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Abstract 

While selective attention is known to modulate speech encoding in cortical responses, it is 

unclear whether such modulation also occurs in brainstem responses. The present study 

investigates the impact of selective attention on brainstem responses to consonant-vowel stimuli. 

The study examined auditory brainstem responses to dichotically delivered /ba/ and /da/ in 15 

normal-hearing subjects (8 males). Subjects were asked to attend to a stimulus selectively, and 

their responses were evaluated using the short-time Fourier transform (STFT) and phase 

difference comparison. Our findings reveal significant changes in the mean phase values for 

brainstem responses during selective attention. The mean phase values in brainstem responses to 

/da/ were consistently positive, whereas those in brainstem responses to /ba/ were consistently 

negative compared to responses without attention. In the steady-state region, the mean difference 

of the brainstem responses varied in the high frequency (-0.022±0.008, 0.021±0.007) and middle 

frequency (-0.026±0.008, 0.024±0.007) ranges. Furthermore, the high frequency of the 

transitional part of the response changed (-0.024±0.01, 0.033±0.009) when attention was directed 

to /ba/ and /da/, respectively. Our findings suggest selective attention can significantly alter 

brainstem responses during auditory processing, resulting in significant phase changes in both 

the middle and high-frequency ranges. 

 
Keywords: Short-Time Fourier Transform Method; Auditory Selective Attention; Brainstem Response; 

Consonant-Vowel Stimuli 
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1. Introduction   

 The ability to focus on a single speaker in a multi-talker environment, known as the cocktail 

party problem, is critical for effective communication. This is especially important in the domain 

of auditory selective attention. This field of study investigates attention's ability to code inputs by 

presenting stimuli dichotically, with people attending to one ear at a time [1-5]. Stimulus 

selectivity affects auditory cortical responses, enhancing the representation of temporal and 

spectral properties of the attended speaker and suppressing those of the unattended ones  [6, 7]. 

Existing studies on auditory selective attention have predominantly focused on cortical 

processing, indicating the impact of attention on the amplitude of cortical evoked response 

potentials (ERPs) [8]. This highlights the higher-order processing involved in auditory stimuli 

selection [9, 10] [6]. Studies have demonstrated that cortical processing enhances subcortical 

activity [11, 12]. During the process of auditory selective attention, the auditory cortex stimulates 

the inferior colliculus (I.C.), which is responsible for generating brainstem responses. This 

stimulation occurs via the corticofugal pathway [13]. The midbrain's I.C. is critical in auditory 

processing. It collects incoming signals and relays them to the auditory cortex via the thalamus. 

It serves as a central repository for both internal and external auditory data. Changes in the I.C. 

can affect how we perceive sound and help us determine its location. 

Furthermore, the connection between the I.C. and the auditory cortex via the corticofugal 

pathway can influence how the brainstem responds to auditory stimulation (Figure 1) [11, 14-

21]. Recent research has highlighted the impact of selective attention on the human brainstem 

frequency-following response (FFR), which considers both spatial and frequency features [22, 

23]. Selective attention has the potential to alter human brainstem responses[24]. This is 

demonstrated by the observed differences in FFR amplitudes between attention-received and 
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ignored channels during a selective attention task [25]. Despite this, few studies have 

investigated the attentional effects and stimulus selectivity of auditory neurons in brainstem 

responses [24, 26, 27]. This study uses the cross-phaseogram approach to assess mean phase 

variations in brainstem responses during selective attention to consonant-vowel stimuli, 

providing insight into the intricate modulation of these responses. This research will contribute to 

a comprehensive understanding of attention functioning across different levels of the auditory 

processing hierarchy, which is necessary to close the gap between cortical and brainstem 

responses in the context of auditory selective attention. Attention signal projection to these early 

stages of the auditory pathway is essential in overcoming the challenges of the cocktail party 

effect [28]. The study examines the attentional effect and stimulus selectivity by recording 

brainstem responses to dichotically presented consonant vowels while subjects selectively attend 

to each stimulus. Consonant-vowel stimuli (/ba/ and /da/ stimuli) were chosen because they 

accurately represent spectral and temporal features [29] while preserving the acoustic 

characteristics of consonant and vowel sounds [30]. Distinguishing between these stimuli (/ba/ 

and /da/) poses a challenge even for normal-hearing adults in a noisy environment. These stimuli, 

distinguished by their frequency formants, show discrete brainstem phases, indicating the first 

use of the cross-phaseogram approach to detect temporal response differences. This technique, 

which segregates stimuli based on their frequency content [31, 32], has proven effective in 

identifying temporal variations. Researchers discovered that different frequencies in the /ba/ and 

/da/ stimuli correspond to distinct phases at the brainstem level, indicating a promising method 

for distinguishing responses. In the cross-phaseogram method, the brainstem response to the /da/ 

stimulus phase leads to the brainstem response to the /ba/ stimulus [32] and [33]. This signal-

processing technique, dependent on phase correlations among different frequency components, 
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effectively identifies and distinguishes sound sources [34] . In this study, we employ the cross-

phaseogram approach, an effective method for detecting significant differences in the mean 

phase values of brainstem responses. Our research focuses on the selective attention given to 

auditory stimuli, specifically the phonemes /da/ and /ba/. We compare these responses with those 

elicited without any attention. Our results shed light on how selective attention influences 

brainstem response phase modulation.  

2. Method 

2.1. Data Collection 

The study included fifteen volunteer subjects (seven females and eight males) aged 20 to 28 

(mean = 25.6; SD = 2.028). Two of the subjects were left-handed. None of the subjects had 

auditory or neurological problems. All subjects had normal hearing limits (0–25 dB H.L.). They 

were all Persian speakers and not musicians. The subjects gave written informed consent to 

participate in the experiment. The experiment used /ba/ and /da/ stimuli from Northwestern 

University's auditory neuroscience laboratory  and beep sounds sampled at 48 kilohertz (kHz). 

The stimulus duration was 170 milliseconds (ms). The fundamental and formant frequencies of 

the speech stimuli are shown in Table 1 . Both /ba/ and /da/ stimuli had the same fundamental 

frequency (F0 = 100 Hz) and the formants F1, F4, F5, and F6. F4, F5, and F6 were fixed at 

3300, 3750, and 4900 Hz, respectively. The first, second, and third formants changed over the 

50-ms formant transition period. F1 increased from 400 Hz to 720 Hz. The speech stimuli had 

different F2 and F3 at the start but converged at 1240 and 2500 Hz, respectively. F2 of the /da/ 

stimulus decreased from 1700 Hz to 1240 Hz, while F2 of the /ba/ stimulus increased from 900 

Hz to 1240 Hz. 

https://www.google.com/search?safe=active&q=milliseconds&spell=1&sa=X&ved=0ahUKEwiOw4CdlI3VAhWKLFAKHbdUBjEQvwUIJCgA
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Furthermore, F3 of the /da/ stimulus decreased from 2580 Hz to 2500 Hz, whereas F3 of the 

/ba/ stimulus increased from 2400 Hz to 2500 Hz. During the experiments, subjects were 

instructed to remain motionless while leaning on their chairs. At the beginning of each trial, the 

instructor explained the corresponding task to the subjects. The experiment involved two tasks. 

For the first task (without attention), /ba/ and /da/ stimuli were presented dichotically, with /ba/ 

stimuli presented to the right ear and /da/ stimuli to the left ear. Subjects were not required to 

attend to the stimuli but to watch a muted film [29]. In the selective attention task, two types of 

stimuli were introduced: standard and deviant. The deviant stimulus, a beep sound, was 

randomly played within the total number of standard stimulus sweeps (Figure 2).  

The standard stimuli (/ba/ and /da/) were presented as in the first task. The deviant stimulus was 

played within 5% of the total number of standard stimulus sweeps, which is rare enough to elicit 

event-related potentials (ERPs). In this task, subjects were instructed to pay attention to the 

sounds from one of the ears (/ba/ or /da/ stimuli). In addition, the instructor gave the subjects a 

button to hold in their right hand and instructed them to press it whenever they heard the beep 

sound in their ears. This allowed us to evaluate the subjects' attention and reaction times. The 

process was repeated for both ears. Each brainstem response was recorded in a 30-minute 

session, with rest intervals determined by the subjects' comfort preferences. The stimuli were 

played using a synchronized stimulus playing system at a presentation rate of 1.16/s, presented in 

both positive and negative polarities [29]. The stimuli were delivered to the ears through 

Etymotic ER-3 insert earphones (Etymotic Research, Elk Grove Village, IL) at an intensity of 85 

dB SPL for /da/ and /ba/ and 60 dB SPL for the beep sound. EEG signals were recorded using g. 

USBamp (G. Tech Medical Engineering GmbH, Austria) with a sampling frequency of 4800 Hz. 

Active g.LADYbird electrodes were placed on Cz, Fpz, and the right earlobe for ground and 
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reference . An online bandpass filter with a bandpass of 0.5 to 2000 Hz and a notch filter with a 

center frequency of 50 Hz were used [35]. 

2.2. Analysis 

We recorded an EEG signal with 6,000 sweeps from standard and deviant stimuli. We used 

suitable offline filtering techniques to extract brainstem responses from recorded signals. An 

offline filter with 70 to 2000 Hz cutoff frequencies was used [29]. Because the inter-stimulus 

interval for evoking a brainstem response in this study was chosen as 290 ms [36], the filter was 

applied to 290-ms intervals of the recorded signals. An amplitude threshold of ±35 µV was 

used to eliminate epochs with myogenic artifacts [37]. Following that, epochs containing 

deviant stimuli were removed. We averaged 5500 (±20)  sweeps per subject to improve the 

signal-to-noise ratio (Figure 3) [29, 37]. 

2.2.1.  Evaluation of the attention level of the selected stimulus 

When a subject pressed the button in their right hand, a pulse was recorded, which was used to 

assess the level of attention paid to the chosen stimulus in the selective attention task. The 

flowchart below depicts the steps in calculating each subject's attention level to the selected 

stimulus (Figure 4). 

2.2.2. STFT 

The STFT was used to extract the phase and investigate the attentional effect and stimulus 

selectivity in the brainstem during auditory selective attention. We used this method to assess 

brainstem responses to dichotically presented /ba/ and /da/ stimuli to demonstrate the attentional 

impact. During each trial, subjects selectively attended to each stimulus (/ba/ or /da/), which we 

compared to the brainstem response to dichotically presented /ba/ and /da/ stimuli without 
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attention. Furthermore, we used the STFT method on the dichotically presented /ba/ and /da/ 

stimuli to demonstrate stimulus selectivity in brainstem responses during auditory selective 

attention. At the same time, subjects paid attention to each stimulus in each trial. 

In the STFT process, a time signal was divided into shorter or equivalent-length segments. We 

then computed the Fourier transform of each segment, as well as the magnitude and phase of the 

signal over time and frequency. Utilizing a Hamming window, each window had a length of 96 

samples, with 95 samples of overlap between adjacent segments. The number of sampling points 

was 512, and the sampling frequency was 4800 Hz. The phase of each brainstem response was 

obtained, and the phase differences between each response were calculated. The x-axis and y-

axis corresponded to time and frequency, respectively. The z-axis, depicted in color, represented 

the phase differences between the responses. The green color in the z-axis indicates no phase 

difference between the two responses. Because phase differences in the brainstem response to 

complex stimuli (cABR) were not consistent across the frequency spectrum, we divided them 

into two time intervals: 15 to 60 ms (transition part of the response) and 60 to 170 ms (steady-

state response). In addition, three frequency ranges were considered: 70–400 Hz (low 

frequency), 400–720 Hz (middle frequency), and 720–1100 Hz (high frequency). The phase 

differences were divided into six windows (Figure 5) [32]. We calculated the mean and standard 

deviation of phase values in each window. Figure 6 depicts a block diagram of the general study 

steps. 

2.2.3. Statistical analysis of the phase values 

We used a repeated measures ANOVA with Greenhouse-Geisser correction (significance level α 

= 0.01) to compare phase variation of each window in each group of brainstem responses (the 
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brainstem response with selective attention to each stimulus (/ba/ or /da/) versus the brainstem 

response without attention, and the brainstem responses to dichotically presented /ba/ and /da/ 

while subjects selectively attended to each stimulus). A post-hoc analysis with Bonferroni 

correction compared mean phase values in each window (α = 0.017). 

3. Results 

In this study, all analyses were conducted using the Matlab software. We first extracted the 

brainstem responses to consonant-vowel stimulus. Figure 7 shows the time-domain 

representation of a 170 ms stimulus (/da/) and the brainstem response. The brainstem response 

can be divided into two distinct parts: the formant transition, which occurs between 15 to 60 ms, 

and the steady-state region, which spans from 60 to 170 ms. Both of these components are 

represented in the data. Figure 8 depicts brainstem responses to dichotically presented /ba/ and 

/da/ stimuli, comparing them without and with selective attention for each stimulus. Our study of 

the effects of selective attention on brainstem responses found distinct patterns for the /ba/ and 

/da/ stimuli. Specifically, the brainstem response to the /ba/ stimulus was slower than when no 

attention was paid to the stimuli. 

In contrast, the brainstem response with selective attention to the /da/ stimulus exhibited a faster 

temporal profile than the response without attention. We compared brainstem responses to /ba/ 

and /da/ stimuli delivered dichotically while receiving selective attention (Figure 9). The findings 

revealed significant differences in their temporal dynamics. The brainstem response with 

selective attention to the /da/ stimulus was faster than the response with selective attention to the 

/ba/ stimulus.  

3.1. Results of the evaluation of the attention level of the selected stimulus 
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Table 2 shows the mean and standard deviation of the subjects' attention-related parameters, such 

as accuracy, sensitivity, precision, and specificity. Figure 10 illustrates the STFT technique to 

investigate brainstem responses to dichotically presented /ba/ and /da/ stimuli. The study 

compares brainstem responses with and without selective attention to each stimulus. The phase 

aspect is investigated in two scenarios: attention is directed to the /da/ stimulus, and attention is 

presented to the /ba/ stimulus. Figure 11 shows the difference in phase values of the STFT 

method in brainstem responses to dichotically presented /ba/ and /da/ stimuli when selectively 

attending to /da/ versus selectively attending to /ba/. Figure 12 shows the mean STFT phase 

values of brainstem responses with and without selective attention to each stimulus (/ba/ or /da/). 

These differences are investigated at various time and frequency intervals. In three distinct 

windows (3, 5, and 6), the brainstem response with selective attention to the /da/ stimulus had 

significantly higher mean phase values than the brainstem response without attention. In contrast, 

selective attention to the /ba/ stimulus resulted in significantly lower mean phase values in the 

brainstem response than in the absence of attention. Figure 13 shows that in Windows 4, the 

average phase of the STFT method for the brainstem response with selective attention to /da/ was 

significantly higher than the brainstem response with selective attention to the /ba/ stimulus. 

4. Discussion 

This experiment used auditory selective attention tasks involving dichotically presented /ba/ and 

/da/ stimuli to examine the effects of attention and stimulus selectivity on the brainstem. 

Compared to the brainstem response without attention, the results point to a discernible time shift 

in the grand average of auditory brainstem responses when a subject paid attention to each 

stimulus individually. Specifically, when attention was selectively given to the /da/ stimulus, the 

brainstem responses were quicker than those without attention. Conversely, the brainstem 
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responses were slower when attention was directed towards the /ba/ stimulus than when no 

attention was given. Several studies have found significant differences in brainstem latency 

during auditory selective attention, with a substantial shift in brainstem reaction latency at speech 

frequency between attended and unattended scenarios [38-40]. However, some studies found no 

significant differences [22, 41]. These discrepancies could be attributed to neural adaptation and 

the diminishing effect of efferent feedback  [42, 43]. We used the STFT to extract phase 

differences and assess the attentional effect and stimulus selectivity of brainstem responses 

during auditory selective attention. Although there were no significant differences in the overall 

representation of STFT phase values, we calculated the mean phase values over various time and 

frequency ranges. Significant differences existed in the mean phase values of brainstem 

responses between the attention group and those without attention, particularly in the steady-state 

region's middle-frequency range (400 - 720 Hz) (60 - 170 ms). In this frequency range, the mean 

value of the brainstem response with selective attention was lower than the brainstem response 

without attention. These results are consistent with previous research that has shown that 

attention influences the steady-state region of the auditory brainstem response [40, 44, 45]. 

According to studies that used advanced computational models to simulate the auditory 

brainstem's response to continuous speech, attention has a significant impact on the steady-state 

region of these responses. The auditory brainstem's role in speech processing modulates neural 

activity, changing its response to continuous speech [38]. Previous research has found that when 

a subject selectively attends to an auditory stimulus rather than a visual stimulus, the magnitude 

of the auditory steady-state response (ASSR) increases [46] . However, some studies have found 

no attention modulation in the steady-state region [47, 48], possibly due to differences in task 

design across studies. The attentional effect at the brainstem level may result from the 
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corticofugal feedback from the auditory cortex to the brainstem level [11, 14-16, 20, 21, 49]. 

This suggests that mechanisms of selective attention may occur during the subcortical processing 

stage [44, 50]. In this study, we compared brainstem responses to dichotically presented /ba/ and 

/da/ stimuli while subjects selectively attended each stimulus to demonstrate stimulus selectivity 

during auditory selective attention. Our findings revealed that the brainstem response with 

selective attention to /da/ appears before the brainstem response with selective attention to /ba/. 

The phase values of the STFT method of brainstem responses during selective attention to each 

stimulus were compared. The phase value of the low-frequency range varied significantly in the 

steady-state region; the brainstem response with selective attention to /da/ was different from the 

brainstem response with selective attention to /ba/. The STFT method results showed that in this 

frequency range, the brainstem response with selective attention to the /da/ phase leads to the 

brainstem response with selective attention to /ba/. The brainstem response with selective 

attention to /da/ was faster than the response with selective attention to /ba/. Previous research 

found that different formant frequencies of /ba/ and /da/ (F2 and F3) would result in latency 

shifts in brainstem responses to /ba/ and /da/ [30, 33, 51, 52]. Because the /da/ stimulus has 

higher frequencies than the /ba/ stimulus, the brainstem response to /da/ is faster [29, 32, 33]. We 

used the stimulus characteristics of /ba/ and /da/ to indicate stimulus selectivity at the brainstem 

during auditory selective attention. Similarly, selective attention to one of two stimuli with 

different frequency content alters the frequency of subsequent auditory brainstem responses [38, 

44]. We investigated how attention and stimulus selectivity affected brainstem responses to /ba/ 

and /da/ stimuli during auditory tasks. Significant temporal variations in auditory brainstem 

responses were observed, indicating that selective attention has a definite impact on response 

latency. Using STFT, we identified specific frequency ranges and time intervals where attention 



Attentional effect at the brainstem level with auditory stimuli 
 

13 
 

influenced brainstem response. Specifically, the steady-state region in the middle-frequency 

range showed significant mean phase changes, indicating that selective attention influences 

brainstem responses during auditory processing. Furthermore, the brainstem response to /da/ 

during selective attention earlier in the study showed stimulus selectivity, which supports our 

findings. 
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Figures’ caption list: 

Figure 1. Auditory pathway connections. Auditory information flows from the auditory cortex 

to the I.C. and medial geniculate body (MGB) in the midbrain. These structures are involved in 

processing sound location and other auditory features. (L/R: left/right; C: contralateral)[21, 53]. 

Figure 2. Representation of the auditory stimulus during selective attention to one of the ears. 

The gray box represents the standard stimulus, whereas the white box represents the deviant 

stimulus. 

Figure 3. Block diagram of the signal preprocessing of the brainstem response. 
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Figure 4. Steps for calculating the attention level of the selected stimulus. 

Figure 5. The phase of the STFT is represented across six windows [32]. 

Figure 6. Block diagram of the general steps. 

Figure 7. Time domain representation of a 170-millisecond stimulus /da/ (top) and the 

corresponding brainstem response to /da/ (bottom). 

Figure 8. Brainstem response to dichotic /ba/ and /da/ stimuli with and without selective 

attention. Top panel: Brainstem response with selective attention to /ba/ was slower than without 

attention. Bottom panel: Brainstem response with selective attention to /da/ was faster than 

without attention. 

Figure 9. The brainstem response with selective attention to /da/ (red) was faster than the 

response to /ba/ (blue). 

Figure 10. Representation of the phase using the STFT method in terms of brainstem response 

with selective attention to /ba/ versus brainstem response without attention (top) and phase of the 

STFT method for the brainstem response with selective attention to /da/ versus brainstem 

response without attention (bottom). 

Figure 11. Representation of the phase using the STFT method in terms of the brainstem 

response, comparing selective attention to /da/ versus selective attention to /ba/. 

Figure 12. Mean and standard deviation of brainstem responses with and without selective 

attention to /ba/ (top) and /da/ (bottom) in six windows using the STFT method. 

Figure 13. Mean and standard deviation of phase of the STFT method of the brainstem response 

with selective attention to /da/ compared to the brainstem response with selective attention to 

/ba/. 

Tables’ caption list: 

Table 1. Fundamental and formant frequencies of /ba/ and /da/ stimuli [33]. 

Table 2. The standard deviation and the mean value of all subjects' attention-related parameters. 
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Figure 12. 

 



Attentional effect at the brainstem level with auditory stimuli 
 

28 
 

 

 Figure 13.  

 

 

Table 1. 

 F0 F1 F2 F3 F4 F5 F6 

 Flat Onset Steady-State Onset Steady-State Onset Steady-State Flat Flat Flat 

/da/ 100 400 720 1700 1240 2580 2500 3300 3750 4900 

/ba/ 100 400 720 900 1240 2400 2500 3300 3750 4900 
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