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Abstract

Sustained attention plays an important role in adaptive behaviours in everyday activities. As previous studies have mostly
focused on vision, and attentional resources have been thought to be specific to sensory modalities, it is still unclear how
mechanisms of attentional fluctuations overlap between visual and auditory modalities. To reduce the effects of sudden
stimulus onsets, we developed a new gradual-onset continuous performance task (gradCPT) in the auditory domain
and compared dynamic fluctuation of sustained attention in vision and audition. In the auditory gradCPT, participants
were instructed to listen to a stream of narrations and judge the gender of each narration. In the visual gradCPT, they
were asked to observe a stream of scenery images and indicate whether the scene was a city or mountain. Our within-
individual comparison revealed that auditory and visual attention are similar in terms of the false alarm rate and dynamic
properties including fluctuation frequency. Absolute timescales of the fluctuation in the two modalities were comparable,
notwithstanding the difference in stimulus onset asynchrony. The results suggest that fluctuations of visual and auditory
attention are underpinned by common principles and support models with a more central, modality-general controller.
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Introduction across mental processes? Sustained attention has been
typically modelled either as resource depletion (over-
load) or as mindlessness (underload) (Fortenbaugh et al.,
2017; Thomson et al., 2015). The two views were recently
integrated into a resource-control model (Thomson et al.,
2015), in which a controller (a higher level system) allo-
cates attentional resources to the task and the amount of
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the allocation tends to decrease in later trials as more
resources are allotted for mind-wandering (the default
target of allocation). As this line of discussion has been
based mainly on studies in the modality of vision and
given that temporal aspects of visual and auditory atten-
tion are not necessarily comparable (Zalta et al., 2020), it
is still unclear whether the model can be generalised to
other sensory modalities such as audition.

Predictions of how much the fluctuation of sustained
attention is modality-general depend on theories. From
viewpoints focusing on attentional resources, the resources
in vision and audition have been thought to be distinct
(Alais et al., 2006; Duncan et al., 1997; Larsen et al.,
2003), in accordance with the general multiple-resource
framework in the literature of human attention (Baddeley,
2012; Wickens, 2008). In line with the framework, a recent
study revealed distinct natural rhythms for auditory and
visual temporal attention (Zalta et al., 2020). Simple
resource-based models thus do not necessarily predict sim-
ilarity between visual and auditory sustained attention. On
the contrary, a more central, modality-general mechanism
has been shown to play a central role in some attentional
phenomena (Jolicoeur, 1999; Lehnert & Zimmer, 2008;
Saults & Cowan, 2007). For sustained attention, the
resource-control model explained the attentional fluctua-
tion as the variability of resource allocation by the control-
ler (Thomson et al., 2015). Because the controller is an
integrated higher level system, the model predicts that the
characteristics of the attentional fluctuation are not spe-
cific to vision but rather shared with audition. As the fluc-
tuation of sustained attention is inherently dynamic, we
should directly compare the dynamic nature of the resource
allocation process in auditory and visual modalities.
However, we lack a proper experimental paradigm for the
between-modality comparisons in terms of fluctuation
dynamics.

A continuous performance task (CPT) has been one of
the most useful measures for assessing the level of sus-
tained attention or vigilance. In such a task, participants
respond to frequent non-targets and withhold their
responses to infrequent targets, which implicitly calls for
maintaining an attentional level. Researchers have found
that CPT performance depends on an interaction of three
factors: task parameters, participant’s personality traits,
and environmental conditions (Ballard, 2001). The pre-
sent study focused on task parameters. Previous studies
have shown that a critical parameter is the speed of stim-
ulus presentation: faster event rates in CPTs lead to fewer
correct responses and longer reaction times (RTs)
(Parasuraman & Giambra, 1991), and the CPT perfor-
mance is associated with everyday cognitive failures
(McCrae, 2007). However, there were methodological
limitations in those studies. Trials in these tasks were
accompanied by sudden stimulus onsets, which may
reduce demands on the maintenance of endogenous

attention (Sturm & Willmes, 2001). When sudden-onset
visual cues were presented before target stimuli, perceptual
sensitivity was enhanced in a vigilance task (MacLean et al.,
2009). Another issue is a lack of analyses that can assess trial-
to-trial, within-individual dynamics of sustained attention
(Esterman et al., 2013). Performance measures are limited to
temporally summarised scores such as mean accuracy.

Such limitations were shared by a few CPT studies that
compared auditory and visual sustained attention, which
may explain their mixed results. The auditory CPT
appeared to be more difficult than the visual CPT (Baker
et al., 1995), but the performance difference decreased
with advancing age (Aylward et al., 2002). Visual vigi-
lance tasks appeared more stressful for adults than audi-
tory vigilance tasks (Galinsky et al., 1993; Szalma et al.,
2004). A previous study used discrete spoken digits for the
auditory task and visually presented digits for the visual
task (Seli et al., 2012). The study reported significant
between-modality correlations for the false alarm (FA) rate
and reaction time (RT) variability. However, again, perfor-
mance measured in these studies may be affected by sud-
den stimulus onsets, and the dynamics of fluctuation was
not considered. To test whether the correlations are genu-
inely diagnostic of common mechanisms of sustained
attention or not, correlations of the indices and dynamic
properties should be investigated under conditions where
sudden stimulus onsets are removed.

To reduce the attentional capture caused by the sudden
image onsets of conventional CPTs and elucidate temporal
dynamics of attention, a gradual-onset CPT (gradCPT) has
been developed (Esterman et al., 2013). In the gradCPT,
they presented visual images that gradually changed from
one to the next, and participants judged whether the stimu-
lus was a scene of a city or mountain. The results revealed
a tight link between FA rates and RT variability. Their
novel analysis enables us to track the dynamics of atten-
tional fluctuations via a time series of RTs. Although the
gradCPT has been applied only in the visual modality so
far, it should also be possible for the gradCPT to remove
the effects of sudden stimulus onsets on auditory-visual
comparison.

The present study developed an auditory analogy to the
visual gradCPT, in which narrations gradually changed
from one to the next without sudden onsets, and partici-
pants judged whether the stimulus was a male or female
voice. In Experiment 1, we investigated the degree to
which the auditory and visual gradCPT performance var-
ied with stimulus onset asynchrony (SOA) and chose a
longer SOA for the auditory gradCPT to equalise task dif-
ficulty. In Experiment 2, we identified the fluctuation of
sustained attention in both modalities and found similari-
ties in task performance and fluctuation frequencies. The
results suggest that some principles underlie the dynamic
resource allocation process in sustained auditory and vis-
ual attention.
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Method

Participants

A total of 24 college students participated in Experiment 1
(11 males and 13 females; mean age 19.9 years, range 18—
21years). Another 29 students participated in Experiment 2
(14 males and 15 females; mean age 20.7 years, range 18—
25years). We based our sample size on the previous litera-
ture (Esterman et al., 2013) and a power analysis. According
to a power analysis with a power of 0.8 (a-level=.05), we
required 28 participants for Experiment 1 to detect main
effects and interactions in analysis of variance (ANOVA;
f=0.25, F-test) and 23 participants for Experiment 2 to
detect between-modality correlations (#=.5; bivariate nor-
mal model). The number of participants for Experiment 1
was less than originally planned due to unexpected failures
in data acquisition (two participants quit before the end;
another two did not reach the hit rate of 50%). All partici-
pants were right-handed with normal hearing and normal or
corrected-to-normal vision. None had any history of neuro-
logical or psychiatric disorders. This study was approved by
the Ethics Committees of Chukyo University and Hokkaido
University (approval nos. RS17-020 and 28-2) and was car-
ried out under the Ethical Guidelines for Medical and Health
Research Involving Human Subjects. Participants gave
written informed consent after the procedures had been fully
explained to them.

Behavioural tasks

For the auditory gradCPT, the stimuli consisted of narra-
tions spoken by 10 males and 10 females. The stimuli
were randomly presented with males (90%) and females
(10%), without allowing identical narrations to repeat in
consecutive trials. The narrations gradually changed from
one to the next, using rising and falling sinusoidal ramps
(Figure 1a). All narrations were normalised by the root
mean square level, and the presentation level was adjusted
to a comfortable listening level. The stimuli were deliv-
ered through Sennheiser HD 599 headphones. The narra-
tions were chosen from a narrative database from a variety
of languages (International Phonetic Association, 1999)
so that the languages differed from the native language of
the participants. Thus, the participants judged the voice
stream’s gender using acoustic clues of the stimuli, and
not semantic clues.

The visual gradCPT was conducted in accordance with
a previous study (Esterman et al., 2013). All stimuli were
round, greyscale photographs that contained 10 city scenes
and 10 mountain scenes. The stimuli were randomly pre-
sented with city (90%) and mountain (10%), without
allowing identical scenes to repeat in consecutive trials.
The scenes gradually changed from one to the next, using
a linear pixel-by-pixel interpolation (Figure 1b). Images
were subtended 4.5° of visual angle at 57 cm of viewing
distance.

In Experiment 1, participants were randomly assigned
to either the auditory or visual gradCPT. Each gradCPT
consisted of three 8-min conditions. For each condition,
the stimulus duration and SOAs were fixed as 1,600/800,
2,400/1,200, or 3,200/1,600 (auditory/visual) ms. The
order of conditions was randomised across participants. In
Experiment 2, participants performed both the auditory
and visual gradCPTs. From the perspective of task diffi-
culty measured in Experiment 1, the stimulus duration and
SOA were 3,200 and 1,600ms for the auditory gradCPT
and 1,600 and 800 ms for the visual gradCPT. The order of
the tasks was randomised across participants. The stimulus
presentation and data collection were controlled by a PC
with MATLAB and Psychtoolbox-3 (Brainard, 1997; Pelli,
1997). Participants were instructed to press a key for each
male narration or each city scene and withhold responses
to female narrations or a mountain scene. They responded
to frequent targets as quickly and accurately as possible.
Given that the next stimulus would replace the current
stimulus within the SOA, a response deadline was implicit
in the tasks.

Data analyses

Computation of RTs. We defined an RT to each stimulus as
the relative time from the stimulus onset (Esterman et al.,
2013). First, we set a time window into which typical RTs
fell. For a stimulus, the window started after 70% had
appeared and ended after 40% had disappeared in the disap-
pearing phase. Any key press in the time window was
assigned to the current stimulus. Next, when an ambiguous
key press did not fall into the time window, it was consid-
ered as a response to an adjacent stimulus if there was no
response to the stimulus. If both adjacent stimuli had no
responses, we assigned the response to the closer stimulus.
If one of them was a No-Go trial, we assigned the response
to the other Go trial. Finally, if multiple key presses occurred
in a single trial, we used the shortest RT for analysis.

Fluctuation of sustained attention. In Experiment 2, we used
8-min time-series data of RTs to quantify the fluctuation of
sustained attention for each participant. RTs that were too
quick and too slow could be considered as signatures of
the lack of attention. We focused on the variance time
course (VTC) of RT z-scores (Esterman et al., 2013). The
VTCs are time series of the absolute values of z-scored
RTs (not raw RTs) in each gradCPT. A VTC value between
zero and one means that the corresponding RT has a typi-
cal (stable) value (within one SD). Before computing the
VTCs, we interpolated RTs for the trial without responses
using RTs of adjacent trials. A Gaussian kernel at the full-
width at half-maximum of 7s was applied to smooth the
VTCs (Figure 2).

Frequency of attentional fluctuations. To quantify how sustained
attention fluctuates, we performed a frequency analysis for
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Figure |. Schematic representation of the auditory and visual gradCPTs. (a and b) The presented sound (red) consists of stimuli

that were consecutively presented without sudden onsets. Each

voice narration (pale orange) in the auditory gradCPT was

preprocessed with a sine bump (orange), similar to image preprocessing in the visual gradCPT.

VTCs. We applied a discrete Fourier analysis to a single
VTC and obtained a frequency spectrum. We defined the
VTC fluctuation frequency of each task as the frequency
that has the largest power in the frequency range above
0.0025Hz. To examine cognitive demands on sustained
attention, we computed the time-dependent changes in the
FA rate and RT coefficient of variation (CV=SD/average).
A sliding window of 2-min width was used to obtain the
time series of their values. All trials of the task were used to
compute the representative value for each task.

Statistical analysis. In Experiment 1, we computed the sen-
sitivity (d') and RTs for each condition and performed a
mixed-design analysis of variance ANOVA. The Sidak
correction was used for post hoc comparisons (o-
level=.05). We assessed the speed—accuracy tradeoff by
performing an ordinary least squares (OLS) regression for
d' explained by RTs. In Experiment 2, we calculated the FA
rate, hit rate, normalised criterion (C"), and RT CV as well

as d’ and RTs. The Jonckheere—Terpstra test was used as a
trend test (two-tailed).

Our planned statistical analyses were the ANOVA, the
OLS regression, between-modality correlation analyses of
d', FArate, hit rate, and VTC fluctuation frequency, within-
modality correlation analyses between FA rate and RT CV,
and trend tests for FA rate and RT CV. Statistical analyses
were carried out with IBM SPSS Statistics (version 23)
and R (version 3.1.2).

Results

Experiment |: effects of SOAs on gradCPT
performance

To choose an appropriate SOA for the auditory gradCPT,
we performed a 2 (task types) X 3 (SOAs) ANOVA on
task accuracy and RTs (Figure 3). The results showed that
d (M=SD) was greater for the visual gradCPT
(3.50 = 0.25) than for the auditory gradCPT (2.43 = 0.25):
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Figure 2. Time courses of the auditory and visual gradCPTs
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time course (bold line) of sustained attention. It was derived
from z-scored RTs (dotted line) and smoothed. A larger value
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shows the median value of the VTC. The data are derived from

Experiment 2.
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F(1, 22)=9.20, 773 =0.30, p=.006. For longer SOAs, d’
improved: 2.24 = 0.16 for 800ms SOA, 3.19*+0.21 for
1,200ms SOA, and 3.47 £0.21 for 1,600ms SOA; F(2,
44)=38.96, ns =0.64, p<.00l. The interaction
between task types and SOAs was also significant: F(2,
44)=4.68, n? =0.18, p=.014. Next, a 2 X 3 ANOVA
revealed that the mean RT was faster for the visual grad-
CPT (800 =30ms) than for the auditory gradCPT
(1,075 =30ms): F(1, 22)=42.34, 77; =0.66, p <.001.
The main effect of SOA was significant at 692 = 10 ms
for 800 ms SOA, 963 = 25 ms for 1,200 ms SOA, and
1,157 =35ms for 1,600ms SOA; F(2, 44)=178.48,
ns =0.89, p<.001. The interaction was also significant:
F(2, 44)=8.63, 115 =0.28, p=.001. The lower d' and
longer RTs in the auditory gradCPT are consistent with a
previous finding (Baker et al., 1995). The longer RT may
be partly because the participants needed to integrate
information over time, which means that they could not
access the full stimulus information at the very beginning
of the stimulus presentation. For the equivalence of per-
formance level (d', approximately 3.0), we chose in
Experiment 2, SOAs of 1,600 and 800 ms for the auditory
and visual gradCPTs, respectively. How other related
indices (hit rate, C’, and RT CV) depend on SOAs is
shown in Figure 3b to e.

Experiment 2: similarity of auditory and visual
attentional fluctuations

We investigated auditory and visual gradCPT performance
using paired #-tests. The results showed that ' differed

between the auditory and visual gradCPT (2.85*=0.15
and 3.25*0.14): t=2.75, Cohen’s d=0.51, p=.010. As
expected, however, we obtained high d' (around 3.0) from
both the gradCPTs. The hit rate was better for the visual
gradCPT (0.988 £0.003) than for the auditory CPT
(0.934 £0.011): r=5.01, Cohen’s d=1.26, p<.001. The
FA rate was worse for the auditory CPT (0.236 = 0.023)
than for the visual gradCPT (0.154 =0.022): =4.59,
Cohen’s d=0.67, p<.001. It should be noted that moder-
ate interindividual variations of the gradCPT performance
were found.

We performed a correlation analysis to investigate what
behavioural indices reflect the similarity of the auditory
and visual gradCPTs. We found a positive correlation
between d' of the gradCPTs: »=.51, p=.005 (Figure 4a). FA
rates for the auditory gradCPT were highly correlated with
those for the visual gradCPT: r=.69, p <.001 (Figure 4b).
However, the correlation between hit rates of the gradCPTs
did not reach statistical significance: r=.27, p=.16
(Figure 4c). The correlation coefficient between FA rates
in the auditory and visual gradCPTs was greater than that
between the hit rates: Z=2.01, p=.043. In addition to
d' and FA rate, C" and RT coefficients of variation were also
characteristic indices for the visual gradCPT (Fortenbaugh
et al., 2015). Figure 4d and ¢ shows positive correlations of
C' (r=.53, p=.003) and the RT coefficient of variation
(r=.37, p=.050), respectively. Our results indicate that the
FA rate and its related indices (not hit rate) are important
indices to bridge the gap between auditory and visual sus-
tained attention.

To characterise the pattern of attentional fluctuations,
we performed a Fourier analysis of auditory and visual
VTCs. For each task, each participant’s VTCs were
Fourier-transformed to a frequency spectrum. Among the
peak frequencies of the spectrum, the peak frequency with
the largest power was defined as the VTC fluctuation fre-
quency in each task (Figure 5a). The VTC fluctuation fre-
quency (M = SE) was 0.020 £0.002Hz for audition and
0.016 £0.001 Hz for vision. The visual and auditory fluc-
tuation frequencies of participants were correlated with
each other: r=.40, p=.030 (Figure 5b). The fluctuation
frequency in the auditory gradCPT was similar to that in
the visual gradCPT even though SOAs differed between
the two gradCPTs. This suggests that the auditory and vis-
ual sustained attention shares some common principle that
specifies the rhythm of each individual.

Experiment 2: relations between attention
failure and RT variability

In the visual gradCPT study (Esterman et al., 2013), the
rationale for using VTC as a measure of attentional fluc-
tuation was demonstrated as the relationship between RT
variability and attentional failures. We computed time-
dependent changes in FA rates and RT CVs to examine the
cognitive demands of gradCPTs further. Figure 6a shows
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the time course of FA rates and RT CVs in the sliding
2-min windows. A trend test demonstrated that FA rates
and RT CVs increased over time regardless of sensory
modalities. For audition and vision, FA rates increased
over time (p<<.05) and RT CVs increased over time
(p<<.001). In addition, we quantified the amount of
increase as the average of the last 2 min minus that of the
first 2min. The amount of increase is also correlated
between FA rates and RT CVs regardless of sensory
modalities (r=.45, p=.014 for the auditory gradCPT;
r=.39, p=.037 for the visual gradCPT) (Figure 6b). The
results demonstrate a similarity of temporal changes

between attentional failures and RT variabilities regardless
of sensory modalities, which was originally reported in a
vision study (Esterman et al., 2013).

We collapsed the time course of FA rates and RT CVs
and confirmed the relationship between the two indices
(Figure 7). FA rates were positively correlated with RT
CVs: r=.52, p=.004 for the auditory gradCPT and r=.44,
p=.016 for the visual gradCPT. The results indicate that
the stability of RTs is linked to the reduction of attention
failures, regardless of sensory modalities. Thus, both too
fast and too slow RTs are considered as signatures of the
lack of attention.
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Discussion

The present study examined dynamic fluctuations of audi-
tory and visual sustained attention, in addition to the tem-
porally averaged performance, for each individual. In
Experiment 1, we found changes in CPT performance with
increasing SOAs. In Experiment 2, we found positive cor-
relations of FA rates and fluctuation frequencies between
the auditory and visual gradCPTs. Taken together, the
results suggest that the dynamics of sustained attention in
the auditory and visual modalities are underpinned by
common principles.

The commonality of temporally averaged performance
between the auditory and visual sustained attention is
consistent with previous findings, showing a positive cor-
relation of FA rates between auditory and visual sustained
attention to response tasks (Seli et al., 2012). More impor-
tantly, we have demonstrated that the temporal dynamics
of auditory and visual sustained attention are similar to
each other. It should be noted that timescales of auditory
and visual attentional fluctuations (from 50 to 60s) were
within a similar range, even though SOAs differed
between the auditory and visual gradCPTs. Interestingly,
the timescale is much longer than that of other perceptual
phenomena such as multistable perception (from several
to 10s) (Kondo et al., 2018). Therefore, our results reveal
new temporal aspects of auditory and visual sustained
attention.

Our results support models in which the attentional
fluctuation is derived from a central, modality-general sys-
tem such as the resource-control model (Thomson et al.,

2015). Several researchers have argued that modality-spe-
cific attentional resources exist when target detection and
identification tasks are used (Alais et al., 2006; Duncan
etal., 1997; Larsen et al., 2003). However, these tasks lack
processes to continuously update target information. In
other words, the target detection/identification tasks may
have low attentional demands because participants only
pay attention to a certain stimulus dimension (Duncan &
Humphreys, 1989). Thus, there is the possibility that
detection and identification performance does not reflect
the temporal dynamics of attentional control systems, but
does reflect time-invariant features (Fougnie et al., 2018).
In contrast, our gradCPTs require high attentional demands
throughout a whole sequence of trials. A previous study
using multiple object tracking tasks showed that auditory
and visual tracking shares attentional resources (Fougnie
et al., 2018). Therefore, the temporal dynamics of sus-
tained attention are probably governed by principles not
specific to a certain modality.

Our analyses on the time-on-task effects (Figure 6)
also support the resource-control model (Thomson et al.,
2015). The model predicts that less attentional resources
are allocated in later trials because the total amount of
resources is fixed and the controller allocates more
resources into the default mind-wandering. In accordance
with that prediction, our result showed similar trends in
terms of the FA rate and RT CV (Figure 6a). The concept
of a higher level system like the controller can be dis-
cussed with other theories of temporal aspects of atten-
tion such as dynamic attending (Jones, 2019), where
voluntary manipulation of a driving rhythm is essential
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Figure 6. Temporal changes in the task accuracy and speed stability. (a) The FA rate and the RT coefficient of variation increase
gradually over time, regardless of task modalities (trend tests, p <.05 in all the cases). Grey areas indicate the standard errors of
means. (b) The amount of increase (the last 2 min minus the first 2min) correlates between the FA rate and the RT coefficient of
variation, regardless of task modalities (p=.014 for the auditory gradCPT; p=.037 for the visual gradCPT).

and probably modality-general. Besides, the within-
modality link between the FA rate and RT CV (Figure 6b)
supports our gradCPT as an auditory analogue of the
visual gradCPT. Recent attention studies have started to
discuss the fluctuation of motor outputs even without any
sensory stimuli (Kucyi et al., 2017) or the interaction of
sensory and motor modalities (Zalta et al., 2020), which
could enable us to examine the extent to which the con-
troller is modality-general. Our auditory gradCPT broad-
ens ways of between-modality comparison in terms of
the attentional dynamics.

Another model could account for the attentional dynam-
ics from a different perspective. Specifically, the opportu-
nity cost model (Kurzban et al., 2013) argues that choosing
to sustain the attention to a particular task means not
choosing the next-best task (in our case, mind-wandering).
This choice is explained by comparing the costs (espe-
cially the opportunity cost of not choosing the next-best
task) with the benefits. The overall performance decre-
ment arises from the decreasing relative utility of the
imposed task. Following this model, the modality-general
aspect of sustained attention could be explained by a
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Figure 7. Individual differences in the relationship between
the FA rate and the stability of RTs. Correlations between the
FA rate and RT coefficient of variation are significant (p <.05).
Circles indicate individual data points in the auditory and visual
gradCPTs.

modality-general strategy for the utility comparison. The
attentional fluctuations we focused on in this study might
also be explained by fluctuations in the estimated relative
utility. Although it is difficult to formulate the utility spe-
cifically, the opportunity-cost model provides a suggestion
for the understanding of the attentional dynamics.

Our results suggest some common principles underly-
ing auditory and visual sustained attention, but not the
existence of a single neural locus that controls sustained
attention in both modalities. Neural processing for audi-
tory sustained attention may be shared with that of the
visual gradCPT (Rosenberg et al., 2017). However, it is
also possible that each has distinct neural circuits that are
still underpinned by common principles. This reminds us
that auditory and visual perceptual organisation is imple-
mented independently across modalities but modulated by
similar principles of neural competition (Kondo et al.,
2012; Pressnitzer & Hupé, 2006). A previous study
reported that there is some overlap in the attentional con-
trol of auditory and visual modalities (Talsma et al., 2008),
although it did not investigate dynamic fluctuations.
Neural underpinnings of the dynamic aspects have been
mainly studied using the visual gradCPT (Esterman et al.,
2013; Fortenbaugh et al., 2018). Combined with another
paradigm without sensory stimuli (Kucyi et al., 2017), the
results have shown that the dorsal attention network and
the default mode network are the networks involved in
modality-general sustained attention. Additional tests for
the modality-general aspects will be enabled by the audi-
tory gradCPT.

A concern might be that some of the similarities we
demonstrated could be affected mainly by factors other
than sustained attention, for instance, general factors such
as cognitive ability or the equalisation of difficulty in
Experiment 1. Indeed, our experiments cannot exclude this
possibility completely, but we think that this interpretation
is unlikely for the following reasons. First, in Experiment
1, the fluctuation frequencies did not differ between SOAs

of 800 and 1,600ms (two-sided paired t-test: ¢=1.69,
p=.12 for the auditory gradCPT; t=0.83, p = .42 for the
visual gradCPT). Thus, the similarity of the fluctuation
frequency was not due to the difficulty equalisation. Next,
the RT coefficient of variation, another measure to assess
the fluctuation, was not equalised by the difficulty equali-
sation (Figure 3e). This indicates that the difficulty equali-
sation did not eliminate all attentional differences. Finally,
the difficulty equalisation was done based on the average
performance of two distinct populations. This does not
necessarily lead to correlations at the level of individuals
we showed in Figures 4 and 5. Taken collectively, our
results suggest that the similarities are diagnostic of com-
mon underlying mechanisms of sustained attention,
although we do not exclude the possible contributions of
top-down effects like the general factors or the bottom-up
biological rhythm from the brainstem (Kondo et al., 2012).

To enable direct comparisons with the visual gradCPT
(Esterman et al., 2013), in the present study we followed
their procedure as far as we could. It includes defining the
RT and smoothing the VTCs, all of which depend on an
arbitrary boundary or threshold values (e.g., 70% and 40%
for RTs). Slight changes in the values did not affect the
main arguments in the present study.

The present study established a new platform for inves-
tigating dynamic aspects of resource allocation in sus-
tained attention. We used auditory and visual gradCPTs
with relatively simple stimuli. Our approach makes it pos-
sible to examine how the two modalities interact in a dual-
task paradigm or how fluctuation patterns can be changed
by stimuli associated with specific types of values. Some
previous studies explored neural correlates of sustained
attention (Esterman et al., 2013; Rosenberg et al., 2016),
but the general interpretation was limited because the
modality of the tasks used was typically only vision.
Cross-modal investigations on vulnerable sustained atten-
tion could contribute to a better understanding of our adap-
tive behaviours.
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