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Electrophysiological evidence 
for the effectiveness of images 
versus text in warnings
Wuji Lin 1,6, Zhuoyu Li 2,3,6, Xukai Zhang 4, Yuan Gao 3 & Jingyuan Lin 5*

Warning sign plays an important role in risk avoidance. Many studies have found that images are 
better warnings than text, while others have revealed flaws of image-only warning signs. To better 
understand the factors underlying the effectiveness of different types of warning signs (image only, 
text only, or image and text), this study adopted event-related potential technology to explore the 
differences at the neurocognitive level using the oddball paradigm and the Go/No-go paradigm. 
Together, the behavioral and electroencephalogram results showed that text-only warnings had 
the lowest effectiveness, but there was little difference between the image-only and image-and-
text warnings. The differences in the effects of the three warning signs were mainly in the areas of 
attention and cognitive control, implying differences in the underlying cognitive processes. Therefore, 
in the design of warning signs, the effects of different design attributes on cognitive processing should 
be taken into account based on actual needs in order to improve the effectiveness of the signs.

Warning signs are used to alert people about risks in the surrounding environment and help them respond 
appropriately and immediately by communicating information about the danger, thereby reducing the occur-
rence of  accidents1. However, inappropriate or unheeded warnings cause thousands of injuries or deaths each 
 year2. Therefore, as a research area of great value to society, the study of warning signs has attracted the attention 
of a large number of  scholars3,4.

Previous studies have found that the attributes of warning signs, such as  shape5,6, border  weight7, and  color7,8, 
affect the responses that the signs elicit. However, the existing research literature shows inconsistent conclusions 
on the effectiveness of different types of warning signs.

Long and  Kearns9 found that people are more sensitive to images than to text. In addition, studies on the 
visibility of warning signs at a distance also found that people saw images first rather than  text10. These studies 
showed that images are more effective warnings than text.

However, some studies suggested otherwise. Gonzalez Alam et al.11 used the Go/No-go paradigm to explore 
the influence of different semantics on human inhibitory behavior and found that compared with text, images 
with the same semantics did not elicit faster responses from the participants. Some studies have explored sym-
bol-only, text-only, and symbol + text stimuli and found that the addition of text can significantly improve the 
accuracy and shorten the required response  time12. Lin et al.13 compared the warning effects of warning signs 
with images, text, and images combined with text and found that although the task performance was poorer 
under the text-only condition, there were no significant differences between the combination condition and the 
image-only condition.

Although the studies mentioned above explored the differences in warning effects among different types of 
warning signs, we could hardly understand the reasons for these differences from these studies. An fMRI study 
by Gonzalez Alam et al.11 found that partially overlapping sets of brain regions are involved in the processing of 
pictures and words. The performance of the target response is related to the interaction between shared control 
brain regions and brain regions associated with specific inputs or representations. Similar results were also found 
in a study by Reisch et al.14. These results also validate the common semantic system  model15, which believes that 
text and pattern information are first processed through different presemantic stages and then enter the semantic 
processing stage, activating the common semantic processing network.
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Since there are differences in the cognitive processing of various types of warning signs, they might also dif-
fer in terms of speed and effect. This may ultimately lead to the difference in user performance in interpreting 
different warning signs. Therefore, exploring the cognitive processing differences of various warning signs is 
conducive to better design of warning signs and to reducing the occurrence of accidents by using more appropri-
ate warning signs for different scenarios. Reactions to warning signs tend to occur within a short period of time. 
To study differences in the narrow time window when they occur, event-related potentials (ERPs) have been 
used. The ERP technique has a high temporal resolution, which therefore enables neural activity to be tracked 
on a millisecond time  scale16–18. It enable us to observe the electrophysiological differences between different 
kinds of warning signs in various time periods, they can help us to know which processing stage are responsible 
for the differences in behavioral results.

This study investigated attention, inhibition and motion in people’s response to warning signs. The oddball 
paradigm is one of the most commonly used paradigms to study attention and working  memory19,20, which 
requires participants to ignore nontarget stimuli with a high probability of continuous presentation and respond 
to target stimuli with sudden appearance. Similarly, the Go/No-go paradigm is one of the most commonly used 
paradigms to study inhibitory  processing21–23, which requires the participants to respond to the nontarget stimuli 
with a high probability of continuous presentation and to inhibit the target stimuli with sudden appearance. 
The two paradigms are useful for understanding the process of execution and inhibition in the response to a 
suddenly appearing stimulus in an inertial  response13. The oddball paradigm (Experiment 1) and the Go/No-go 
paradigm (Experiment 2) were used to investigate the warning effectiveness of the three types of warning signs. 
We expected that this study would obtain consistent results with the study by Lin et al.13. That is, in Experiment 
1, we hypothesized that the accuracy for images and combinations would be higher than that for text, while the 
RT for images would be lower than that for text and combinations. In Experiment 2, we hypothesized that the 
accuracy for images and combinations would be higher than that for text, while the RT for images would be 
lower than that for text or combinations.

The main components of time-domain electroencephalogram (EEG) analysis are P2 and N2. As an early 
positive component, P2 is often associated with attention and is thought to reflect automatic attention to the 
 stimulus24,25. In addition, P2 is often considered the early attentional component of threatening stimuli in studies 
related to warning  signs5,26. Therefore, the analysis of the P2 component is conducive to better understanding 
the differences in attentional processing of different warning signs.

N2 is also a common EEG component in cognitive control studies and is thought to reflect top-down 
inhibitory  processing27. Some researchers have also found that N2 is related to conflict  monitoring28. More 
importantly, research related to warning signs suggests that N2 reflects the advanced stage processing of hazard 
 information29,30. Therefore, the analysis of N2 helps to understand the differences in cognitive processing when 
people decide different warning signs. We hypothesized that the amplitudes of P2 and N2 would be smaller for 
the text than for the combinations and smaller for the combinations than for the images in both experiments.

In addition to time-domain analysis, time–frequency analysis of EEG data was also performed. A certain 
frequency of neural oscillation usually represents a certain cognitive  process31. The theta frequency band is 
generally believed to be related to cognitive  control32,33. Other studies have shown that negative or threatening 
information can trigger a stronger theta  oscillation31,34. Therefore, theta oscillation analysis can also help to 
understand the cognitive control and early attention associated with warning signs.

As a much-explored neural oscillation related to motion, mu oscillation is often considered a neural oscil-
lation that reflects movement. More specifically, mu inhibition occurs during movement and can be triggered 
by motion or motion  imagery35,36. Through the analysis of mu oscillation, we can understand the difference in 
the motor response stage when people process different warning signs. We hypothesized that the theta and mu 
oscillation amplitudes of would be lower for the text than for the combinations and smaller for the combinations 
than for the images in both experiments.

In brief, two experiments were designed in this study to explore the neural mechanism of warning sign pro-
cessing by recording and analyzing electrophysiological data.

Experiment 1: executive processing of different types of warning signs
Methods. Ethics declaration. The procedure in this study was approved by the ethical review board of the 
School of Psychology, South China Normal University (ID: 2019-4-006) and according to the ethical guidelines 
of the Helsinki Declaration. All participants took part in this study voluntarily with a written informed online 
consent form.

Participants. The sample size was determined according to power analysis for RTs, Accuracy, EPRs and Time–
Frequency.  Cohen37 defines fs of 0.1, 0.25, and 0.4 as small, medium, and large effects,  respectively38. The ηp2 
ranged from 0.154 to 0.381 in previous relevant  studies13. So, we used a medium effect size of f = 0.25 to conduct 
a power analysis with G*Power 3.1, which suggested that at least 28 participants were required for 80% power to 
detect the effect given an α level of 0.05. The 80% power is used because it is a commonly accepted for sufficient 
 power39. Then, Thirty right-handed participants (mean age 19.8 years) were selected based on previous literature 
and G*Power’s suggestion. All participants had normal vision or corrected vision and no known mental illness.

Materials. The design of images and image-and-text combinations were based on the warning signs in Safety 
Signs and Guidelines for the Use (Standard No.40: black equilateral triangle outlines, black symbols, and yellow 
background. The sign means "warning" or “to attract attention”. For details, see Fig. 1. Each type of material took 
up a space of 8  cm2 on the screen. There were 60 target stimuli and 180 nontarget stimuli.
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The Chinese word in the target stimulus means “warning” (“警告”). The Chinese word in the nontarget 
stimulus means “guard” (“警卫”).

Procedure. The experimental program was compiled with Presentation 0.71 software. The participants com-
pleted individual measurements in a soundproofed room. The background of the display monitor was black, and 
the viewing distance was 80 cm.

The experiment consists of three conditions: text, images, and combinations, with 5-min breaks between 
conditions. Each stimulus was presented for 500 ms with a random interstimulus interval (ISI) of 1300 ~ 1700 ms. 
The participants were asked to press the space bar when a target stimulus was presented and withhold pressing 
when a nontarget stimulus was presented. The execution order of each condition was counterbalanced between 
participants with a Latin square.

Target and nontarget stimuli are presented in a pseudorandom order with at least one nontarget stimulus 
separating two target stimuli. See Fig. 2 for the detailed procedure of Experiment 1.

Behavioral performance analysis. When a target is presented, the accuracy equals the number of correct key-
strokes divided by the total number of targets. The RT of the target is the average RT of the correct responses to 
the target in the trial. When the nontarget is presented, the accuracy equals the number of times no keystroke 
response was made divided by the total number of nontargets. Because the participant is not to press the key in 
response to the nontarget, there is no nontarget RT. SPSS version 24.0 was used for statistical analysis of the data.

EEG recording and analysis. Scalp voltage was recorded with a standard international 10–20 system extended 
NeuroSCAN-64 Ag/AgCl electrode cap using NeuroScan4.5. The analog voltage of the amplifier is 0.05 ~ 100 Hz, 
and the online sampling rate is 1000 Hz. The ground electrode was located in the middle of the FPz and Fz. The 
reference electrode was on the top of the head, and the eye electrodes were attached above and below the right 
eye socket without blocking sight. During the whole experiment, the resistance of all electrodes was less than 
10 kΩ.

The Letswave toolbox  MATLAB41 was used for preprocessing during offline analysis. Invalid trials were 
excluded. A Butterworth filter was used for 0.1–30 Hz bandpass filtering. After ICA was used to remove elec-
trooculogram (EOG) artifacts, ± 100 μV was used as the standard to exclude other artifacts. Two ICs components 

Figure 1.  Experimental materials.

Figure 2.  Experimental procedure.
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were discarded for each participant. The reference was switched to the average voltage of the bilateral mastoid 
process. For the time domain analysis, segmentations were performed from − 200 ms to 1200 ms, and the baseline 
correction time was from − 200 ms to stimulus presentation.

To explore the neural activity of participants responding to a sudden target stimulus in the inertial response, 
the difference wave between target and nontarget was used for the analysis of brain wave amplitudes, and the 
difference between target and nontarget was also used for the analysis of neural oscillations. To explore the 
cognitive processing speed of the target, the latency of the target was calculated.

P2: According to previous  literature24,29 combined with the results of the present study, the average amplitude 
of six electrode points (F3, Fz, F4, C3, Cz, and C4) with a time window of 155–195 ms was selected as the mean 
amplitude of P2, and the latency was defined as the time during the presence of stimulus to the peak point of 
amplitude within the time window.

N2: According to previous  literature29,42 combined with the results of the present study, the average amplitude 
of six electrode points (F3, Fz, F4, C3, Cz, and C4) with a time window of 200–350 ms was selected as the mean 
amplitude of N2, and the latency was defined as the time during the presence of stimulus to the peak point of 
amplitude within the time window.

For time–frequency analysis, the Morlet wavelet transform (CMOR1-1.5) was used to decompose the seg-
mented EEG signals. The decomposition frequency was 1–30 Hz, and the step of frequency was 1 Hz. To avoid 
the influence of wavelet transform on the edge, the EEG signals from 1000 ms before stimulation and 1200 ms 
after stimulation were extracted, and the baseline correction was performed at − 750 ~ − 250 ms. In the baseline 
correction, positive values represent event-related synchronization, and negative values represent event-related 
desynchronization. Baseline correction is carried out according to the following formula:

Theta: According to previous  literature31 and combined with the results of the present study, 4–8 Hz neural 
oscillations at 100–500 ms of Cz electrode were selected as the regions of interest (ROIs). Then, we performed 
time–frequency decomposition in three steps. First, we performed a wavelet decomposition analysis to obtain six 
theta oscillation outcomes of our experimental conditions. Second, we calculated the theta oscillation difference 
by subtracting the theta oscillation outcomes of target and non-target conditions (target minus non-target). Third, 
we compared the theta oscillation difference among text, image, and combination conditions using ANOVA.

Mu: According to previous  literature43,44 and combined with the results of this study, 8–13 Hz neural oscil-
lations at 250–600 ms of C3 and C4 electrodes were selected as the ROIs. In line with theta oscillation, we 
performed time–frequency decomposition in three steps. First, we performed a wavelet decomposition analysis 
to obtain six Mu oscillation outcomes of our experimental conditions. Second, we calculated the Mu oscilla-
tion difference by subtracting the theta oscillation outcomes of target and non-target conditions (target minus 
non-target). Third, we compared the Mu oscillation difference among text, image, and combination conditions 
using ANOVA.

Statistical analysis. The accuracy of the target and the nontarget responses did not fulfill the assumptions of 
normality required by ANOVA and could not be transformed to a normal distribution. Accordingly, the Fried-
man test was performed on the accuracy of the target and the nontarget responses. The response time of the 
target and P2 latency were transformed (reciprocal transformation) to better approximate a normal distribution. 
Other results fulfilled the assumptions of normality. One-factor, three-level repeated-measures ANOVA was 
performed on the response time of the target, P2 difference wave, P2 latency, N2 difference wave, N2 latency, 
theta difference oscillations, and mu difference oscillations. Greenhouse‒Geisser adjustments were applied, as 
needed, to correct for violations of sphericity. Follow-up analyses of the simple effect via Bonferroni’s adjustment 
were separately executed for each condition.

Results. Behavioral results. First, the Friedman test with Dunn’s post-hoc test was performed on the ac-
curacy of the target responses (images vs. text vs. combination), and the results showed a significant main effect 
(χ2 = 21.784, p < 0.001). Post-hoc test revealed higher accuracy for the images than for the text (p < 0.05), and for 
the combination than for the text (p < 0.05), there were no significant differences between images and combina-
tions (p = 0.747). See Fig. 3A and Table 1.

After that, repeated-measures ANOVA was performed on the response time of the target, and the results 
showed that the main effect was significant (F(2,58) = 22.687, p < 0.001, ηp2 = 0.439). The post hoc test found a 
shorter reaction time for the images than for the text (p < 0.001) and for the images than for the combinations 
(p < 0.01), and the reaction time of the combinations was less than that of the text (p < 0.01). See Fig. 3B and 
Table 1.

A Friedman test of nontarget accuracy was also conducted. The main effect was not significant (χ2 = 2.164, 
p = 0.339). See Fig. 3C and Table 1.

Electrophysiological results. First, repeated-measures ANOVA was performed on the P2 difference wave 
(images vs. text vs. combination), and the main effect was significant (F(2,58) = 14.929, p < 0.001, ηp2 = 0.340). A 
post hoc test showed a smaller amplitude for the text than for the images (p < 0.001) and a smaller amplitude for 
the text than for the combinations (p < 0.001). There were no significant differences between the combinations 
and the images (p = 0.922). See Fig. 4A. Repeated-measures ANOVA was also performed for the P2 latency of 
the target, and the main effect was not significant (F(1.484,43.046) = 0.860, p = 0.400, ηp2 = 0.029). See Fig. 4B.

ERS/ERD = [AP (t) − AP baseline]/AP baseline
(

AP means average power in the time window
)

.
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Repeated-measures ANOVA was also conducted for the N2 difference wave, and the main effect was signifi-
cant (F(1.627,47.180) = 3.591, p < 0.05, ηp2 = 0.110). A post hoc test showed no significant differences between 
the text and the images (p = 0.574). The amplitude for the text was smaller than for the combinations (p < 0.01). 
The differences between the combinations and the images were marginally significant (p = 0.082). See Fig. 4A. 
Repeated-measures ANOVA was also performed for the N2 latency of the target, and the main effect reached 
marginal significance (F(2,58) = 2.813, p = 0.068, ηp2 = 0.088). A post hoc test showed no significant differences 
between the text and the images (p = 0.526). There were no significant differences between the text and the com-
binations (p = 0.099). The latency of the combinations was larger than that of the images (p = 0.050). See Fig. 4B.

Repeated-measures ANOVA was performed for the theta difference oscillations, and the main effect was sig-
nificant (F(2,58) = 15.024, p < 0.001, ηp2 = 0.341). A post hoc test showed that the oscillation amplitude of the text 
was less than that of the images (p < 0.001). The differences between the text and the combinations were significant 
(p < 0.05). The oscillation amplitude of the combinations was less than that of the images (p < 0.01). See Fig. 5A.

Repeated-measures ANOVA on mu difference oscillations showed that the main effect was not significant 
(F(2,58) = 1.417, p = 0.251, ηp2 = 0.047). See Fig. 5B.

Discussion. Consistent with previous research  results13, the warning effect of text was the worst, indicated 
by lower accuracy and longer reaction time. The warning effect of signs with images was the best. There were 
differences in reaction time between the combinations and the images but not in accuracy. Furthermore, electro-
physiological results showed significant differences between different warning signs. The images had the largest 
amplitude, shortest latency, and largest neuronal oscillation amplitude. The text was the opposite of the images. 
The combinations were similar to the images, but only some of the components showed differences.

Figure 3.  Accuracy and response time in the oddball task: (A) accuracy for the target; (B) response time of the 
target; (C) accuracy for the nontarget. *p < 0.05; **p < 0.01; ***p < 0.001.

Table 1.  Accuracy and response time in the oddball task (SD).

Text Image Combination

Accuracy for target (%) 98.83 (1.76) 99.78 (0.95) 99.67 (1.02)

Response time for target (ms) 451.14 (48.86) 414.78 (42.52) 427.87 (38.24)

Accuracy for nontarget (%) 99.46 (0.59) 99.59 (0.63) 99.52 (0.58)

Figure 4.  Difference wave and latency in the oddball task: (A) difference wave between target and nontarget; 
(B) mean amplitude of target. Shaded areas are the time range of the P2 component (155–195 ms) and N2 
component (200–350 ms). All of the images of ERPs are the result averaged by six electrodes (FC3, FCz, FC4, 
C3, Cz, and C4).
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In this experiment, the participants were required to press the key when presented with the targets that sud-
denly appeared. Both the image and combination conditions had high accuracy, while the accuracy of the text 
condition was low. These results were consistent with the performance of P2 amplitude in electrophysiological 
data. P2 reflects the early attention to  stimuli5,24,26. Consistent results showed that pictures can attract more 
attention and elicit more correct responses from the participants. There were no significant differences in the 
ability of combinations and images to attract early attention, indicating that combinations can also attract strong 
attention. However, the attention effect caused by text is weaker than that caused by combinations and images.

In addition, theta oscillation results were similar to the reaction time. Cooper et al.45 found that in cognitive 
control, theta oscillation results are closely related to reaction time. Intracranial records of nonhuman primates 
show that theta oscillations originate from the mPFC, which is widely believed to play a key role in goal-oriented 
behavioral  control46–49. In this study, the differences in theta oscillation results among different types of warning 
signs and their correlation with reaction time may be because under the image condition, the participants can 
distinguish the target from the nontarget with a high degree of certainty and press the key quickly. This allowed 
participants to have stronger cognitive control when making decisions, accompanied by shorter reaction times. 
In contrast, it was more difficult for the participants to distinguish the target from the nontarget under the text 
condition, which resulted in weakened cognitive control with longer reaction times.

Smaller differences in N2 components and mu oscillations indicated that there were no significant differences 
in inhibitory processing and motor responses among the three types of warning signs in oddball tasks requiring 
responses to targets with a low probability of appearance. The differences among the three types of warning signs 
are more related to attention and cognitive control.

Experiment 2: inhibition in response to different types of warning signs
Method. Participants. Consistent with Experiment 1, 30 participants were selected. The average age was 
20.3 years. The participants were right-handed, had normal vision or corrected vision and had no known mental 
illness.

Material. Same as Experiment 1.

Procedure. Participants were required to press the space bar when presented with a nontarget stimulus and 
withhold pressing when a target stimulus was presented. The rest are the same as in Experiment 1.

Behavioral performance analysis. When the nontarget was presented, the accuracy equals the number of cor-
rect keystrokes divided by the total number of nontargets. The RT of the nontarget is the average RT of the cor-
rect responses to the nontarget in the trial. When the target was presented, the accuracy equals the number of 
times keystrokes were withheld divided by the total number of targets. Because the participant does not press the 
key in response to the target, there is no target RT. SPSS version 24.0 was used for statistical analysis of the data.

EEG recording and analysis. Same as Experiment 1.

Statistical analysis. The response times to the nontarget stimuli fulfilled the assumptions of normality. The N2 
latency was transformed (reciprocal transformation). Others same as Experiment 1.

Figure 5.  Difference oscillation in the oddball task: (A) time–frequency of theta band; (B) time–frequency 
of mu band. Rectangular areas are the range of time and frequency of the theta band and the mu band (theta: 
4–8 Hz neural oscillation at 100–500 ms; mu: 8–13 Hz neural oscillation at 250–600 ms).
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Results. Behavioral results. First, the Friedman test with Dunn’s post-hoc test was performed on the accu-
racy of the target (images vs. text vs. combinations), and the results showed a marginally significant main effect 
(χ2 = 8.222, p < 0.05). A Post-hoc test revealed higher accuracy for the images than for the text (p < 0.01), the 
differences between the images and combinations were not significant (p = 0.121), and there were no significant 
differences between the combinations and the text (p = 0.245). See Fig. 6A and Table 2.

After that, repeated-measures ANOVA was performed on the response time to the nontarget stimuli, and 
the results showed that the main effect was significant (F(2,58) = 8.796, p < 0.001, ηp2 = 0.233). The post hoc test 
found shorter reaction times for the images than for the text (p < 0.001) and for the combinations than for the 
text (p < 0.05), and there were no significant differences between the combinations and the images (p = 0.152). 
See Fig. 6B and Table 2.

A Friedman test for nontarget accuracy was also conducted and yielded a nonsignificant main effect 
(χ2 = 0.533, p = 0.766). See Fig. 6C and Table 2.

Electrophysiological results. First, repeated-measures ANOVA was performed for P2 different waves (images 
vs. text vs. combination), and the main effect was significant (F(2,58) = 12.673, p < 0.001, ηp2 = 0.304). A post hoc 
test showed a smaller amplitude for the text than for the images (p < 0.001) and for the text than for the combina-
tions (p < 0.01). There were no significant differences between the combinations and the images (p = 0.191). See 
Fig. 7A. Repeated-measures ANOVA was also performed for the P2 latency of the target, and the main effect was 
not significant (F(1.497,46.422) = 2.198, p = 0.120, ηp2 = 0.066). See Fig. 7B.

Repeated-measures ANOVA was also performed for N2 different wave and the main effect was not significant, 
(F(2,58) = 1.999, p = 0.145, ηp2 = 0.064). See Fig. 7A. Repeated-measures ANOVA was also performed for the N2 
latency of the target, and the main effect was significant (F(2,58) = 6.695, p < 0.01, ηp2 = 0.188). A post hoc test 

Figure 6.  Accuracy and response time in the Go/No-go task: (A) accuracy for target; (B) response time of 
target; (C) accuracy for nontarget. *p < 0.05; **p < 0.01; ***p < 0.001.

Table 2.  Accuracy and response time in the Go/No-go task (SD).

Text Image Combination

Accuracy for target (%) 90.43 (7.96) 94.67 (4.34) 92.50 (8.64)

Response time for target (ms) 382.03 (40.48) 361.65 (39.24) 368.21 (40.36)

Accuracy for nontarget (%) 99.73 (0.45) 99.67 (0.48) 99.63 (0.81)

Figure 7.  Difference wave and latency in the Go/No-go task: (A) difference wave between target and nontarget; 
(B) mean amplitude of target.
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showed a larger latency for the text than for the images (p < 0.01) and for the combinations than for the images 
(p < 0.05). There were no significant differences between the text and the combinations (p = 0.603). See Fig. 7B.

Repeated-measures ANOVA was performed for the theta difference oscillations, and the main effect was 
significant (F(2,58) = 10.474, p < 0.001, ηp2 = 0.265). A post hoc test showed that the oscillation amplitude of the 
text was smaller than that of the images (p < 0.001). There were no significant differences between the text and 
the combinations (p = 0.512). The oscillation amplitude of the combinations was smaller than that of the images 
(p < 0.01). See Fig. 8A.

Repeated-measures ANOVA on mu difference oscillations showed that the main effect was not significant 
(F(1.550,44.948) = 0.598, p = 0.553, ηp2 = 0.020). See Fig. 8B.

Discussion. In this experiment, the images also had the highest accuracy among the three, while there were 
no significant differences in accuracy between the combinations and the text. The behavior results were consist-
ent with the theta oscillations in the electrophysiological data. As mentioned above, theta oscillations are usually 
associated with cognitive  control32,33. The results showed that in inhibitory processing, the images could also 
enhance the cognitive control ability of the participants when making decisions and elicit a higher accuracy 
in the behavioral results. However, the combinations did not have a positive effect on cognitive control as the 
images did in Experiment 1, which may be because inhibition of inertial response requires stronger cognitive 
control ability. The combinations in the Go/No-go task did not have an effect on cognitive control as strongly 
as the images did. Therefore, the amplitude of theta oscillations for the combinations is lower than that for the 
images, accompanied by lower accuracy.

In the Go/No-go task, the participants pressed the key to the nontarget and refrained from pressing to the 
target. To be successful, participants must identify the strategy that optimally balances the following two goals: 
respond as quickly and as accurately as possible to the nontarget and withhold the response to the target as effec-
tively as  possible27. Although there were no response time data for the target, the cognitive processing differences 
of the participants when judging different warning signs could be understood by analyzing the accuracy and 
time of responses to the  nontarget13. This study found that the results concerning the nontarget response time 
were consistent with those of the amplitude of the P2 different wave. Ma et al.50 proposed the "hazard percep-
tion two-stage" (HPTS) model, that is, people need to undergo early perception and late semantic processing to 
process risk information. The study of Bian et al.29 further proves that the processing of warning signs includes 
the stage of rapid recognition of danger information represented by P2 and the stage of conscious integration of 
danger information represented by N2 in working memory. Therefore, the results of P2 amplitude in this study 
may be because, compared with text, images and combinations can evoke a higher level of danger perception. 
There were no significant differences between images and combinations in hazard perception.

In this experiment, we also found no differences in mu oscillations between different warning signs. This 
means that in the inhibition processing task, there were no differences in the motor response processing of the 
three warning signs.

General discussion
The behavioral results of this study suggested the worst warning effect with text and the best effect with images. 
The combinations yielded better performance than the text and worse than the images in terms of accuracy for 
Experiment 1 and in terms of response time for Experiment 2. However, there were no significant differences 
between the warning effect of the text and the images. In terms of neurocognitive results, the differences in EEG 
components were mainly manifested in the P2 component and theta oscillation.

Figure 8.  Difference oscillation in the Go/No-go task: (A) time–frequency distribution of theta-band activity; 
(B) time–frequency distribution of mu-band activity.
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P2 differences between the three warning signs were consistent within the two tasks. P2 mainly reflected 
early attention processing, and the differences were mainly caused by the attributes of the  stimulus29,51. Some 
researchers have found that the range of ERP components identified in the two paradigms were largely equiva-
lent. This finding indicated that similar neurocognitive processes are required in each  task52. Various aspects of 
cognitive control, such as goal maintenance and attentional regulation, are required in both  tasks11. Whether 
in execution processing tasks or inhibition processing tasks, the participants’ early attentional processing of the 
target was similar, but the subsequent processing showed differences. The text had the smallest P2 amplitude, 
while there were no differences between the images and the combinations. The two experiments consistently 
demonstrated that text was less effective in attracting early attention. Images and combinations enabled the 
participants to decide faster, and there were no significant differences between the two. The poor effectiveness 
of text in attracting early attention was reflected in the behavioral performance: 1 When required to respond to 
suddenly appearing targets (Experiment 1, participants were prone to make wrong responses,2 When required 
to refrain from responding to the suddenly appearing target (Experiment 2, the participants were more cautious 
in deciding the targets and nontargets, which led to longer nontarget response time.

Although there were significant differences between the three types of warning signs, these differences were 
not consistent between the two tasks and were mainly reflected in the combinations. Some researchers believe 
that the core domain of cognitive function in the oddball task is selective attention. The core domain of cognitive 
function in the Go/No-go task is response  inhibition53,54. In Experiment 1, theta oscillations were the smallest 
for the text and the largest for the images, while the combinations were somewhere in between. In Experiment 
2, the performances for the text and the images were the same as in Experiment 1, but the differences between 
the combinations and the text were not significant. In inhibitory processing, participants were required to press 
the key to the nontarget and refrain from pressing to the target. Theta oscillations primarily reflect cognitive 
 control32,33,45. The theta oscillations of both combinations and text were smaller and accompanied by lower accu-
racy than those of the images. This may be because it was not easy to distinguish the target from the nontarget 
in the rapid presentation process, and it was difficult for participants to make decisions in the task. Therefore, 
when processing nontargets, more cognitive resources were needed to make keystroke responses after correct 
discrimination. However, in the selective attention process, the participants needed to ignore the nontarget. Theta 
oscillations reflect more cognitive control of the target. Because the combinations can attract more early attention 
than the text, participants could have better cognitive control and make better decisions (higher accuracy and 
shorter response time). However, the compound stimuli are different from the image alone because there are 
two stimuli to be processed. They may not be integrated as a whole. More information leads to greater cognitive 
load. Therefore, it has a longer reaction time relative to the image.

No significant differences were observed in mu oscillations in the two experiments, indicating that the differ-
ences in behavioral results of different types of warning signs were mainly caused by cognitive processing rather 
than behavioral reaction. There were no significant differences in the reaction stage after target or nontarget 
processing was completed.

Limitations and prospects. First, although the present study found behavioral and electrophysiological 
differences between different types of warning signs in the two tasks, they were designed only to explore the 
differences in cognitive processing, and the roughly simulated emergency situations were quite different from 
those in the real world. More ecological methods can be used for further research, such as driving simulators, 
VR technology, and experiments in real scenes. Second, the tasks used in this study were relatively simple, and 
further research could employ different experimental paradigms to explore different aspects of the question. 
Third, emergencies are often accompanied by a variety of conditions. In the future, we can explore the differences 
in cognitive processing under different conditions, such as fatigue, sleep deprivation, and interference. Fourth, 
although EEG results have a high temporal resolution, they have the shortcoming of low spatial resolution, and 
the conclusions drawn solely from EEG results are not completely reliable. The results can be verified using 
magnetic resonance imaging, near-infrared detection, and other technologies in the future. Fifth, there was 
a ceiling effect in behavioral results. The results can be verified using more sensitive tasks in the future. Sixth, 
power analysis is performed based on the effect size of a single study. The results can be verified using larger 
sample size in the future.

This study explored behavioral and neurocognitive differences among the three types of warning signs. The 
results showed that images had the best behavioral performance because they could induce strong early atten-
tion and cognitive control but were not related to motor responses represented by mu oscillations. Text worked 
worst, and the combinations were somewhere in between.

Therefore, easy-to-understand images should be used as warning signs in scenarios requiring an emergency 
response. When the situation is complex and does not require a quick response, text or combinations can be used. 
In addition, more attention-attracting elements should be included in the design to improve the effectiveness of 
early attention and cognitive control.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 30 June 2022; Accepted: 16 January 2023



10

Vol:.(1234567890)

Scientific Reports |         (2023) 13:1278  | https://doi.org/10.1038/s41598-023-28230-x

www.nature.com/scientificreports/

References
 1. Williams, D. J. & Noyes, J. M. How does our perception of risk influence decision-making? Implications for the design of risk 

information. Theor. Issues Ergon. Sci. 8(1), 1–35. https:// doi. org/ 10. 1080/ 14639 22050 04844 19 (2007).
 2. Griffith, L. J. & Leonard, S. D. Association of colors with warning signal words. Int. J. Ind. Ergon. 20(4), 317–325. https:// doi. org/ 

10. 1016/ s0169- 8141(96) 00062-5 (1997).
 3. Kalsher, M. J., Obenauer, W. G. & Weiss, C. F. Reconsidering the role of design standards in developing effective safety labeling: 

Monolithic recipes or collections of separable features?. Hum. Factors 61(6), 920–952. https:// doi. org/ 10. 1177/ 00187 20818 820413 
(2019).

 4. Vander Weg, M. W. et al. Effect of frequency of changing point-of-use reminder signs on health care worker hand hygiene adher-
ence: A cluster randomized clinical trial. JAMA Netw. Open 2(10), e1913823. https:// doi. org/ 10. 1001/ jaman etwor kopen. 2019. 
13823 (2019).

 5. Ma, Q., Bai, X., Pei, G. & Xu, Z. The hazard perception for the surrounding shape of warning signs: Evidence from an event-related 
potentials study. Front. Neurosci. 12, 824. https:// doi. org/ 10. 3389/ fnins. 2018. 00824 (2018).

 6. Rodriguez, M. A. What makes a warning label salient?. Proc. Hum. Factors Soc. Annu. Meet. 35(15), 1029–1033. https:// doi. org/ 
10. 1177/ 15419 31291 03501 502 (2016).

 7. Adams, A. S. & Edworthy, J. Quantifying and predicting the effects of basic text display variables on the perceived urgency of 
warning labels: Tradeoffs involving font size, border weight and colour. Ergonomics 38(11), 2221–2237. https:// doi. org/ 10. 1080/ 
00140 13950 89252 64 (1995).

 8. Jing, F. et al. Enhancing the effectiveness of flood road gauges with color coding. Nat. Hazards 88(1), 55–70. https:// doi. org/ 10. 
1007/ s11069- 017- 2856-9 (2017).

 9. Long, G. M. & Kearns, D. F. Visibility of text and icon highway signs under dynamic viewing conditions. Hum. Factors J. Hum. 
Factors Ergon. Soc. 38(4), 690–701. https:// doi. org/ 10. 1518/ 00187 20967 78827 215 (1996).

 10. Babbitt Kline, T. J., Ghali, L. M., Kline, D. W. & Brown, S. Visibility distance of highway signs among young, middle-aged, and 
older observers: Icons are better than text. Hum. Factors 32(5), 609–619. https:// doi. org/ 10. 1177/ 00187 20890 03200 508 (1990).

 11. Gonzalez Alam, T., Murphy, C., Smallwood, J. & Jefferies, E. Meaningful inhibition: Exploring the role of meaning and modality 
in response inhibition. Neuroimage 181, 108–119. https:// doi. org/ 10. 1016/j. neuro image. 2018. 06. 074 (2018).

 12. Shinar, D. & Vogelzang, M. Comprehension of traffic signs with symbolic versus text displays. Transport. Res. F Traffic Psychol. 
Behav. 18, 72–82. https:// doi. org/ 10. 1016/j. trf. 2012. 12. 012 (2013).

 13. Lin, W. et al. The difference in the warning effect of different warning signs. Int. J. Occup. Saf. Ergon. 28(2), 890–900. https:// doi. 
org/ 10. 1080/ 10803 548. 2020. 18407 33 (2022).

 14. Reisch, L. M., Wegrzyn, M., Woermann, F. G., Bien, C. G. & Kissler, J. Negative content enhances stimulus-specific cerebral activ-
ity during free viewing of pictures, faces, and words. Hum. Brain Mapp. 41(15), 4332–4354. https:// doi. org/ 10. 1002/ hbm. 25128 
(2020).

 15. Vandenberghe, R., Price, C., Wise, R., Josephs, O. & Frackowiak, R. S. Functional anatomy of a common semantic system for words 
and pictures. Nature 383(6597), 254–256. https:// doi. org/ 10. 1038/ 38325 4a0 (1996).

 16. Albert, J., Lopez-Martin, S., Hinojosa, J. A. & Carretie, L. Spatiotemporal characterization of response inhibition. Neuroimage 76, 
272–281. https:// doi. org/ 10. 1016/j. neuro image. 2013. 03. 011 (2013).

 17. Gao, Y. et al. Cognitive mechanisms of the face context effect: An event related potential study of the effects of emotional contexts 
on neutral face perception. Biol. Psychol. 175, 108430. https:// doi. org/ 10. 1016/j. biops ycho. 2022. 108430 (2022).

 18. Maffei, A., Goertzen, J., Jaspers-Fayer, F., Kleffner, K. & Liotti, M. Spatiotemporal dynamics of covert versus overt processing of 
happy, fearful and sad facial expressions. Brain Sci. https:// doi. org/ 10. 3390/ brain sci11 070942 (2021).

 19. Herrmann, C. S. & Knight, R. T. Mechanisms of human attention: Event-related potentials and oscillations. Neurosci. Biobehav. 
Rev. 25(6), 465–476. https:// doi. org/ 10. 1016/ s0149- 7634(01) 00027-6 (2001).

 20. Huettel, S. A. & Mccarthy, G. What is odd in the oddball task?. Neuropsychologia 42(3), 379–386. https:// doi. org/ 10. 1016/j. neuro 
psych ologia. 2003. 07. 009 (2004).

 21. Allom, V., Mullan, B. & Hagger, M. Does inhibitory control training improve health behaviour? A meta-analysis. Health Psychol. 
Rev. 10(2), 168–186. https:// doi. org/ 10. 1080/ 17437 199. 2015. 10510 78 (2016).

 22. Lavagnino, L., Arnone, D., Cao, B., Soares, J. C. & Selvaraj, S. Inhibitory control in obesity and binge eating disorder: A systematic 
review and meta-analysis of neurocognitive and neuroimaging studies. Neurosci. Biobehav. Rev. 68, 714–726. https:// doi. org/ 10. 
1016/j. neubi orev. 2016. 06. 041 (2016).

 23. Menon, V., Adleman, N. E., White, C. D., Glover, G. H. & Reiss, A. L. Error-related brain activation during a go/nogo response 
inhibition task. Hum. Brain Mapp. 12(3), 131–143. https:// doi. org/ 10. 1002/ 1097- 0193(200103) 12: 33.0. CO;2-C (2015).

 24. Cui, X., Cheng, Q., Lin, W., Lin, J. & Mo, L. Different influences of facial attractiveness on decisions of moral beauty and moral 
goodness. Sci. Rep. https:// doi. org/ 10. 1038/ s41598- 019- 48649-5 (2019).

 25. Luck, S. J. & Hillyard, S. A. Electrophysiological correlates of feature analysis during visual search. Psychophysiology 31(3), 291–308. 
https:// doi. org/ 10. 1111/j. 1469- 8986. 1994. tb022 18.x (1994).

 26. Gupta, R. S., Kujawa, A. & Vago, D. R. The neural chronometry of threat-related attentional bias: Event-related potential (ERP) 
evidence for early and late stages of selective attentional processing. Int. J. Psychophysiol. 146, 20–42. https:// doi. org/ 10. 1016/j. 
ijpsy cho. 2019. 08. 006 (2019).

 27. Pires, L., Leitão, J., Guerrini, C. & Simões, M. R. Event-related brain potentials in the study of inhibition: Cognitive control, source 
localization and age-related modulations. Neuropsychol. Rev. 24(4), 461–490. https:// doi. org/ 10. 1007/ s11065- 014- 9275-4 (2014).

 28. Donkers, F. C. & van Boxtel, G. J. The N2 in go/no-go tasks reflects conflict monitoring not response inhibition. Brain Cogn. 56(2), 
165–176. https:// doi. org/ 10. 1016/j. bandc. 2004. 04. 005 (2004).

 29. Bian, J., Fu, H. & Jin, J. Are we sensitive to different types of safety signs? Evidence from ERPs. Psychol. Res. Behav. Manag. 13, 
495–505. https:// doi. org/ 10. 2147/ PRBM. S2489 47 (2020).

 30. Cuthbert, B. N., Schupp, H. T., Bradley, M. M., Birbaumer, N. & Lang, P. J. Brain potentials in affective picture processing: Covari-
ation with autonomic arousal and affective report. Biol. Psychol. 52(2), 95–111. https:// doi. org/ 10. 1016/ s0301- 0511(99) 00044-7 
(2000).

 31. Zhu, L., Ma, Q., Bai, X. & Hu, L. Mechanisms behind hazard perception of warning signs: An EEG study. Transport. Res. F Traffic 
Psychol. Behav. 69, 362–374. https:// doi. org/ 10. 1016/j. trf. 2020. 02. 001 (2020).

 32. Cavanagh, J. F. & Frank, M. J. Frontal theta as a mechanism for cognitive control. Trends Cogn. Sci. 18(8), 414–421. https:// doi. 
org/ 10. 1016/j. tics. 2014. 04. 012 (2014).

 33. Cohen, M. X. Analyzing Neural Time Series Data: Theory and Practice (MIT Press, 2014).
 34. Aftanas, L. I. & Golocheikine, S. A. Human anterior and frontal midline theta and lower alpha reflect emotionally positive state 

and internalized attention: High-resolution EEG investigation of meditation. Neurosci. Lett. 310(1), 57–60. https:// doi. org/ 10. 
1016/ s0304- 3940(01) 02094-8 (2001).

 35. Babiloni, C. et al. Human movement-related potentials vs desynchronization of EEG alpha rhythm: A high-resolution EEG study. 
Neuroimage 10(6), 658–665. https:// doi. org/ 10. 1006/ nimg. 1999. 0504 (1999).

 36. Fox, N. A. et al. Assessing human mirror activity with EEG mu rhythm: A meta-analysis. Psychol. Bull. 142(3), 291–313. https:// 
doi. org/ 10. 1037/ bul00 00031 (2016).

https://doi.org/10.1080/14639220500484419
https://doi.org/10.1016/s0169-8141(96)00062-5
https://doi.org/10.1016/s0169-8141(96)00062-5
https://doi.org/10.1177/0018720818820413
https://doi.org/10.1001/jamanetworkopen.2019.13823
https://doi.org/10.1001/jamanetworkopen.2019.13823
https://doi.org/10.3389/fnins.2018.00824
https://doi.org/10.1177/154193129103501502
https://doi.org/10.1177/154193129103501502
https://doi.org/10.1080/00140139508925264
https://doi.org/10.1080/00140139508925264
https://doi.org/10.1007/s11069-017-2856-9
https://doi.org/10.1007/s11069-017-2856-9
https://doi.org/10.1518/001872096778827215
https://doi.org/10.1177/001872089003200508
https://doi.org/10.1016/j.neuroimage.2018.06.074
https://doi.org/10.1016/j.trf.2012.12.012
https://doi.org/10.1080/10803548.2020.1840733
https://doi.org/10.1080/10803548.2020.1840733
https://doi.org/10.1002/hbm.25128
https://doi.org/10.1038/383254a0
https://doi.org/10.1016/j.neuroimage.2013.03.011
https://doi.org/10.1016/j.biopsycho.2022.108430
https://doi.org/10.3390/brainsci11070942
https://doi.org/10.1016/s0149-7634(01)00027-6
https://doi.org/10.1016/j.neuropsychologia.2003.07.009
https://doi.org/10.1016/j.neuropsychologia.2003.07.009
https://doi.org/10.1080/17437199.2015.1051078
https://doi.org/10.1016/j.neubiorev.2016.06.041
https://doi.org/10.1016/j.neubiorev.2016.06.041
https://doi.org/10.1002/1097-0193(200103)12:33.0.CO;2-C
https://doi.org/10.1038/s41598-019-48649-5
https://doi.org/10.1111/j.1469-8986.1994.tb02218.x
https://doi.org/10.1016/j.ijpsycho.2019.08.006
https://doi.org/10.1016/j.ijpsycho.2019.08.006
https://doi.org/10.1007/s11065-014-9275-4
https://doi.org/10.1016/j.bandc.2004.04.005
https://doi.org/10.2147/PRBM.S248947
https://doi.org/10.1016/s0301-0511(99)00044-7
https://doi.org/10.1016/j.trf.2020.02.001
https://doi.org/10.1016/j.tics.2014.04.012
https://doi.org/10.1016/j.tics.2014.04.012
https://doi.org/10.1016/s0304-3940(01)02094-8
https://doi.org/10.1016/s0304-3940(01)02094-8
https://doi.org/10.1006/nimg.1999.0504
https://doi.org/10.1037/bul0000031
https://doi.org/10.1037/bul0000031


11

Vol.:(0123456789)

Scientific Reports |         (2023) 13:1278  | https://doi.org/10.1038/s41598-023-28230-x

www.nature.com/scientificreports/

 37. Cohen, J. Statistical Power Analysis for the Behavioral Sciences 2nd edn. (Erlbaum, 1988).
 38. Faul, F., Erdfelder, E., Lang, A.-G. & Buchner, A. G*Power 3: A flexible statistical power analysis program for the social, behavioral, 

and biomedical sciences. Behav. Res. Methods 39(2), 175–191. https:// doi. org/ 10. 3758/ bf031 93146 (2007).
 39. Muthén, L. K. & Muthén, B. O. How to use a monte carlo study to decide on sample size and determine power. Struct. Equ. Model. 

9(4), 599–620. https:// doi. org/ 10. 1207/ s1532 8007s em0904_8 (2002).
 40. GB2894. In Chinese National Standard: Safety Signs and Guideline for the Use (China Standard Press, 2008).
 41. Mouraux, A. & Iannetti, G. D. Across-trial averaging of event-related EEG responses and beyond. Magn. Reson. Imaging 26(7), 

1041–1054. https:// doi. org/ 10. 1016/j. mri. 2008. 01. 011 (2008).
 42. Teixeira, M. et al. The conscious experience of color constancy and neural responses to subliminal deviations: A behavioral and 

EEG/ERP oddball study. Conscious Cogn. 84, 102987. https:// doi. org/ 10. 1016/j. concog. 2020. 102987 (2020).
 43. Perry, A. & Bentin, S. Mirror activity in the human brain while observing hand movements: A comparison between EEG desyn-

chronization in the mu-range and previous fMRI results. Brain Res. 1282, 126–132. https:// doi. org/ 10. 1016/j. brain res. 2009. 05. 
059 (2009).

 44. Pineda, J. A. The functional significance of mu rhythms: Translating “seeing” and “hearing” into “doing”. Brain Res. Brain. Res. Rev. 
50(1), 57–68. https:// doi. org/ 10. 1016/j. brain resrev. 2005. 04. 005 (2005).

 45. Cooper, P. S., Karayanidis, F., Mckewen, M., Mclellan-Hall, S. & Cavanagh, J. F. Frontal theta predicts specific cognitive control-
induced behavioural changes beyond general reaction time slowing. Neuroimage 189, 130–140. https:// doi. org/ 10. 1016/j. neuro 
image. 2019. 01. 022 (2019).

 46. Cohen, M. X., Ridderinkhof, K. R., Haupt, S., Elger, C. E. & Fell, J. Medial frontal cortex and response conflict: Evidence from 
human intracranial EEG and medial frontal cortex lesion. Brain Res. 1238, 127–142. https:// doi. org/ 10. 1016/j. brain res. 2008. 07. 
114 (2008).

 47. Tsujimoto, T., Shimazu, H., Isomura, Y. & Sasaki, K. Theta oscillations in primate prefrontal and anterior cingulate cortices in 
forewarned reaction time tasks. J. Neurophysiol. 103(2), 827–843. https:// doi. org/ 10. 1152/ jn. 00358. 2009 (2009).

 48. Wang, C., Ulbert, I., Schomer, D. L., Marinkovic, K. & Halgren, E. Responses of human anterior cingulate cortex microdomains 
to error detection, conflict monitoring, stimulus-response mapping, familiarity, and orienting. J. Neurosci. 25(3), 604–613. https:// 
doi. org/ 10. 1523/ JNEUR OSCI. 4151- 04. 2005 (2005).

 49. Womelsdorf, T., Johnston, K., Vinck, M. & Everling, S. Theta-activity in anterior cingulate cortex predicts task rules and their 
adjustments following errors. Proc. Natl. Acad. Sci. 107(11), 5248–5253. https:// doi. org/ 10. 1073/ pnas. 09061 94107 (2010).

 50. Ma, Q., Jin, J. & Wang, L. The neural process of hazard perception and evaluation for warning signal words: Evidence from event-
related potentials. Neurosci. Lett. 483(3), 206–210. https:// doi. org/ 10. 1016/j. neulet. 2010. 08. 009 (2010).

 51. Ma, Q. et al. The neural process of perception and evaluation for environmental hazards: evidence from event-related potentials. 
Neuroreport 25, 607–611. https:// doi. org/ 10. 1097/ WNR. 00000 00000 000147 (2014).

 52. Fogarty, J. S., Barry, R. & Steiner-Lim, G. Z. Sequential processing and target probability: Linking the Go/NoGo and oddball 
literatures. Front. Hum. Neurosci. https:// doi. org/ 10. 3389/ conf. fnhum. 2017. 224. 00013 (2017).

 53. Bledowski, C., Prvulovic, D., Goebel, R., Zanella, F. E. & Linden, D. E. J. Attentional systems in target and distractor processing: 
A combined ERP and fMRI study. Neuroimage 22(2), 530–540. https:// doi. org/ 10. 1016/j. neuro image. 2003. 12. 034 (2004).

 54. Gyurak, A. et al. Frontoparietal activation during response inhibition predicts remission to antidepressants in patients with major 
depression. Biol. Psychiatry https:// doi. org/ 10. 1016/j. biops ych. 2015. 02. 037 (2016).

Acknowledgements
This paper is funded by a Research Grant of School of Hotel and Tourism Management, The Hong Kong Poly-
technic University (4-ZZNP).

Author contributions
W.L. constructed the research idea, designed experiment and collected the data. W.L. and Z.L. wrote the main 
manuscript text and analyzed the data. X.Z., J.L., and Y.G. provided critical revisions. J.L. supervised the project. 
All authors approved the final version of the manuscript for submission. W.L. and Z.L. contributed equally to 
this work.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 28230-x.

Correspondence and requests for materials should be addressed to J.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.3758/bf03193146
https://doi.org/10.1207/s15328007sem0904_8
https://doi.org/10.1016/j.mri.2008.01.011
https://doi.org/10.1016/j.concog.2020.102987
https://doi.org/10.1016/j.brainres.2009.05.059
https://doi.org/10.1016/j.brainres.2009.05.059
https://doi.org/10.1016/j.brainresrev.2005.04.005
https://doi.org/10.1016/j.neuroimage.2019.01.022
https://doi.org/10.1016/j.neuroimage.2019.01.022
https://doi.org/10.1016/j.brainres.2008.07.114
https://doi.org/10.1016/j.brainres.2008.07.114
https://doi.org/10.1152/jn.00358.2009
https://doi.org/10.1523/JNEUROSCI.4151-04.2005
https://doi.org/10.1523/JNEUROSCI.4151-04.2005
https://doi.org/10.1073/pnas.0906194107
https://doi.org/10.1016/j.neulet.2010.08.009
https://doi.org/10.1097/WNR.0000000000000147
https://doi.org/10.3389/conf.fnhum.2017.224.00013
https://doi.org/10.1016/j.neuroimage.2003.12.034
https://doi.org/10.1016/j.biopsych.2015.02.037
https://doi.org/10.1038/s41598-023-28230-x
https://doi.org/10.1038/s41598-023-28230-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Electrophysiological evidence for the effectiveness of images versus text in warnings
	Experiment 1: executive processing of different types of warning signs
	Methods. 
	Ethics declaration. 
	Participants. 
	Materials. 
	Procedure. 
	Behavioral performance analysis. 
	EEG recording and analysis. 
	Statistical analysis. 

	Results. 
	Behavioral results. 
	Electrophysiological results. 

	Discussion. 

	Experiment 2: inhibition in response to different types of warning signs
	Method. 
	Participants. 
	Material. 
	Procedure. 
	Behavioral performance analysis. 
	EEG recording and analysis. 
	Statistical analysis. 

	Results. 
	Behavioral results. 
	Electrophysiological results. 

	Discussion. 

	General discussion
	Limitations and prospects. 

	References
	Acknowledgements


