participants also completed a handedness survey (Oldfield, 1971). Subjective effort
was quantified immediately after finishing the vigilance task
by using the NASA Task Load Index questionnaire (Hart &
Staveland, 1988). The NASA task load index (NASA-TLX)
has participants rate their performance across six dimensions
(mental demand, physical demand, temporal demand, effort,
performance, frustration level), which produces an overall
mental workload score along with subscale scores for each
dimension. Due to experimenter error, the first 7 participants
did not receive the NASA-TLX questionnaire. Participants
read and gave written informed consent from a protocol approved by the University of Texas, San Antonio Institutional
Review Board.

2.2

|

Apparatus

2.2.1 | Functional transcranial Doppler
ultrasonography
After signing the consent, participants were fitted with two
transcranial Doppler probes to assess left and right middle cerebral artery blood flow velocity, the arteries that supply most
of the cortex with blood. Functional transcranial Doppler ultrasonography was acquired with the Doppler-Box X and QL-
software (DWL, Compumedics) at a 100 Hz sampling rate.
To assure each Doppler probe (2 MHz transducers) was stationary throughout the experiment, both Doppler probes were
fixed to the temple of each subject using the DiaMon probe
fixation headset (DWL, Compumedics). The middle cerebral
artery blood flow velocity (cm/sec) was measured through
a temporal window at an average depth of 50.2 ± 1.0 mm.
For detailed information on functional transcranial Doppler
methods see Deppe et al. (2004). Transcranial Doppler is
widely used to study the vigilance decrement, and typically
shows reductions in blood flow velocity with greater time on
task (Tripp & Warm, 2008). Sound onset was marked in the
Doppler recording using 8-bit TTL codes sent from a RX8
multi-IO processor (Tucker-Davis) that was interfaced with
Matlab.

2.2.2

|

Eye tracking

A video-based desktop mounted eye tracker was used to
monitor gaze position, pupil diameter, and blink rate from
the left eye at a sampling rate of 500 Hz (EyeLink 1000 Plus,
SR Research, Ontario, Canada). Each participant completed
a randomized 13-point fixed calibration and validation protocol before the experiment. After calibration, the computer
monitor was pushed back and replaced with the front speaker
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that had a plus sign taped to the speaker's black mesh screen
at the same x, y coordinate as the center of the monitor used
for calibration and validation.
All raw eye tracking data was loaded into Matlab using
a freely available function (Edf2Mat, https://github.com/
uzh/edf-converter). The eye tracking data were represented
as x and y gaze position (pixel coordinates; 0,0 is top left of
screen), x and y velocity (arbitrary units), distance of pupil
from eye tracker (millimeters), pupil size (arbitrary units),
and event onset (sample point). Eye blinks produce large and
consistent artifacts that need to be removed. Blink onsets and
offsets are clearly visible and marked by looking for brief
rapid changes in the y gaze position and y velocity data, along
with pronounced dips in pupil size, loss of data between the
blink onset and offset. As with previous work, blinks had
durations between ~100 and 500 ms (Schiffman, 1990). To
reconstruct the pupil size during these blinks, we combined
two approaches. First we deleted all data from 150 ms before each blink onset and 150 ms after blink offset (Knapen
et al., 2016). Next we interpolated the pupil size using a
cubic-spline fit interpolation (Mathôt et al., 2018), and the
x and y gaze positions using a linear interpolation. After interpolation, pupil size was filtered using a 100 ms moving
average window.
To control for changes in pupil size due to pupillary light
reflex the sound booth was kept at a constant ambient illuminance throughout the experiment, and participants were
instructed to fixate on the plus sign on the speaker directly
in front of them and to not close their eyes. Having each participant focus directly in front of them also controlled for the
pupil foreshortening error, which is a distortion in the pupil
image if the front of the eye is not parallel to the plane of
the camera lens. Additionally, we further controlled for both
pupil foreshortening error and random changes due to pupillary hippus by averaging across large time windows (each
6 min and 22 s long, totaling 38 min and 12 s), therefore only
measuring gradual changes in pupil size.

2.3

|

Stimuli

Participants listened to white noise stimuli (~60 dB nHL,
200 ms duration) that was amplitude modulated at either 25
or 75 Hz (90% depth). These amplitude modulation sounds
were easily distinguishable, with 25 Hz sounding like a
playing card “shuffle” and 75 Hz sounding like a “buzzing”
sound. A third AM rate of 50 Hz was used for “catch” (no-
go) trials that did not require a response. The 50 Hz stimulus was also perceived as a buzzing sound, but was distinct
from 25 and 75 Hz. All sounds were presented using a 180°
free field speaker array. The speaker array was built using a
RX8 multi-I/O processer and two SA8 amplifiers (Tucker-
Davis Technologies, Alachua, Florida) to drive five Klipsch
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speakers (RP-160M, 45-25 kHz). Custom software in Matlab
was created to allow for a fully customizable system where
any variable (i.e., speaker, sound file, duration, amplitude)
can be manipulated with millisecond precision. Each speaker
was placed 45° apart in the frontal hemifield (Left → Right:
−90°, −45°, 0°, +45°, +90°) at a distance of 66 cm away
from the center point of each head's subject. A laser guided
coordinate system was used for exact angle and distance
placement. The center of each speaker was 112 cm off the
ground, which was at eye level for most participants while
sitting in the chair.

2.4

|

Experimental procedures

Participants first listened to each of the spatialized sounds,
and marked on a piece of paper the perceived location relative
to the center of their head. All participants reported hearing
the sounds at the approximate intended locations. Next, each
subject responded by keyboard press (−90° = 1, −45° = 2,
0° = 3, +45° = 4, +90° = 5) to indicate which speaker a
sound was played from (40 trials, 8 trials/location, p = .50/
AM rate, next sound played 2.4 s after keyboard press).
Participants were highly accurate at localizing sounds to each
speaker location (−90° = 94.9 ± 1.9%, −45° = 98.6 ± 0.9%,
0° = 99.6 ± 0.4%, +45° = 98.2 ± 0.9%, +90° = 96.4 ± 1.9%).
After quantifying that each subject could accurately localize
the sounds at each speaker, they were then trained on the task.
They were familiarized with the three amplitude modulation
rates, and then had a short practice run before testing (10 trials that included 1 catch trial). If the subject missed more
than 1 trial or responded to the catch trial, a new practice
sequence was run until 90% or above accuracy was achieved.
The attention paradigm we developed to examine auditory vigilance decrements allows for separate performance
measures to frequent as well as infrequent signals. Since at
least the time of Mackworth (1948), responding to infrequent
signals has been used to define the vigilance decrement. Yet,
near continuous performance over time is also a basic consideration for understanding vigilance (Dinges & Powell, 1985).
Typical test durations range from about 30–90 min, although
small vigilance decrements are seen in as little as 8 or 12 min
sessions (Nuechterlein et al., 1983; Temple et al., 2000).
Consequently, we chose a session that lasted a little over
38 min (below).
Stimulus rate is a major contributor to the magnitude and
time course of the vigilance decrement (Parasuraman, 1979).
Here we used a relatively fast, 1.2 s interval between stimuli
to promote a substantial vigilance decrement. This is particularly important for the auditory modality, which may have
smaller vigilance decrements relative to vision (reviewed in
Warm et al., 2015). Occasionally participants were cued to
withhold responding, thus providing an infrequent signal that
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could also be used to define vigilance decrement in terms of
errors of commission.
In each “go” trial participants discriminated between the
25 and 75 Hz modulation rates (p = .50/AM rate) by pressing
either the “V” or “M” key on a standard keyboard. The hand/
AM rate mapping was approximately counterbalanced across
participants. In addition, on occasional no-go “catch” trials
(p = .057), 50 Hz modulation rate was given, and participants
were asked to not respond. Thus, the impact of vigilance
could be assessed both when a correct response is required
(i.e., pressing the wrong button on target, “go” trials), and
also when a correct “no response” is required (i.e., responding with either button on catch, “no-go” trials). This element
of the task design is very similar to the Sustained Attention
to Response Task (SART) task, which is a widely used task
to study vigilance that also has frequent “go” targets and infrequent “no-go” trials (Robertson et al., 1997). Stimuli were
presented at a fixed 1.2 s stimulus onset asynchrony (SOA),
and each participant was instructed to respond rapidly but at
a high level of accuracy.
The majority of stimuli were presented at the midline (0°)
location (p = .792), but sounds were occasionally delivered
to one of the other locations (p = .038/location). We term 0°
as the “standard” location, while the four lateral locations
are called “shift” locations. \Each shift trial was always followed by a standard trial with an average of 5 standard trials
(range = 1–9) separating each shift trial. The catch trials were
also infrequent (p = .057) at a probability that is common in
the literature (e.g., Grier et al., 2003). Conversely, participants
should respond by button press on 94.3% of all the trials.
Participants performed the task continuously for 38 min
12 s (total of 1,908 trials). This time period was evenly divided into 6, 6 min 22 s watch periods. Each watch period
had 318 trials: 252 standards, 48 shifts (12/location), and 18
catch trials.

2.5

|

Statistical analysis

Behavioral measures included reaction time on correct standard and shift trials, and accuracy for standard, shift, and catch
trials. Accurate performance on catch trials was defined as
not responding, and any button press before the next stimulus
was considered an error. Reaction time was used to define
presumed attention gradients, by indexing how the speed of
stimulus processing was affected by the distance between a
given stimulus and the midline focus of attention. Left-and
right-hand measures to the 25/75 Hz amplitude modulation
rates were averaged together for the analyses of location, including responses to standard and shift locations.
The role of stimulus-response compatibility was examined
by calculating Simon effects as a function of sound and hand
locations (left or right side). We first calculated the difference
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between hands (left–right hand) to show any biases among
response hands across all sound locations, including the midline location. The choice of subtracting left minus right hand
reaction times, as opposed to right minus left, was arbitrary.
The Simon effect is conventionally defined by comparing
behavior when the side of the response hand and stimulus
are the same (“corresponding” trials) to when they are on
different sides (“non-corresponding” trials), which does not
include locations at midline.
It is well-known that speed and accuracy interact, particularly when faster responses come with the performance cost
of lower accuracy. Thus differences in reaction times could
be attributable to differences in the rate or quality of information processing (sensitivity), as expected by attention effects,
or, instead, differences in the amount of information needed
before making a response (bias). Signal detection theory is
often used to model sensitivity and bias, but it does not model
how information accumulates over time. Serial sampling
models are formally similar to signal detection theory, and
include the core ideas of sensitivity and bias but also model
information processing over time (Ratcliff, 1978).
Here we used the EZ-Diffusion model to examine the performance differences by considering the speed and accuracy
tradeoff (Wagenmakers et al., 2007). The EZ-Diffusion model
is derived from Ratcliff's diffusion decision model which is
commonly used to model the subject's information accumulation processes in two-
choice response tasks (Ratcliff
et al., 2016). One limitation of the diffusion decision model is
that it requires a full reaction time distribution as input (including error responses). However, in many experiments (including
this one), the behavioral data contains few errors, particularly
for responses at each infrequent shift location. A small error
reaction time distribution can result in inaccurate parameter estimations by the diffusion decision model. EZ-Diffusion provides an alternative for sparse datasets, and only requires the
mean and variance of response times and response accuracy as
inputs. These inputs are translated into diffusion decision model
parameters that represent information accumulation over time
(drift rate), the conservativeness of the response selection
(boundary separation), and a catch-all parameter (non-decision
time). Non-decision time reflects early perceptual encoding
before the decision processes, and action implementation that
occurs once the response decision has been made.2
2
As suggested by Wagenmakers (2007), checks were made to verify that
the reaction time distribution had a right skew, and that the assumption of
an unbiased starting point for information accumulation was also plausible.
The speed of correct and error trials, however, did differ with faster
responses on error (482 ± 89 ms) relative to correct (513 ± 76 ms) trials.
The effect of not having equivalent reaction times is that the parameters
were likely underestimated. However, since we were interested in relative
comparisons of parameters among the five locations, the main conclusions
of the analysis do not depend on whether the assumption of equal response
times for correct and error trials is plausible.
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Functional transcranial Doppler methods were used to
simultaneously measure blood flow velocity in the left and
right middle cerebral arteries 1 min before, during, and 1 min
after performing the vigilance task. The main measure was
middle cerebral artery blood flow velocity (cm/sec). Due to
unknowns such as the middle cerebral artery diameter and the
measurement angle (angle between Doppler probe and the
section of middle cerebral artery being measured), it is recommend to use some form of normalization that expresses blood
flow velocity relative to a prestimulus baseline period (Deppe
et al., 2004). In this study we quantified transcranial Doppler
measures during the task as a percentage of the 1 min baseline.
Factors in behavioral analyses included watch period,
stimulus type (standard, shift), and stimulus location. The
levels were usually either 3 or 6 for watch period and 4 or 5
for location, depending on the particular analysis (described
below). For detailed analysis of only the lateral locations two
factors were used: side (left, right) and eccentricity (±45°,
±90°). Factors for transcranial Doppler measures included
watch period, with levels either 3 or 6 and hemisphere (left,
right). Factors for pupil size included watch period, with 7
levels (pre, watch periods 1–6). Blink rate included factors of
watch period, with 6 levels (watch period 1–6). Significance
was defined as p < .05, and Greenhouse-Geisser correction
was used to control for violations of sphericity. For clarity,
the original degrees of freedom are reported below, and the
epsilon value (ε) to correct for the degree of sphericity violation is also included. Post hoc testing used either t-tests with
Bonferroni correction or ANOVA.

3

|

3.1
3.1.1

R ES U LTS

|

Behavior

|

NASA task load index

To quantify the subjective effort of our vigilance task,
the paper and pencil version of the NASA task load index
(Hart, 2006) was administered after completing the vigilance
task to the last consecutive 23 study participants. The median weighted overall workload score was 66.0 ± 14.6 (SD).
The magnitude scores for each subscale suggests the vigilance task took little physical demand (27.4 ± 5.3), had equal
levels of demand on performance (52.0 ± 16.1) and frustration (54.4 ± 16.9), with temporal (65.9 ± 24.3) and mental demand (66.5 ± 20.1) showing the highest demand. For
perspective, a meta-analysis of the NASA-TLX in a range
of tasks shows that median overall scores with no task were
<15, sorting playing cards by suit was 25.6, driving a car was
41.2, and visual search was 57.9 (Grier, 2015). The NASA-
TLX data show that our participants thought that the vigilance task was highly demanding.

3.1.2

|

Reaction time and accuracy

Behavioral findings for reaction time and accuracy collapsed
across hands are shown in Figure 1. The following analyses
used ANOVA tests with factors of watch and sound location. For simplicity, when examining all 5 sound locations,
the watch factor was analyzed using three combined periods
(1–2, 3–4, 5–6, each pair lasted 12 min 44 s), which did not
differ substantially from analyses that used all 6 watch periods. For some analyses data from the four shift locations
were collapsed, in which case the watch factor had 6 levels
(one for each 6 min 22 s watch period).
The reaction time results are shown in Figure 1a,b. A
3 (watch) × 5 (location) ANOVA test had main effects of
watch (F(2,58) = 18.3, p < .001, ε = 0.77, 𝜂 2p = 0.39) and
location (F(4,116) = 13.5, p < .001, ε = 0.74, 𝜂 2p = 0.32); the
interaction was not significant (p > .15). The watch effect
was due to progressively faster reaction times over watch
periods. Note the hemispace asymmetry, with progressively
increasing reaction times with distance from the standard on
the left side (t(29) = 2.9, p < .01) but a plateau on the right
side (t(29) = 0.3, p > .75). Mean reaction times showing the
generally progressive decreases for standard and shift trials
over the 6 watch periods are shown in Figure 1b. The decrease in reaction time was greatest between watches 1 and
2, but analysis of watches 2–6 showed that reaction time
continued to decrease (linear contrast F(1,29) = 7.9, p < .01,
𝜂 2p = 0.21). The reaction time x watch curves for standard
and shift trials were both well-fit by a power law function
(standard r2 = .0.97, shift r2 = .89).
The accuracy results for targets (25 or 75 Hz sounds) at all
five locations are shown in Figure 1c. The 3 (watch) × 5 (location) ANOVA test had a main effect of watch (F(2,58) = 10.7,
p < .001, ε = 0.68, 𝜂 2p = 0.27), due to progressive reductions in
accuracy over watch periods. The main effect of location and
the watch x location interaction were not significant. Trials
without a response were uncommon (2.1 ± 0.4% of trials),
and did not differ over watch periods (p > .50, 𝜂 2p = 0.03),
which suggests that catch trial “false alarms” did not decrease over time perhaps due to a floor effect, as suggested
by Thomson et al. (2016).
We next examine accuracy over all six watch periods for
targets and infrequent catch trials, where the correct outcome
was to not respond (Figure 1d). Trials were averaged over all
five locations in each watch period, as there were not enough
catch trials to analyze separate locations, and the main effect
of location was not significant for targets. For comparison,
Figure 1d separately presents standard and shift targets, but
they were collapsed in the main analysis to focus on target
versus catch trial effects. A 2 (go/no-go: target, catch) × 6
(watch) ANOVA had main effects of go/no-go (F(1,29) = 26.7,
p < .001, 𝜂 2p = 0.48), watch (F(5,145) = 7.9, p < .001, ε = 0.51,
𝜂 2p = 0.21), and a go/no-go x watch interaction (F(5,145) = 4.0,
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p < .01, ε = 0.77, 𝜂 2p = 0.12). Curve fitting showed that target accuracy over watches was fit well by a linear contrast
(F(1,29) = 11.2, p = .002, 𝜂 2p = 0.28), while catch trials were
well-fit by a quadratic function (F(1,29) = 22.4, p < .001,
𝜂 2p = 0.41).

3.2
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Diffusion decision modeling

The parameters of drift rate, decision boundaries, and non-
decision time are plotted in Figure 2a–c as a function of watch
period (1&2, 3&4, 5&6). In order to have enough trials to

F I G U R E 1 Behavioral measures as a function of stimulus location. (a) Reaction time as a function of watch period (1&2, 3&4, 5&6) and
sound location. (b) Mean reaction time across all 6 watch periods. Data for shift trials are collapsed over the four lateral shift locations.
(c) Accuracy as a function of watch period and sound location. (d) Accuracy to targets at the standard location, shift trials collapsed across the four
shift locations, and no-go catch trials, also collapsed across locations. Error bars = SE

F I G U R E 2 Results from diffusion modeling analysis. Parameters of drift rate (a), boundaries (b), and non-decision time (c) are plotted against
watch period. Results show that drift rate, boundaries, and non-decision time all progressively declined over watch periods. Data were collapsed
across shift locations for each adjacent pair of watch periods. Error bars = SE

|   
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determine if the diffusion model parameters differed with vigilance we had to collapse across the four shift locations and use
pairs of watch periods. One participant could not be included
because they had perfect accuracy. The analysis used separate 2 (trial type: standard, shift) × 3 (watch) ANOVA tests.
For drift rate, there were significant in effects of location type
(F(1,28) = 10.9, p < .01, 𝜂 2p = 0.28) and watch (F(2,56) = 3.8,
p < .04, ε = 0.86, 𝜂 2p = 0.12), indicating a faster drift rate for
standard versus shift trials and an overall reduction in drift
rate across watch periods. Analysis of decision boundaries
also had significant main effects of trial type (F(1,28) = 8.2,
p < .01, 𝜂 2p = 0.23) and watch (F(2,56) = 8.6, p < .01, ε = 0.71,
𝜂 2p = 0.24). The trial type effect was due to more conservative
boundaries for standards, and the watch effect had progressively more liberal decision boundaries over time. For non-
decision time there were significant main effects of trial type
(F(1,28) = 71.2, p < .001, 𝜂 2p = 0.72) and watch (F(2,56) = 12.0,
p < .001, ε = 0.63, 𝜂 2p = 0.30). The trial type effect indicated
longer non-decision times for shift trials, and the watch effect
was due to progressive reductions in non-decision time across
watch periods. Overall, the diffusion decision modeling results show that over time the rate of information accumulation
slowed down (drift rate), less information was needed before
selecting a response (i.e., more liberal boundaries), and non-
decision time decreased. The observation that reaction times
sped-up over watch periods was likely due to a combination of
more liberal boundaries and faster non-decision times, which
outweighed the slowing of drift rate.

3.3

|

Simon effect analyses

For the initial analysis of the Simon effect, the dependent variable for reaction time and accuracy was a simple

GOLOB et al.

subtraction of left hand–right hand. Thus, negative values
indicate the left hand showed faster reaction times or less accurate responses. The reason for this approach was to first
map-out compatibility effects over the five locations, including the midline, which cannot be classified as a corresponding/non-corresponding location because it is not lateralized.
The main analysis compared the four locations in the left and
right hemispaces, and calculated reaction times at each location when the responding hand is at the corresponding (hand
and sound on same side) versus non-corresponding (hand and
sound on different sides) location.
The Simon effect results for reaction time are shown in
Figure 3. A 3 (watch) × 5 (location) ANOVA for left–right
reaction times had a main effect of location (F(4,116) = 29.0,
p < .000, ε = 0.72, 𝜂 2p = 0.50), reflecting the roughly S-shaped
change in reaction times from the left to right side, and watch
(F(2,58) = 4.5, p < .02, ε = 0.99, 𝜂 2p = 0.13; Figure 3a). The
watch effect is shown more clearly in the next analysis, where
the four lateral sound locations are analyzed as a function of
corresponding (ipsilateral: stimulus and hand on same side)
and non-corresponding (contralateral: stimulus and hand on
different sides) trials. The existence of Simon effects was
tested using one sample t-tests at each of the four lateral locations, and all p values were significant at p < .01 (Bonferonni
correction p = .0125). A t test at midline showed no significant differences between hands (p = .16).
For the main analysis shift trials were collapsed across the
45° and 90° locations on the left or right sides, for a maximum of 24 corresponding (ipsilateral sound and hand location) and 24 non-corresponding (contralateral sound × hand)
trials for each of the three watch levels. A 3 (watch) × 2 (side)
ANOVA test had a significant interaction of watch × side
(F(2,58) = 4.8, p < .02, ε = 0.99, 𝜂 2p = 0.14), due to reductions
in the Simon effect over watch periods 5–6 for stimuli on the

F I G U R E 3 Simon effect results. Difference in left-right (a) reaction time and (c) accuracy as a function of stimulus location. The Simon
effect is indicated by faster reaction times and accuracy by the left hand to sounds on the left side of space, and vice versa for right hand responses
to sounds on the right. Reaction times and accuracy were comparable for both hands to sounds at the midline. (b) The Simon effect (non-
corresponding minus corresponding) over watch periods, collapsed across lateral locations on the left (−45°, −90°) and right (+45°, +90°). There
was a significant watch x hemispace interaction (p < .02), due to a reduction in the Simon effect on the left side in watch periods 5&6 (p < .005).
Error bars = SE
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left, but not right in the last pair of blocks (watch 5–6: left vs.
right side, p < .005; Figure 3b). The reduction in the Simon
effect was significant but marginal, and to better appreciate
the evidence for the results Bayes factors were calculated.
The watch × side interaction was in the conventional range
of anecdotal level of evidence (BF10 = 1.5), while the left-
right difference in watches 5–6 had a moderate-strong level
of evidence (BF10 = 9.4). Analysis of the difference between
non-corresponding and corresponding reaction times as a percentage of corresponding trials ([non-corresponding − corresponding]/corresponding) had the same significant
watch × side interaction (F(2,58) = 4.3, p < .02, ε = 0.93,
𝜂 2p = 0.13).
Analysis of accuracy differences between hands (left–
right) used a 3 (watch) × 5 (location) ANOVA, and also
had a significant location effect due to an S-shaped curve
with greater accuracy for ipsilateral sounds (F(4, 116) = 38.0,
p < .001, ε = 0.82, 𝜂 2p = 0.57, Figure 3c).

3.4

|

Transcranial Doppler measures

A subset of 23 participants had quality transcranial Doppler
measures in both hemispheres at baseline and all 6 watch periods. Blood flow velocity relative to a 1 min baseline as a
function of hemisphere and time period is shown in Figure 4a.
Blood flow increased from baseline to the first watch period
in left and right hemisphere middle cerebral artery measures,
and then declined over watch periods.
Blood flow velocity during task performance, relative
to baseline, was tested using a 6 (watch) × 2 (hemisphere)
ANOVA. There was a main effect of watch (F(5,110) = 5.9,
p < .02, ε = 0.29, 𝜂 2p = 0.21) due to an increase in the first
watch period and then progressive reductions over watch

|
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periods. Blood flow velocity increased in the first watch period relative to baseline for 20/23 participants (t(22) = 3.0,
p < .01), and a Helmert contrast showed that the first watch
was also greater than watch periods 2–
6 (F(1,22) = 10.3,
p < .01, 𝜂 2p = 0.32). There was also a main effect of hemisphere, with slower blood flow velocity in the left versus
right hemisphere (F(1,22) = 4.8, p < .04, 𝜂 2p = 0.21). There was
a trend towards a watch x hemisphere interaction, which did
not attain significance (p < .06). The trend suggests a progressive reduction over watches in the left hemisphere, while
the right hemisphere essentially returned to baseline after the
first watch period.

3.5

|

Eye tracking measures

A subset of 23 participants had adequate pupillometry measures at baseline and all 6 watch periods. Eighteen of these
23 participants also contributed to the transcranial Doppler
analysis. Normalized measures of pupil dilation and blink
rate are shown in Figure 4b. Normalization was used instead
of percept of baseline, as with transcranial Doppler measures,
because, unlike the >6 min watch periods, the 1 min baseline
was not long enough to reliably measure blink rate. Pupil dilation was tested using a one-way ANOVA with the factor
of watch period (baseline, watch periods 1–6). There was a
main effect of watch period (F(6,132) = 4.0, p < .01, ε = 0.53,
𝜂 2p = 0.16). A follow-up Helmert contrast showed that pupil
dilation was significantly larger for the first relative to the
remaining watch periods (watch 2–6; F(1,22) = 18.3, p < .001,
𝜂 2p = 0.45), with no significant differences among remaining
watch periods. Pupil dilation also increased from baseline to
the first watch period 1 (t(22) = 3.4, p < .01), with 18/23 participants showing increases in pupil size.

F I G U R E 4 Psychophysiological measures across watch periods. (a) Transcranial Doppler measures of blood flow velocity (% of 1 min
baseline). Blood flow significantly increased from baseline to watch period 1 in both hemispheres, and then returned to baseline (right hemisphere)
or continued to decrease over the remaining watch periods (left hemisphere). (b) Eye tracking measures as a function of watch period. Pupil dilation
response (PDR) increased for the first watch relative to baseline, and then decreased towards baseline. Blink rate progressively increased over
watch periods
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Blink rate was tested with a one-way ANOVA using the
factor of watch period with 6 levels (watch periods 1–6). A
one-way ANOVA had a significant effect of watch period
(F(5,110) = 8.2, p < .001, ε = 0.60, 𝜂 2p = 0.27). Blink rate progressively increased over the watch periods, and was well-fit
by a linear contrast (F(1,22) = 20.1, p < .001, 𝜂 2p = 0.48).

3.6 | Correlations among slopes over
watch periods
Lastly, we performed an exploratory analysis of watch period
effects by calculating the linear slopes of select dependent variables as a function of watch period (6 values) for individual
participants. The slopes for reaction time and accuracy in
standard and shift trials, blood flow velocity in the left and right
hemisphere, and blink rate were calculated. Note that the blood
flow velocity and blink rate measures had <30 participants.
Measures with non-linear profiles over watch periods (catch
trial accuracy, Simon effect, pupil dilation) were not included.
As expected, correlations between standard and shift trials were large for both reaction time and accuracy measures
(p's > .85, p values < .001). Correlations among reaction
time and accuracy slopes were not significant for either standard (r = .27, p = .15) or shift (r = .19, p value = .32) trials,
suggesting that speed and accuracy changes over watch periods were not strongly related. Blood flow velocity measures
had no significant correlations to behavioral measures (all
p values > .21). Most correlations to blink rate were not
significant (p values > .37), with the exception of standard
reaction time (r = .47, p = .019), which we cautiously interpret given the sample size and non-significant correlation to
shift reaction time (r = .34, p = .09). To the extent that this
is a trend, as increases in the positive blink rate slope were
associated with smaller, negative reaction time slopes.

4

|

D IS C U SS ION

This study used a novel auditory spatial attention task to examine attention capture and response selection as a function
of vigilance. The shape of the reaction time curve indexing
attention gradients did not significantly change shape across
watch periods. Instead, there was an overall speeding-up of
reaction times across watch periods. In contrast, for multiple accuracy measures there was a vigilance decrement.
Accuracy reductions over time were precipitous for catch trials and gradual for target trials. Diffusion decision modeling
showed that vigilance was accompanied by reductions in the
rate of information accumulation, more liberal response selection boundaries, and reduced non-decision time. Simon effects were observed to stimuli on the left and right sides, but
only the left side had a significant reduction over the watch

GOLOB et al.

periods (watches 5–6). Blood flow velocity effects were bilateral, with increases at the beginning of the task and then
progressive decreases, particularly in the left hemisphere.
Pupil size, presumably reflecting noradrenergic activity, and
blink rates, associated with dopaminergic activity, responded
to the vigilance decrement in different ways. Pupil size increased from baseline at the beginning of the task but quickly
returned to baseline levels after watch period 1, and held stable over subsequent watch periods. In contrast, blink rate had
a linear increase across the watch periods.
Taken together, the above findings support attention theories with largely independent systems for selectivity and
effort, such as Posner's distinction between alerting and
orienting attention networks (Petersen & Posner, 2012), or
newer ideas on effort as a motivational signal to guide and optimize behavior (Kurzban et al., 2013; Shenhav et al., 2017).
The results do not support theories positing general attention
resources (Kahneman, 1973). Models of more complex resource allocation (Wickens, 2008) or links between effort
and working memory demands would require further testing
(Lavie, 2005; Warm & Parasuraman, 2008).

4.1 | Dissociation between attention control
(gradient shape) and effort (vigilance)
The shape of a presumed attention gradient, indexed by reaction time, was consistent over watch periods even though a
vigilance decrement was evident by decreased accuracy to
targets and catch trials, a slowing of the diffusion model drift
rate, and reductions in blood flow velocity. The dissociation
between attention gradient shape and the vigilance decrement
indicates some independence between resources for spatial
attention selectivity and those needed to maintain vigilance
but are depleted (Warm & Parasuraman, 2008), at least in
the task that was used in the current study. In contrast, there
is evidence from visual studies that reductions in alertness
have a disproportionate cost for processing information in the
left hemifield, relative to the right side (Benwell et al., 2013;
Chandrakumar et al., 2019, 2020). Future work would be
needed to more specifically test relations between effort and
alertness, which take into account task and modality differences (Arrabito et al., 2015; Hatfield & Loeb, 1968).
The interpretation of a stable reaction time profile over
time with respect to theories that propose resource re-
allocation and strategic control is less clear. If mind wandering
is presumed to re-allocate resources essential for maintaining
spatial attention gradients, then our results would challenge
that position (Smallwood & Schooler, 2006). Alternatively,
the reaction time profile results are compatible with more
complex theories involving changes in executive control of
resources or strategic control with time-on-task, which are
considered in the last section of the Discussion.
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It is possible to vary the shapes of attention spatial gradients,
as shown by visual studies that manipulated variables such as
perceptual load (Caparos & Linnell, 2010; Lavie et al., 2004),
spatial cueing (Greenwood & Parasuraman, 1999), the positioning of objects (Hollingworth et al., 2012), motion
(Cavanagh & Alvarez, 2005), and sometimes non-adjacent
locations (Cave & Bichot, 1999). In the current task, spatial
short-term memory load and the range of sound locations
can also influence the shape of auditory attention gradients
(Golob & Mock, 2020; Golob, Winston, et al., 2017). As an
empirical question, the consistent shape of the attention gradient across watch periods suggests that the gradient shape is
not driven by classic attentional orienting responses to unexpected stimuli (Sokolov, 1963), or processes associated with
the orienting response that habituate over time (Barry, 2009).
However, bottom-up effects from shifts, such as interfering with task set or arousal (Horváth, 2014; SanMiguel
et al., 2010), are likely present but may not be affected in the
present task over the tested watch periods. Convergent evidence from prior work in this task shows that manipulating
stimulus rate, which should influence habituation if it was
present, also did not significantly alter the shape of attention gradients (Golob & Mock, 2020). It is currently unclear
whether the distracting effects of location shift in this task
can be voluntarily suppressed (see Horváth, 2013; Sussman
et al., 2003), but prior work shows that top-down influences
such as spatial memory load do influence the reaction time
profile (Golob, Winston, et al., 2017).
The shape of the reaction time × location curves in this study
replicated findings from other reports when the same task was
tested over shorter time periods (Golob & Mock, 2019, 2020;
Golob, Venable, et al., 2017; Golob, Winston, et al., 2017).
Reaction time often slows in vigilance tasks (Warm &
Parasuraman, 2008), yet in the present study reaction time
sped-up over time. A key distinction is that in the current study
reaction time decreases occurred to frequent targets that were
presented every 1.2 s. In contrast, typical vigilance tasks measure reaction time to infrequent targets separated by 10's of
seconds. The profile of reaction time versus watch conformed
to a power law function, which is commonly observed in a
wide range of tasks (Newell & Rosenbloom, 1981). We could
not assess reaction time to infrequent targets here because the
correct outcome to the infrequent catch trials was to not respond. Recent work using visual tasks shows that depending
on the type of vigilance task, reaction time can either progressively increase or decrease (reviewed in Rubinstein, 2020).
Similarly, in a task that measured reaction times to frequent
targets and infrequent deviant stimuli, reaction time decreased
to targets and increased to deviants with time-on-task (Luna
et al., 2020). Having to make choice responses on 94.3% of
the trials, as opposed to the typical vigilance task were participants respond to infrequent targets was a key variable that led
to reaction times speeding up as time on task increased.
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In this study only one location, the midline, was the focus
of attention. Based only on the present observations, we can't
be sure that the attention gradient-like patterns are solely due
to the fact that the midline location was attended. However,
previous studies that used the same task already found that
the shape of reaction time and accuracy gradients are strongly
affected by where attention is directed in space (Golob &
Mock, 2019; Golob, Venable, et al., 2017; Golob, Winston,
et al., 2017). Moreover, when subjects divide attention among
all five locations that are made to be equally probable, there
is a relatively flat reaction time curve across locations (Golob
& Mock, 2020; Scheuerman et al., 2017). Spatial short-term
memory load also contracts the gradient shape relative to a
no load condition (Golob, Winston, et al., 2017). These observations suggest that midline per se was not a major factor driving the profile of reaction times over the five spatial
locations.
The diffusion decision model results provide more insight
into how the rate of information accumulation (drift rate) relates to the placement of the decision boundaries, which are
assumed to reflect later stages of decision making prior to
response execution (Smith & Ratcliff, 2009). The decision
boundaries are the main mechanism for modeling speed accuracy trade-offs in diffusion models; liberal thresholds confer
faster speed and lower accuracy, while conservative boundaries slow responding but improve accuracy (Ratcliff, 1978).
The results showed, as expected, that the drift rate was faster
at the attended standard location relative to the four shift locations. In addition, the decision boundaries when processing stimuli at the standard location were more conservative
than at the shift locations. Having more conservative decision
boundaries at the attended standard may have been a mechanism to protect against compromising accuracy for faster
responses. Note that the profiles of the three diffusion model
parameters in Figure 2 are calculated from both correct and
error trials, so the pattern of parameters as a function of location does not have to precisely match either the reaction time
or accuracy results.
Diffusion decision modeling across watch periods showed
that drift rate progressively decreased, boundaries became
more liberal, and non-decision time decreased. The findings
contribute to the longstanding question of whether attention
affects early sensory processing versus later response selection
criteria (Kahneman, 1973; Posner, 1978; Thomson, Besner, &
Smilek, 2016), and the current results suggest that both mechanisms were affected during the vigilance episode. The progressive reductions in drift rate and sensitivity are often seen
in vigilance tasks with infrequent target responses (Mueller
et al., 2020; Nelson et al., 2014), while increasingly liberal
decision boundaries are known to regulate the speed-accuracy
balance in choice-reaction time tasks (Donkin & Brown, 2018).
The finding that reaction times got faster over time was not
due to faster accumulation of stimulus information, indeed the
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diffusion modeling suggested that information accumulation
(drift rate) slowed over time. Drift did show differences as a
function of spatial attention, as the drift rate was much faster at
the attended standard versus shift locations.
The progressive decrease in reaction time over watch periods seems to relate to the other two diffusion model mechanisms. Having a more liberal response criteria with time on
task sacrifices some accuracy for greater speed, and is consistent with work on the importance of response criteria in
the vigilance decrement (Donkin & Brown, 2018; Thomson,
Besner, & Smilek, 2016). The non-decision time parameter
also got smaller across watch periods, indicating less time
was needed for early perceptual and/or late motor processing. Further experiments are needed to test for hemispace
asymmetries in diffusion parameters, as well as to explore
non-decision mechanisms. Similarly, other work would be
needed for a detailed comparison of reaction time and accuracy curves to diffusion model results, especially with respect
to power law versus linear changes over time.

4.2 | Catch trial accuracy over
watch periods
In the majority of vigilance tasks participants occasionally respond to a pre-specified target (Funke et al., 2017;
Mackworth, 1948). The present experiment examined performance to infrequent stimuli, but participants withheld a
response to the occasional catch trial. Note that the types of
errors in the two approaches are distinct, with errors of omission in typical vigilance tasks and errors of commission to
catch trials in the present study. The two error classes reflect substantially different cognitive and neurobiological
processes, with errors of commission often being studied in
tasks that examine inhibitory function such as stop-signal,
continuous performance, and sustained attention to response
(SART) tasks (Robertson et al., 1997; Rosvold et al., 1956;
Verbruggen & Logan, 2008).
The profile of errors to targets and catch trials differed,
with a much steeper and earlier drop over watch periods for
catch relative to target trials. Catch trials were far less probable
than standard trials, but were comparable to the probability of
shifting to a given location (shift location p = .038 vs. catch
p = .057). However, the probability of standards was much
greater than shifts (p = .79 vs. .152), yet the slopes of accuracy
over watch periods were comparable (see Figure 1d). Thus, the
low probability of no-go catch trials does not appear to account
for the more rapid decrease in accuracy over watch periods relative to target go-trials (standard and shift trials). Researchers
have considered different patterns of vigilance decrements
over time, and the time course of no-go accuracy more closely
fits the classic exponential decline, while accuracy to targets is
more consistent with a linear decline (Hancock, 2017).
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4.3

|

Cognitive control and vigilance

In contrast to the preserved attention gradient shape over
time, the Simon effect did show a modest change over time,
with a decrease in the left hemispace towards the end of testing (watch periods 5–6). Reductions in the Simon effect were
present in the left but not right hemispace. This places constraints on the interpretation, because prior work on cognitive
control points to nonspecific factors such as time of day (Lara
et al., 2014) and phasic alertness (Asanowicz & Panek, 2020;
Schneider, 2017). Similarly, practice effects would not be expected to differ among hemispaces. Finding a smaller Simon
effect towards the end of the watch for sounds on the left, but
not right, side of space is unlikely due to such nonspecific
factors. Future work is needed to replicate and more precisely
understand any left versus right side differences in cognitive
control as a function of vigilance.
The initial hypothesis that the Simon effect would increase
over time was not supported. Prior studies that did find reductions in cognitive control over vigilance watch periods most
often used visual search tasks (e.g., Craig & Klein, 2019)
or dual-task paradigms (e.g., Helton & Russell, 2011, 2013,
2017). The flanker effect in the ANT also decreases over
the initial 15–20 min of testing (Zholdassova et al., 2019).
Increasing working memory load, either spatial or verbal, enhances the vigilance decrement, which suggests that
common executive resources were being utilized (Helton &
Russell, 2011). The results also bear on observations that
trials with the fastest reaction times have the worst cognitive control in the visual flanker task (Nieuwenhuis & de
Kleijn, 2013; Schneider, 2017). Since we found that reaction times sped-up over watch periods, a consideration of
faster overall reaction times would also predict increases in
the Simon effect over watch periods, which was not found.
Given the need for replication, mixed results within auditory
Simon tasks, and potential differences between modalities,
it is premature to pinpoint reasons for why the Simon effect
to left hemispace sounds decreased in this study. However,
analysis of factors that influence the magnitude of the Simon
effect, such as sequence effects across trials (“congruency
sequence effects”) or the base rate of corresponding versus
non-corresponding trials have an extant theory base that may
be useful to probe the mechanisms of any vigilance effects
(Chinn et al., 2018; Egner, 2017).

4.4

|

Psychophysiological results

Bilateral measures of blood flow velocity had robust increases during the first watch period, and then decreased in
the other five watch periods. Previous studies have shown
that reductions in blood flow velocity reliably accompany
the vigilance decrement, and do not decline over time when
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participants are not performing a task (Funke et al., 2017;
Warm & Parasuraman, 2007). The current experiment had
declines in left and right middle cerebral artery blood flow
velocity over time, with a transient increase in the right hemisphere and a prolonged increase and then decrease in the left
hemisphere. Results have been mixed in previous vigilance
studies, with some finding greater declines in the right hemisphere (Shaw et al., 2009) while others found similar results
in both hemispheres (Helton et al., 2010). Some variables
that may relate to symmetrical versus asymmetrical results
among hemispheres are task difficulty and task duration, with
right hemisphere reductions for easier, and/or shorter tasks
and bilateral reductions for more difficult tasks and longer
durations (Helton et al., 2010). Greater bilateral engagement
is broadly consistent with neuroimaging studies showing bilateral recruitment with increased difficulty within tasks as
well as across adult age groups (Cabeza, 2002; Cabeza &
Nyberg, 2000).
Modality differences in transcranial Doppler results have
received little attention, but may also be relevant because the
vigilance decrement can be less pronounced in audition versus vision (Arrabito et al., 2015; Szalma et al., 2004). More
research is needed to reach firm conclusions on the role of
modality, but one study that directly compared vision and audition with careful controls found no significant difference
in the reduction of blood flow over time among modalities
(Shaw et al., 2009). This same group used a spatialized auditory vigilance task (40 min duration), and found strikingly
similar results to the present study. Blood flow increased bilaterally at early time periods, decreased to baseline levels,
and then continued to decrease in the left hemisphere (Shaw
et al., 2013, Figure 3a).
Work using humans as well as animal models have defined a strong association between eye tracking measures
and neuromodulation. Phasic pupil dilation can index norepinephrine levels and activity in the locus coeruleus, while rate
of spontaneous eye blinking reflects neuromodulation by dopamine (Jongkees & Colzato, 2016; Joshi et al., 2016). Direct
measures of locus coeruleus activity show a strong correlation to pupil dilation (Joshi et al., 2016; Murphy et al., 2014).
The evidence is not as strong for an association of eye blink
rate and dopamine tone, but consists of push-pull effects
from dopamine agonists/antagonists that increase/decrease
blink rate, and patient studies with presumed higher (e.g.,
schizophrenia) or lower (e.g., Parkinson's disease) than normal levels of dopamine showing the same pattern (Deuschl
& Goddemeier, 1998; Jongkees & Colzato, 2016). The current finding of increased blinking rate in an auditory task
supports prior work showing similar increases during visual
tasks (Stern et al., 1994).
Comparison of the time course of behavioral indications
of vigilance decrement and the eye tracking measures suggest that pupil dilation has a similar profile over time to
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performance on the catch trials, while linear increases in
blink rate are similar to linear decreases in target accuracy
(cf. Figures 1d and 4b). A more rigorous comparison would
be needed in a future study designed to assess individual differences, but we speculate that that the different time courses
of behavioral vigilance decrements for targets and catch-trials
may be due, in part, by different influences of noradrenergic
and dopaminergic neuromodulation.
Taking a broader perspective, prior work suggests that
the concept of vigilance should be multi-faceted. For example, classic work showed that factors such as memory
load, presentation rate of stimuli, and modality had systematic effects on performance (Parasuraman, 1979; Warm &
Dember, 2004). Another more recent distinction is between
executive-vigilance and arousal-vigilance (Fernando Gabriel
Luna et al., 2018). It may be worthwhile to loosely group
the results into a set of temporal profiles as a function of
watch period. One set of results occurred transiently over
one or two watch periods, primarily at the beginning of the
task (decrease in catch trial accuracy, increase in pupil dilation, increase in right hemisphere blood flow) which then
returned to baseline or leveled-off. The decrease in the Simon
effect for left hemispace sounds may also fit this grouping,
although more watch periods would be needed to see if it
continued. The other grouping had a more progressive pattern over all watch periods, albeit with greater changes early
in the session, and included decreases in reaction time and
accuracy to standard and shift stimuli (especially in the left
hemispace), blood flow in the left hemisphere, and blink rate.
These results suggest that the impact of vigilance on certain
cognitive processes can be expressed through different temporal profiles.

4.5 | Attention control and effort over
space and time
We suggested above that the single dissociation between preserving spatial selectivity over the course of the vigilance decrement implies that these phenomena do not reflect a general
pool of resources. Here we speculate that the dissociation is
the result of deeper reasons having to do with solving different engineering problems of attention. Previous efforts have
considered the vigilance decrement as an active attentional
response to the test situation (Hancock, 2013; Hockey, 2011).
Attention gradients reflect the classic problem of selectivity,
either because too much information is present at one time
(Posner, 1978) and/or too few actions can be done at one time
(Allport, 1989). The computations for attention selectivity
have long been a main focus in the visual attention literature
(Bundesen, 1990; Reynolds & Heeger, 2009; Wolfe, 2007).
In contrast, the concepts of resources or arousal
are often invoked when theorizing about the vigilance
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decrement, and the subjective sense of employing attentional
effort (Kahneman, 1973). Most recognize that “resources”
or “arousal” are not completely satisfying explanations,
and will eventually be replaced by more precise concepts
(Navon, 1984). Clues for attaining greater precision can be
found in other topics of seemingly general psychological phenomena that have been usefully modeled as the outcome of
specific computations. Progress has been made in understanding computations that may underpin emotions, such as the “affect as information” hypothesis (Clore & Huntsinger, 2007),
and more broadly the framework of understanding cognitive
adaptations shaped by evolution (Cosmides & Tooby, 2013;
Tooby & Cosmides, 2010). Loneliness, for example, may be
an indication of estrangement, which had great importance in
hunter-gatherer times because survival depended on being a
part of the group (Hawkley & Cacioppo, 2010). Similar evolutionary considerations have been applied to emotions such
as happiness (Buss, 2000) and pain (Craig, 2003).
We speculate that the subjective reduction in attention effort
that occurs during the vigilance decrement may also indicate
the output of an evolutionary important computation. One possibility is that the subjective and objective decline with time-on-
task may be the outcome of computing the costs versus benefits
of continuing the current task relative to other things that could
be done instead. Multiple groups have recently developed ideas
on how the sense of mental effort may index opportunity costs
(Kurzban et al., 2013) or comparisons of payoffs for exploration
versus exploitation (Shenhav et al., 2017), which was inspired
by work on animal behavior (Charnov, 1974; Schoener, 1971).
The subjective state of boredom, and related performance declines seen in the vigilance decrement, may reflect the outcome
of such computations (Geana et al., 2016). From this perspective, dissociations among variables such as attention selectivity
and cognitive control may provide additional clues about the
information processing mechanisms that give rise to the vigilance decrement.
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