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Attention can be directed to different modalities such as vision and 
hearing. Crossmodal attention perspective consider the distribution of 
simultaneous attention through different senses. It is unclear to which 
degree task-irrelevant sounds are processed during crossmodal 
attention. Electroencephalogram (EEG) methods allow for measuring 
early detection of auditory interference during visual tasks. Measuring 
the auditory steady-state response (ASSR) can determine if and when 
an auditory threshold is present. Participants performed a visual target 
detection task while being exposed to auditory stimuli. The visual 
stimulus was manipulated in four conditions: no-load, low-load, 
medium-load, and high-load. NASA-TLX, a self-report workload 
measure, was used to assess workload difficulty levels. EEG recordings 
of the 40 Hz ASSR amplitude signal-to-noise ratio (SNR) suggested no 
visual load effects on the ASSR. Bayesian analysis indicated 
inconclusive findings and no definite conclusion can therefore be 
drawn. Current results suggest that basic auditory information does not 
seem to be easily affected by visual load. 

  
  

A listener in a normal everyday situation receives numerous auditory inputs, some that may be 
relevant while others are not. Therefore, listeners have to selectively attend to certain inputs 
and maintain this attention for a period of time (Shinn-Cunningham & Best, 2008). It is through 
constant selective attention that an individual is able to increase task-relevant processing and 
ignore irrelevant processing. For example, open office spaces, or even research laboratories, 
can expose us to various simultaneous stimuli that can influence our attentive concentration 
(Luck, Woodman, & Vogel, 2000). Conditions like these raises’ questions concerning whether 
people can attend to visual activities on a computer screen without processing task-irrelevant 
auditory information, or if it is possible to dampen irrelevant sounds. 
  
Crossmodal attention systems have reportedly been studied and are continuously investigated 
by measuring the neurophysiological mechanisms underlying selective attention (Mahajan, 
David, & Kim, 2014). For example, auditory distractors have been found to implicate 
attentional functions during visual processing (Molholm, Ritter, Murray, Javitt, Schroeder, & 
Foxe, 2002). The notion of attention as essential to human performance extends back to the 
start of experimental psychology (James, 1890), yet it has not been possible to outline the 
functional anatomy of the attentional system until recent years. Developments in neuroscience 
have revealed the functions of higher cognitive physiological analysis and its systems of 
anatomical capacity that are fundamental to the detection of information for focal (conscious) 
processing (Posner, 1995). Electroencephalogram (EEG) has been a great measuring tool in the 
development of monitoring neural processes. EEG works as a noninvasive observing method 
for the electrical activity of the brain, and the distribution of brainwaves can tell us a great deal 
of information about focal attention. By understanding the neural mechanisms that are involved 
we might get a clearer understanding about if and how we can dampen irrelevant auditory 
stimuli in our everyday lives.
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Attention refers to the cognitive process of selectively concentrating on something while 
ignoring one or many other things. Of all the cognitive processes associated with the mind, 
attention is closely related to perception and might even be considered a gateway for all other 
cognitions (Henseler, Krüger, Dechent & Gruber, 2011). As attention is concerned in selective 
directedness of our consciousness, the nature of this process has been one of the primary points 
of disagreement between theories of attention. Some of the most dominant theories considers 
the selectivity of attention as a result from various limitations of the brain’s ability to 
process the complex properties of simultaneous multiple perceptions (Lavie, 1995; 
Theeuwes, 1993). That is, the selectivity of attention is considered to be a result of the 
limitations in cognition of individual’s ability to deliberately support multiple trains of 
thought. These theories are opened to subject and disputed in this present study. It is 
necessary to determine when and how people actually perceive and process the stimuli from 
the physical world in order to develop better social environments, such as for work and clinical 
settings. 
  
Although our visual sense is as great tool in attentional processing, the auditory sense employs 
an early-warning system that can be detected from any direction (Henneman, 1952). Load 
theory suggests that perceptual demanding tasks can be depleted since perception is said to be 
a limited resource (Lavie, 2005). In other words, while perception is said to be crossmodal, load 
theory states that loading perception of one sensory modality (e.g. vision) can result in a 
reduction in perception of another (e.g. hearing). This theory was demonstrated in an 
experiment where they manipulated visual load by asking participants to complete 
identification tasks in different demands of perception (Macdonald & Lavie, 2011). As 
expected, participants in this study reported lower awareness of the irrelevant sound during 
higher perceptual loads, compared to the lower loads of perception. 
  
By measuring the neural activity evoked by sound during a visual task, it is possible to compare 
the effect of auditory processing in relation to visual attention processes (Mahajan et al., 2014). 
Previous research has examined to what extent the human brain can reduce distracting 
sounds while focusing on a visual task. Frequently used auditory steady-state response 
(ASSR) refers to an early brainstem response of neural activity evoked by auditory stimuli and 
can be a useful tool in assessing the process of irrelevant stimuli (Bohorquez & Özdamar, 2008). 
The ASSR measure responses of the brainwaves to continuous repeating sounds (Mahajan et 
al., 2014). That is, a clicking or beeping sound is presented repeatedly, and this series of sounds 
evokes neural responses that can be measured with EEG methods (Galambos, Makeig, & 
Talmachoff, 1981; Sharon, Hämäläinen, Tootell, Halgren, & Belliveau, 2007). Typically, the 
ASSR is measured with sounds that are modulated in amplitude or frequency, and each peak in 
amplitude elicits an event-related potential (ERP). ERPs are the electrophysiological responses 
of a specific cognitive or sensory stimulus. The sum of the recurring overlap of ERPs is what 
is referred to as the steady-state response. Auditory stimulus elicits a response that are detectible 
by computing the ASSR.  
  
Recent studies have investigated the ASSR to study cognitive workload effects (Roth et al., 
2013). ASSR provide the possibility to measure the early threshold of processing for a specific 
time period to gain a more comprehensive understanding about a study phenomenon of interest 
(Marsh & Campbell, 2016). The ASSR have been frequently investigated in audiology studies 
where individuals cannot subjectively give responses (i.e. children or patients with certain 
dysfunctions) to measure their auditory threshold (Dimitrijevic et al., 2002). Moreover, it is 
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also of interest to investigate the extent of ASSR adaptability to crossmodal attention in other 
environments than clinical settings.  
 
In one study, Yokota and Naruse (2015) used a modified N-back task for different workloads, 
and measured ASSR using magnetoencephalography (MEG) to determine whether ASSR 
would be a reliable estimation of effects workload demand. Participants were presented with an 
auditory stimulus to induce the ASSR of 40 Hz clicking sounds. The N-back task consisted of 
two blocks in which the subjects were instructed to press a button when presented with a target 
stimulus on a screen. Trials were presented every 500 ms and consisted of either a target number 
colored in red or a target number previously shown that the subject had to remember. This study 
found that the easy tasks (i.e. red numbered target) had a higher response rate and elicited higher 
ASSR power than did the cognitive workload tasks (i.e. remembering N-back load number) and 
suggests that higher task difficulty can reduce the ASSR (Yokota & Naruse, 2015). Moreover, 
the authors concluded that higher loads in conditions resulted in a decrease of the ASSR, which 
was also found in previous studies using the N-back task (Yokota & Naruse, 2015; Yokota, 
Tanaka, Miyamoto, & Naruse, 2017). These findings are in line with the load theory, suggesting 
that attention should be depleted when processing multiple sensory systems. 
 
Many studies have shown inconsistent results concerning the effects of visual load on 
processing of task-irrelevant sounds. Manipulating task difficulties and investigating the ASSR 
have been done in order to clarify the cognitive demands of crossmodal attention (de Jong, 
Toffanin, & Harbers, 2010; Parks, Hilimire, & Corballis, 2011). Some studies have used target 
detection in one difficult versus one easy condition (Chait, Ruff, Griffiths, & McAlpine, 2012; 
Parks et al., 2011). For example, Chait and colleagues (2012) simulated “visual decoys” on low 
versus high attentional loads where participants were instructed to respond to different targets 
of circles in different colors and shapes while exposed to irrelevant auditory stimuli. Their 
results demonstrated that while auditory attentional load reduced the magnitude of responses, 
visual load did not have an effect on processing resources. Another study tried manipulating 
changes in brightness for the target search and found effects of ASSR when attention was 
divided between vision and audition (de Jong et al., 2010). Additionally, one study investigated 
self-reported mental workloads for participants performing simulated flights in high versus low 
demands (Tsuruhara, Arake, Ogawa, Aiba, & Tomitsuka, 2015). In this study they found 
psychophysiological changes in response to the various demands of the task.  
 
Alternatively, a recent study also investigated the effects of visual load on ASSR to 40 Hz 
amplitude modulated tones (Wiens & Szychowska, 2018). The experimental conditions 
depicted two levels of load (low versus high). As shown in Figure 1, participants were told to 
do a search task and respond by pressing a button when a target stimulus appeared. Crosses 
presented in 500 ms every 100 ms were oriented as upright or inverted and varied in five colors. 
The participants were also exposed to auditory stimuli and told to ignore the tone throughout 
the experimental conditions. Using Bayes Factor analyses, results provided moderate to strong 
evidence for no effect of either high or low load of visual demands on the ASSR. The authors 
concluded that the ASSR were not affected by cognitive workload demands (Wiens & 
Szychowska, 2018). Additionally, Wiens, Szychowska and Nilsson (2016) conducted a meta-
analysis in a related area (effects of load on mismatch negativity) and suggested that even 
though most of the data support the load theory, the possibility of publication bias should not 
be excluded because there is lacking evidence against an effect, which many times would be 
expected. 
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Figure 1. Depiction of the visual task. Low and high load involved identical visual stimuli and only differed in the 
designated target stimuli (Wiens & Szychowska, 2018). 
  
 
The inconsistencies among the results from existing studies may be explained by the differences 
in the experimental tasks used to manipulate the load conditions, as previously explained. 
Meanwhile, differing of amplitude modulations and frequencies might be another explanation 
as to why these results vary. For example, one study found attention modulation in ASSR only 
for 20 Hz and not for 45 Hz (Müller, Schlee, Hartmann, Lorenz, & Wiesz, 2009). Others have 
found significant results of ASSR effects for modulation between 35-45 Hz frequencies 
(Lazzouni, Ross, Voss, & Lepore, 2010). The effects of attention can be assessed at different 
locations along the auditory pathway, because they are activated by different modulation 
frequencies (Mahajan, et al., 2014). Most research shows that 40-Hz modulated ASSR have 
generators in both the auditory cortex and the brainstem (Gutschalk et al., 1999; Herdman, Lins, 
Roon, Stapells, Scherg, & Picton, 2002; Luke, De Vos, & Wouters, 2017; Picton, John, 
Dimitrijevic, & Purcell, 2003; Plourde, Stapells, & Picton, 1991; Zhang, Peng, Zhang, & Hu, 
2013). Nevertheless, 40 Hz is proposed as the strongest and most commonly measured 
frequency for ASSR (Galambos, et al., 1981; Roß, Borgmann, Draganova, Roberts, & Pantev, 
2000), and will be considered in this present study. 
  
The main goal of this study was to examine the effects of visual load for the ASSR modulated 
at 40 Hz amplitude. The amplitude chosen was 40 Hz since it has previously been proven to 
affect the auditory pathways of interest (Galambos et al., 1981; Ross et al., 2005). Because of 
the many discrepancies in task difficulty levels applied in previous studies, it was of interest to 
maximize the possibility for effects of loads. As suggested, visual stimuli were therefore 
conditioned going from easy to more difficult tasks on four levels (Lavie, 2005; Wiens & 
Szychowska, 2018). Although the results may not be generalizable to other manipulations, 
added levels of load might provide evidence as to whether or not perceptual load affects the 
ASSR.  
  
Another aspect of this study was to investigate subjective experience concerning cognitive 
demands for the participants during the experiment. This was included in the study in order to 
measure the degree to which participants subjective experience was related to their actual 
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behavioral performance. Defining cognitive workload is essential in understanding how 
participants subjectively perceive the demand of the task, and their perceived ability of 
accomplishment. Cognitive workload is often described as the level of measurable 
psychological effort exhibited by an individual as a response to one or several cognitive tasks, 
and commonly considered as the property of an individual and not the task (Guastello, Shircel, 
Malon, & Timm, 2015). Guastello and colleagues (2015) stated that as a reflection of the work 
demands of an individual, workload reflects a “human-centered” observation rather than a 
“task-centered” one. Many measurements have been developed over the years to assess 
subjective workload experience. The NASA-Task Load Index (NASA-TLX) has been one of 
the most widely used research tools for self-reported workload scales (Noyes & Bruneau, 2007; 
Hart & Staveland, 1988). NASA-TLX was initially developed to measure the workload 
demands of aircraft controllers, however it has been modified in order to assess workload in 
various settings (Hart, 2006). This subjective measurement of workload is useful in its property 
of assessing multiple dimensions through six subscales; mental demand, physical demand, 
temporal demand, performance, effort, and frustration. A previous study investigating aircraft 
controllers self-rated cognitive workload and found positive correlations between NASA-TLX 
scores and changes in the number of aircrafts controlled (Collet, Averty & Dittmar, 2009). 
Higher number of aircrafts monitored were related to higher ratings of cognitive workload, and 
their findings suggested high sensitivity of the NASA-TLX to small workload changes. 
  
Additionally, in order to obtain the greatest accuracy of subjective workload estimation, a level 
anchored ratio CR100 scale (centiMax; Borg & Borg, 2002) was implemented as a reference 
for the NASA-TLX subscales. The Borg CR100 scale is a psychophysically intensity scale that 
quantitatively determines perceptions and feelings. This supplement applies a numerical range 
from 0 (“nothing at all”) to 100 (“maximal”, or specifically up to 120 to avoid end-effects) to 
cover interindividual subjective comparisons. According to this range model, the strength of 
subjective experience is dependent on a natural dynamic range that can be set equal to 
individuals, with a maximum reference point. 
  
Overall, the objective of this study was to examine the effect on ASSR during demanding visual 
load tasks; whether higher perceptual load interferes with the irrelevant auditory stimuli. It was 
hypothesized that medium and high load of visual task will show a decrease of the signal-to-
noise ratio (SNR) of the ASSR amplitude to 40 Hz modulated tones, in comparison to the no-
load and low-load conditions. The effect of condition load for the ASSR to 40 Hz amplitude 
modulated tones was expected to be associated with subjective workload experience. Hence, 
higher ratings for subjective workload on the NASA-TLX was predicted to be associated with 
the difficult (medium and high) loads of visual task, compared to the less difficult (no and low 
load) conditions. Accordingly, it was hypothesized that higher subjective workload experience 
on the mental demand on the NASA-TLX would be associated with a decrease in the ASSR.  

  
  

Method 

The method and hypotheses of this study were pre-registered at Open science framework 
(OSF.io). However, the preregistration is embargoed because data collection is still ongoing.  
  
Participants 
Participants were recruited from universities in Stockholm, Sweden, and via online billboards.  
The sample in this thesis consisted of 21 participants (age range 21 to 35, M = 26, SD = 4.24, 
5 females). All participants obtained instructions and provided their written consent according 
to the Declaration of Helsinki before participating in the experiment. The study was conducted 
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according to the regional ethics board principles. Participation in the study was compensated 
with gift vouchers. Requirements to take part in the study stipulated a target age range of 18 to 
40 years, normal hearing (hearing level ≤ 20 dB), and normal or corrected vision, as well as a 
history of no psychological or neurological illnesses. Subjects were self-reportedly healthy with 
normal hearing and normal vision. Subjects underwent an auditory test before the main task. 

Materials and apparatus 
An auditory test with over-ear headphones was administered to control for normal hearing by 
presenting tones at 500 Hz (the frequency relevant to the study), 750 Hz, and 1000 Hz. The 
tones started at 20 dB and gradually increased or decreased by 5 dB, depending on whether the 
participant noticed or failed to notice the tone. 
  
To elicit the ASSR, a frequency carrier (fc) of 500 Hz and a modulated frequency (fm) of 40.96 
Hz were used as the amplitude-modulated tone. This specific modulated frequency was chosen 
because it was processable by the available EEG equipment, which sampled at 1024 Hz (1024 
/ 40.96 = 25 cycles). In-ear tube phones (ER2; Etymotic Research Inc., IL; www.etymotic.com) 
were used to present the tones at 60 dB SL. 
  
As shown in Figure 2, six electrodes at standard 10/20 positions (Fpz, Fz, FCz, Cz, CPz, and 
Pz) were the main EEG recording sites together with two supplementary electrodes (one on the 
nose as a reference, and one on the cheek to measure horizontal and vertical eye movements). 
These were recorded with an Active Two BioSemi system (BioSemi, Amsterdam, 
Netherlands). A 64-electrode EEG cap with pin electrodes recorded Fpz, Fz, FCz, Cz, CPz, and 
Pz, while the two supplementary positions were recorded with flat electrodes that were attached 
by adhesive disks. Two added electrodes, which were system specific, were also recorded with 
pin electrodes in the EEG cap: The Common Mode Sense (CMS), between PO3 and POz, 
served as the electrode for internal reference, and the driven right leg (DRL), between POz and 
PO4 as the ground electrode. With a software high-pass filter at 0.1 Hz (Butterworth 4th degree 
two-pass filter) and a hardware low-pass filter at 104 Hz, data were sampled at 1024 Hz and 
then filtered. 
  

 
Figure 2. Aerial view of the 10-20 electrode placement topography. Green highlights indicating the recording 
electrodes for this study. 
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NASA-TLX was administered for subjective workload experience. The scale is 
multidimensional and measures mental demand, physical demand, temporal demand, 
performance, effort, and frustration (Hart & Staveland, 1988). The Borg CR100 uses a level-
anchored ratio scaling (CR scaling), which allows subjects to determine relative stimulus-
response functions as well as “absolute” levels of intensity (Borg & Borg, 2002). Thus, 
participants used the Borg CR100 scale to rate their experience of the NASA-TLX dimensions. 
By combining the two measures and presenting the scale after each block, it was possible to 
increase the accuracy of subjective self-reported workload experience for each condition. 
  
Procedure 
In the main task, visual load was manipulated with four levels of conditions (no-load, low-load, 
medium-load, and high-load), and the dependent variable was the ASSR amplitude measured 
with signal-to-noise ratio (SNR). Duration of this task was approximately 60 minutes. 
  
Participants were connected to the EEG system and exposed to visual and auditory stimuli. The 
tone to elicit ASSR began 200 ms before each block and was played continuously throughout 
each block. However, participants were instructed to focus on the visual stimuli while ignoring 
the tone. Instructions were to look for the target stimulus and to respond by pressing a button 
when the target stimulus was presented on the screen. 
  
The visual task was a modified version of the visual detection task in Parks et al. (2011). 
Subjects were instructed to perform a visual target search task on a sequence of colored letters. 
As illustrated in Figure 3, the letters varied on three stimulus dimensions: letter identity (K, R, 
H, and M); case (uppercase and lowercase letter), and color (red, yellow, blue, green, and 
violet). A letter was presented in the center of the screen for 100 ms every 500 ms. Each block 
presented all stimulus dimensions, the only differences between blocks were the instructions of 
what the target letter response was (as outlined in the load conditions below). The visual task 
consisted of four load conditions. Every load level was administered four times. For each 
consecutive set of the four load levels, block order was randomly determined for every 
participant. Every subject was tested in all four conditions for the purpose of this within-subject 
design. 

 
Figure 3. Schematic depiction of the visual trials for low load (search task for any letter with the color red) and 
medium load (search task for letter-color combination; red-k, red-K, green-h, green-H). The word target denotes 
the relevant target stimuli. All four load conditions involved similar visual stimuli and only differed in which 
stimuli were chosen for the designated target of the condition. 
  
Each condition presented a specific target stimulus and was specified to the subject before each 
block. In the No-Load condition, subjects passively viewed the stream of letters on the screen. 
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In the Low-Load condition, subjects responded to any letter with the particular color of 
instructed target stimuli (e.g., red). In the Medium-Load condition, subjects responded when 
presented with two particular letter-color combinations irrespective of case (e.g., yellow-K, 
yellow-k, blue-R, or blue-r). In the High-Load condition, subjects responded to two letter-color-
case combinations (e.g., green lowercase h, and violet uppercase M). In order to avoid conflict, 
targets in different conditions were chosen beforehand (e.g., if red-K was the target for one 
condition, no other condition would use either red or K as a target). 
  
Every block consisted of 72 targets and 295 non-targets, thus a total of 367 trials were 
administered (approximately 3-minute duration of each block). Target and non-target pools 
were created separately for each subject and condition, and letters were sampled from these 
pools randomly without replacement. In the case of necessity for more samples, the pool was 
additionally reused by sampling without replacement. At the beginning of each block, the 
additional seven non-target trials were drawn randomly from the non-target pool in order to 
avoid presenting a target too early in the block. Moreover, targets for each subject and each 
condition were randomly defined (e.g. low load = red for one participant while another 
experience low load = blue). Order of the trials was pseudo-randomized within each block. 
  
After each block, subjects were instructed to rate the previously finished condition based on 
their subjective experience (i.e., after each of 16 blocks). They filled out the six subscales of 
the modified NASA-TLX (Hart and Staveland, 1988). Subjects chose ratings using the Borg 
CR100 (Borg & Borg, 2002), from which the appropriate value for the demand of the task was 
chosen and entered into the box of interest on each of the NASA-TLX subscales. 
  
EEG Analysis 
Preprocessing 
Inspection of the EEG data was blind to the condition of individual trials (i.e., load and target) 
in order to avoid bias. The blocks of three minutes of auditory stimulation were divided into 
115 epochs (duration of 1.5625 s) with the first epoch starting with the onset of the tone. 
Therefore, the frequency of interest (40.96 Hz) could occur exactly 64 times (1/40.96 x 64 = 
1.5625). The length of the epochs allows for a fitting frequency resolution during the process 
of transforming the signal into the frequency spectrum (frez = 0.64 Hz). The onset of the tone 
was marked with a Cedrus StimTracker (Cedrus Corporation, San Pedro, CA). Electrode Fpz 
was re-referenced to the cheek, and Fpz, Fz, FCz, Cz, CPz, and Pz were re-referenced to the 
electrode on the tip of the nose (for horizontal and vertical EOG). FieldTrip was used to process 
the EEG data in Matlab (Oostenveld, Fries, Maris, & Schoffelen, 2011). 
  
Amplitude ranges (i.e., max minus min) within individual epochs were extracted for each 
subject and the distribution of these were visually reviewed to eliminate seemingly extreme 
values. Exclusion of epochs was done before any other analysis in order for blind inspection to 
assure avoiding bias. Eye blinks were not regarded as extreme values since epochs (1.56 s) and 
blocks (3 mins) were consecutive and long, thus making them inevitable. Also, the frequency 
of interest (at about 40 Hz) is much higher than artifacts introduced by eye blinks (less than 2 
Hz). In order to retain as many trials as possible whilst reducing the effects of extreme values, 
cutoffs were regulated individually. 
  
ASSR 
A mean waveform was computed across all epochs for each of the eight electrodes (separately 
for Fz and FCz, which are common reference points) and all 16 blocks. They were converted 
into amplitude spectra using the fast Fourier transform (FFT) algorithm. Calculations of the 
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SNR was done between the amplitude at 40.96 Hz and the mean amplitude of the neighboring 
20 frequencies (ten on each side), however omitting the immediate two neighbors from each 
side. 
  
Statistical Analyses 
Bayesian hypothesis testing was chosen for the statistical analyses in this study. Bayes Factor 
(BF) as an alternative to classical hypothesis testing uses statistical model comparisons under 
consideration to compute the support for one model over another (Dienes, 2016; Wagenmakers 
et al., 2018; Wiens & Nilsson, 2017). That is, BF models the predictions of the null respectively 
alternative hypotheses and calculates a statistical result that represents the probability of the 
data given one model over the other. For example, BF10 denotes the likelihood of the 
alternative hypothesis over the null, and BF01 expresses this likelihood ratio in favor of the null 
hypothesis over the alternative. Furthermore, BF10 = 3 indicates that the data is 3 times more 
likely to support the alternative hypothesis over the null. Hence, BF01 = 3 would indicate that 
the null hypothesis would be 3 times more likely given the data than the alternative. Although 
BF is a continuous measure, Wagenmakers (2018) classification of a soft cutoff at BF10 = 3 
was adopted. Accordingly, values below 3 are considered inconclusive; above 3 are considered 
as moderate evidence; values above 10 indicate strong evidence. 
  
The main analysis was to test the difference between the four load conditions with a paired-
samples Bayesian t-test. The SNR amplitudes score differences were obtained by subtracting 
the values of higher loads condition from the lower. The ASSR amplitude SNR was 
hypothesized to be smaller during the difficult (medium-and-high) visual load conditions, 
compared to the easy (no-and-low) load conditions. For the BF, the alternative hypothesis 
(prior) was modelled as a uniform distribution with limits defined as -1 to +1 μV, and t 
distribution for definition of likelihood. Although the hypotheses were directional, inferential 
tests were two tailed (Dienes, 2014). The null hypothesis was predicted to show no difference 
in ASSR amplitudes between load conditions. 
  
For each dependent variable, means together with confidence intervals were computed for 
behavioral performance, ASSR amplitudes, and NASA-TLX ratings, separately for each load 
condition. Paired sample t-tests were also computed for effects of load on subjective workload 
experience. Thus, NASA-TLX ratings were compared between load conditions using t 
distribution. 
  
Behavioral data were processed and calculated using R, an open-source statistical computing 
software (https://www.r-project.org/). EEG data and ASSR calculations were processed using 
Matlab (https://www.mathworks.com/). Bayesian analysis was computed using Aladin’s R 
scripts (Wiens, 2017).  
 
 

Results 
  
Behavioral 
Table 1 shows the means, standard deviations, and 95% confidence interval of the behavioral 
variables for low load, medium load, and high load (N = 21). The no load condition was 
excluded because subjects had no task and did not respond to any targets. 
  
Paired samples t-tests showed no difference in hit rates between the low load (M = 0.93) and 
the high load (M = 0.77); t(20) = -8.93, 95% CI [- 0.20, -0.12], p = 2.06. Signal-detection index 
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d’ (which represent detection ability) were also computed and no difference was found between 
the low load (M = 4.32) and high load (M = 2.80) conditions; t(20) = -9.81, 95% CI [-1.85, -
1.20], p = 4.38. Reaction time to target between the low load (M = 0.39 s) and the high load (M 
= 0.47 s) did not show any differences; t(20) = 13.02, 95% CI [0.07, 0.09], p = 3.16. These 
results suggest that the low load was not significantly less demanding than high load. 
  
Paired samples t-tests were also conducted for the behavioral differences in medium and high 
loads. There was a significant difference in the proportions of hit rate for the high load (M = 
0.77, SD = 0.11) and medium load conditions (M = 0.70, SD = 0.16); t(20) = 4.38, 95% CI 
[0.04, 0.12], p < 0.001. This result suggest that high load had a greater hit rate than medium 
load (mean difference = 0.08). Another paired samples t-test also showed a difference between 
the reaction time for the high load (M = 0.47 s, SD = 0.04) and medium load (M = 0.50 s, SD 
= 0.04); t(20) = -4.38, 95% CI [-0.04, -0.02], p < 0.001. This result showed that reaction time 
for hits were slower during the medium load condition compared to the high load condition. 
Specifically, this suggests that the medium load required more time to react (RT mean 
difference = 0.03 s) and was therefore more demanding than the high load. No significant 
difference was found of the signal-detection index d’ for high load (M = 2.80) and medium load 
(M = 2.32); t(20) = 6.34, 95% CI [0.32, 0.63], p = 3.45. 
  
Table 1. Behavioral descriptive statistics, means and confidence intervals (N = 21) 

 
Response                   Mean        SD       95% CI 

 
HR                                                                               

low load                                 0.93    0.08                            [0.90, 0.96] 
            medium load                    0.70                           0.16                            [0.62, 0.77] 
            high load                       0.77                   0.11                            [0.72, 0.82] 
d’                
            low load                           4.32                   0.93                           [3.90, 4.74] 
            medium load                    2.32                      0.70                          [2.00, 2.64] 
            high load                          2.80                  0.60                     [2.52, 3.07] 
RT (s) 
            low load                           0.39                0.04                         [0.37, 0.41] 
            medium load                    0.50                            0.04                [0.48, 0.52] 
            high load                          0.47                       0.04                            [0.45, 0.49] 

 
Note: HR = Proportion Hit Rate, d’ = D prime signal-detection, RT = Hits Reaction Time (s). 
  
  
Auditory steady-state response 
Figure 4 shows the mean time-locked ERPs and mean amplitude spectra that were averaged 
and calculated separately for each load level across two electrodes (Fz and FCz) for a single 
subject. Analyses showed that amplitude SNR was high in all conditions (M > 6.30). This 
indicates that the amplitude in the target frequency was six times stronger than the amplitude 
of neighboring frequencies. SNR did not differ significantly between the load levels. Findings 
suggest that there were no effects on ASSR by visual load, irrespective of load level difficulty 
(illustration in Figure 5).  
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Figure 4. Mean ERPs (top) and mean 40 Hz amplitude spectra (bottom) averaged across all blocks and two 
electrodes (Fz & FCz), for a single subject. The clear oscillation in the upper panel has a peak at 40.96 Hz, as 
shown in the lower panel. 
  
In support, paired samples t-tests were conducted for the ASSR between the load levels, and 
results showed no difference in amplitude SNR. Hence, results did not show any effects for 
manipulation of visual load on the ASSR. High load (M = 6.48, SD = 3.32) was compared to 
the no load (M = 6.48, SD = 3.26) and showed no effect; t(20) = -0.01, 95% CI [-0.62, 0.61], p 
= 0.99. The mean difference was -0.003, and while BF01 = 2.7 would indicate that the null 
hypothesis might be 2.7 times more likely given the data than the alternative, the soft cutoff 
adopted by Wagenmakers (2017) classify BF01 < 3 as inconclusive findings. The medium load 
(M = 6.32, SD = 2.95) and the low load (M = 6.54, SD = 3.24) were also compared and did not 
show any significant difference effects; t(20) = - 0.96, 95% CI [- 0.72, 0.27], p = 0.35. Mean 
difference was -0.226, BF01 = 2.1, and also indicate inconclusive findings. These results 
provide only weak evidence for no differences in means between the four load conditions on 
the ASSR amplitude. Results are illustrated in Figure 5; the SNR did not differ between the four 
load conditions. 
 
  

 
Figure 5. Means (and 95% CI) of SNR amplitude for all four loads (N = 21). 
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NASA-TLX 
Figure 6 shows the mean results for participant subjective workload ratings during the no-load, 
low-load, medium-load, and high-load. A paired samples t-test was conducted between the 
loads for the mental demand subscale on the NASA-TLX, which was of special interest for this 
study. Results indicated a significant difference in means for mental demand ratings during high 
load (M = 39.68, SD = 18.97) and medium load (M = 47.07, SD = 23.89); t(20) = - 2.93, 95% 
CI [-12.67, -2.12], p < 0.01. Participants rated the medium load on the NASA-TLX as more 
cognitively demanding than the high load. These results correspondingly suggest that the 
medium load was perceived as more difficult than the high load. 
  

 
Figure 6. Bar chart of mean (and 95% CIs) NASA-TLX ratings: mental demand, physical demand, temporal 
demand, performance, effort, and frustration compared in all four conditions (N = 21). 
  
  

Discussion 
  
This present study investigated the effects of visual load on ASSR and found no difference of 
effects between the four load conditions. However, the Bayes Factor analysis did not provide 
enough support for or against the null hypothesis (BF01 < 3), which indicates inconclusive 
results. However, results from behavioral analyses showed a difference in reaction time and hit 
rate between the medium load and the high load, indicating a variation in demand of loads. 
Additionally, the NASA-TLX scores demonstrated a difference in subjective workload 
experience for the different conditions, as reported by the participants. Findings from the 
behavioral outcomes and the NASA-TLX suggest that the medium load was more demanding 
than the high load.  Critically, behavioral performance and self-reported workload showed that 
the medium load condition was rated as strong and heavy workload. 
  
One potential explanation for the absence of effect on auditory processing has previously been 
believed to be caused by a lack of manipulated experimental tasks (Wiens & Szychowska, 
2018). The authors employed only two levels of load in their experiment and did not find an 



 

 

13 

effect of load levels on the ASSR. This was taken into consideration for the present study in 
which a control condition of no load as well as an extra-high load was implemented, like 
suggested by Wiens and Szychowska (2018). No difference of effect would be expected if the 
task demands were the same. However, the results from the behavioral analyses demonstrated 
an effect of selective attention: responses were slower during the higher demanding tasks versus 
the lower, depicting successful manipulation of attention. Reaction time and hit rates seemed 
to be slower in the more demanding load levels compared to the low load condition. The effects 
of this allocation of attention on the ASSR is considered as a function of the various 
experimental manipulations. These differences in behavioral performance were also found in 
the other studies measuring the effects of load on ASSR using similar manipulations (Parks et 
al., 2011; Wiens & Szychowska, 2018). It is therefore unlikely that lacking experimental 
manipulations were the reasons for the absence of effects of the ASSR. 
  
Furthermore, this study was also interested in investigating the subjective perception of 
cognitive workload demands. Results from the NASA-TLX suggested that the medium load 
level was actually perceived as more difficult than the high load level. This subjective workload 
scale was implemented as a manipulation check in order to understand the load level difficulty 
as experienced by the participants. Clear definitions of workload may vary among subjects, and 
even researchers, that can contribute to confusion in workload literature as well as between-
rater variability (Theeuwes, 1993). The psychophysical scale Borg CR100 was therefore 
implemented as a rating reference in order to maximize the homogeneity of perceptions in 
difficulty levels, thereby enhancing the sensitivity of responses (Borg & Borg, 2002). As the 
numerical representation of the Borg CR100 for 50 indicates a “strong” subjective workload 
experience, it is evident that for mental demand both the medium load (M = 47) and high load 
(M = 39) were perceived as highly demanding. Ratings on the mental demand subscale was the 
primary source of interest for this study and the surprising findings suggested an inverse 
difficulty level between the medium load and the high load condition for mental demand than 
what was pre-determinedly expected. This indicate that the specified higher load might have 
been less demanding than the lesser expected medium load. Future studies investigating 
subjective workload experience should bare this in mind by piloting experimental load levels 
thoroughly. Nevertheless, these results are also in agreement with the observed behavioral 
findings of the signal-detection performance, hit rates, and reaction times. 
        
As previously mentioned, load theory is based on a variety of accepted theories about how 
individuals process information. Perceptual load is considered crossmodal, and we need to 
intentionally direct our attention where it needs to go (Lavie, 2005). The crossmodal attention 
perspective suggests that there is an overlap between sensory modalities, whereby attentional 
processing can be either limited or enhanced. Research therefore relies on observations 
concerning the functions between these sensory modalities. Moreover, load theory may have 
theoretical problems of distinctive definitions between perceptual load and cognitive load that 
can seem ambiguous. Implications for clear findings within these classifications can be of great 
significance in a variety of fields where attentional demands are imperative. It is therefore 
important to clarify the discrepancies within load theory parsimoniously that will aid in 
discovering the true effects of loads in the experimental conditions for future research. 
  
It is also crucial to understand the critical levels of auditory amplitudes that evokes the ASSR 
for these experimental manipulations to show implicating findings. Aforementioned studies 
have investigated the effects of various auditory amplitudes and the most commonly used 
frequency seems to be 40 Hz (Galambos et al., 1981; Ross, Herdman, & Pantev, 2005). In line 
with the proposed explanation by Müller et al. (2009), to clarify the absence of attentional 
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modulation of 45 Hz ASSR in their study, this discrepancy might have resulted from 
methodological variations between the experiments. The possibility that other modulated 
frequencies may show effects of ASSR amplitude should not be ruled out.  
  
One possible reason for inconclusive results in the present study is due to the insufficient 
number of participants. In a related area, Wiens and colleagues (2016) stated that studies with 
smaller sample sizes reported the largest effect, and that no other studies acknowledged null 
findings. Experiments with smaller samples would be expected to occasionally find contrary 
results, assumed a small true effect size. Given any publication biases of previous reports, it is 
possible that the current literature overestimates average effect sizes. Because the present study 
was preregistered, its evidential strength is more convincing than previously published studies. 
Thus, more unbiased data are needed to determine whether visual load affects ASSR. The 
present findings of Bayes analysis suggest that the sample size selection should have been larger 
when measuring the effect of visual loads on ASSR amplitudes. A larger between-subject 
variability may have contributed to a more convincing effect for or against the null hypothesis. 
  
Despite the controversies in the literature of ASSR modulation, implications for clinical 
measurements have been shown. One study investigated the 40 Hz responses of ASSR in 
patients during sleep and anesthesia (Picton, John, Purcell, & Plourde, 2003). Their findings 
demonstrated that the ASSR at 40 Hz was reduced during anesthesia and could therefore aid in 
monitoring patient responses that can be reliably recorded during sleep or wakefulness. If future 
research remains consistent and provide evidence against the effect of ASSR on perceptual 
demands, these clinical procedures would need to develop new measures that have true 
implications.  
  
Although the results of the present study were inconclusive, they contribute to the incomplete 
but evolving body of research on auditory selective attention, and also stress the importance of 
replication of these manipulations for upcoming research. The ASSR may not be affected by 
crossmodal attention. In which case, visual attention may not be problematic during auditory 
measurements. Future studies should also look into the other frequencies related to attentional 
modulation. 
  
In summary, the present findings suggest that auditory processes may not be affected by sensory 
information through visual attention, regardless of difficulty level. Whereas, it was shown in 
the NASA-TLX that the no load task was perceived as significantly less demanding than the 
higher load levels. Hence, it is recommended for future studies to consider the control condition 
to only involve the auditory modality when examining the effects of auditory selective attention 
on ASSR. Specifically, a control condition of no target search might produce more reliable 
evidence of load manipulations. Additionally, because the NASA-TLX ratings indicated that 
the medium load was perceived as more mentally demanding that the high load, it is proposed 
that manipulations of load levels should be reevaluated and piloted in the future. 
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