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H I G H L I G H T S

• Speech exposure reduced working memory performance compared to silence.

• Semantic content had a negligible impact on working memory performance.

• The impact of speech exposure increased with sound level.

• Subjective ratings increased despite small or absent performance differences.
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A B S T R A C T

Exposure to background speech is known to impair working memory performance, a concern particularly relevant 

in open-plan office environments. This study aimed to examine how specific characteristics of speech, including 

semantic content and sound pressure level, affect cognitive performance and perceived workload. Controlled 

laboratory listening experiments were conducted within a common experimental framework, allowing different 

acoustic characteristics of speech to be compared directly. Participants completed Operation Span tasks (OSPAN) 

while being exposed to binaural speech signals. Perceived workload was assessed using the NASA Task Load Index 

(NASA-TLX). In Listening Experiment A, the role of semantic content was investigated using conditions consisting 

of intelligible speech, locally time-reversed speech, continuous noise, and silence. Listening Experiments B1 and 

B2 focused on the effects of varying sound pressure levels in speech conditions. Overall, exposure to speech 

resulted in decreased cognitive performance relative to silence, whereas continuous noise and low-level speech 

yielded performance outcomes comparable to silent conditions. No significant effect of semantic content was 

observed in Listening Experiment A. In Listening Experiments B1 and B2, performance declined as sound levels 

increased, with diminishing effects observed at lower levels. Subjective workload ratings varied across conditions, 

even where objective performance differences were not detected. These findings suggest that background speech 

introduces a cognitive cost that may be compensated for in short term through increased mental effort, potentially 

contributing to long-term fatigue. 

1 . Introduction

Open-plan offices are now a dominant feature of modern workplaces, 

driven by expectations of flexibility and efficient space utilization. 

Although these layouts can facilitate communication and collaboration, 

they also expose employees to a continuous mix of background sounds, 

including conversational speech, office equipment, and general envi­

ronmental noise, as well as constant visual stimuli from surrounding 

activity. Among these sound sources, background speech has repeatedly 

been identified as the most intrusive and cognitively disruptive, im­

pairing concentration and task performance [1–3]. Because many office 

tasks rely on sustained attention and working memory, exposure to 

speech can interfere with the processes required to maintain and ma­

nipulate information during task performance [4,5]. Understanding the 

mechanisms and extent to which background speech affects cognition is 

therefore essential for designing work environments that support both 

well-being and productivity.
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Speech has been shown to impair short-term memory performance 

even when it is entirely irrelevant to the task and listeners make de­

liberate efforts to ignore it [6]. This irrelevant speech effect appears in 

tasks that require serial recall or maintenance of ordered information, 

indicating that background speech disrupts cognitive mechanisms re­

sponsible for sequencing and retaining information in working memory 

[5,7,8]. The effect is typically interpreted within theoretical frameworks 

in which background speech interferes with processes involved in the 

temporary storage and ordering of information in working memory, in­

cluding mechanisms associated with temporary storage and serial order 

processing [9]. Importantly, research also shows that not all auditory 

input is equally disruptive. The distracting potential of speech depends 

on properties such as intelligibility, sound level, temporal variability, 

spectral complexity, and perceptual salience, all of which influence 

how strongly the signal competes with cognitive processes involved in 

maintaining ordered representations [10–12].

Speech intelligibility, the degree to which linguistic content of speech 

can be understood, has been identified as a central determinant of how 

disruptive speech is to cognitive performance. Research shows that the 

more intelligible a speech signal is, the greater its potential to interfere 

with attention and working memory [2,12,13]. However, intelligibility 

alone does not fully explain the disruptive effect of background speech. 

Experimental studies have shown that speech-like acoustic structures 

can impair performance even when linguistic content is not meaning­

ful, and signals such as spectrally rotated or temporally reversed speech 

can produce disruption comparable to forward speech, indicating that 

interference can occur even when semantic information is not available 

[10,12,14].

In addition to intelligibility, properties such as sound level, tem­

poral variation, and spectral complexity have been shown to affect 

how strongly a signal interferes with cognitive performance [5,10,14]. 

Although the influence of overall level is not always consistent across 

studies, increases in level can enhance the perceptual salience of a sound 

within the auditory scene and thereby increase its potential to cap­

ture attention [11,12]. Non-speech sounds, such as steady-state noise 

or broadband masking signals, typically produce less disruption than 

speech, highlighting the importance of the dynamic temporal and spec­

tral characteristics of speech for interference with working memory 

[2,10,13,14]. This shows that the degree of distraction depends not only 

on the presence of speech but also on how prominent and variable the 

sound is within the acoustic scene.

Beyond measurable effects on task performance, exposure to back­

ground speech has also been associated with increased perceived work­

load and listening effort [4,12]. However, subjective workload does not 

always correspond directly to performance outcomes, i.e., listeners can 

report a higher cognitive load under speech conditions even when per­

formance remains relatively stable [12,15]. This dissociation between 

subjective effort and performance aligns with capacity-limited models 

of attention [16] and effortful listening frameworks [17], which pro­

pose that people can temporarily compensate for increased task demands 

by allocating additional cognitive resources [18]. Such compensatory 

mechanisms may help maintain performance in the short term, but sus­

tained reliance on them can contribute to fatigue and stress and may 

increase perceived strain during sustained tasks.

These findings show that the disruptive effect of background speech 

depends on interacting acoustic and cognitive factors, including intelli­

gibility, sound level, speech-like structure, and task demands. Although 

previous studies have investigated individual acoustic factors such as 

intelligibility and sound level, these factors have often been examined 

using different experimental paradigms, cognitive tasks, and evaluation 

methods. Consequently, a direct comparison of their relative influ­

ence on cognitive performance is difficult. A common experimental 

framework in which individual acoustic characteristics are manipu­

lated systematically could therefore provide a more consistent basis 

for comparing their relative contributions to speech-related distraction. 

Another challenge is that acoustic conditions are often described using 

standardized measures, such as the Speech Transmission Index (STI), 

which summarize aspects of speech transmission into a single value. 

While useful within their intended scope, such measures reflect the 

combined influence of multiple acoustic factors, making it difficult to de­

termine which properties of the signal are responsible for a given rating 

or how these relate to cognitive disruption.

This motivates controlled experimental studies that examine how 

specific acoustic conditions influence working memory performance and 

perceived workload during tasks that require sustained attention.

1.1 . Aim

The present study presents results from three separate listening ex­

periments designed to examine how different acoustic characteristics of 

irrelevant speech affect cognitive performance and perceived workload. 

More specifically, the study investigates the effects of semantic content, 

speech-like structure, and sound level under controlled conditions. By 

systematically manipulating these acoustic characteristics while keep­

ing the experimental framework, cognitive task, and evaluation methods 

consistent across experiments, the study enables direct comparison of 

their relative influence on both working memory performance and 

perceived workload.

During the experiments, participants were exposed to different 

acoustic stimuli while completing cognitive tasks. Working memory per­

formance was measured using the Operation Span Task (OSPAN) [19], 

and subjective workload was assessed using the NASA Task Load Index 

(NASA-TLX) [20].

Listening Experiment A focused on semantic content, intelligibil­

ity, and speech-like structure. It was designed to distinguish effects 

related to linguistic information (intelligible and semantically mean­

ingful speech) from effects caused by the acoustic characteristics of 

speech, such as temporal modulation patterns or spectral variability. 

Listening Experiments B1 and B2 focused on sound level in order to ex­

amine level-dependent changes in the disruptive effect of speech, where 

higher levels increase the perceptual salience of the signal within the 

auditory scene.

2 . Listening experiment

All listening experiments were conducted at the Division of Applied 

Acoustics, Chalmers University of Technology, during June–September 

2024, November–December 2024, and February–March 2025 for 

Experiments A, B1, and B2, respectively. The experimental procedure 

was identical across all three experiments except that the stimuli were 

processed differently. Each participant completed the experiment indi­

vidually in a secluded room to avoid external disturbances. The stimuli 

were presented through open-back headphones (Sennheiser HD 650) 

driven by a Focusrite Scarlett Solo audio interface, and all experimental 

steps were performed digitally using a custom MATLAB application.

During the experimental procedure, participants completed rounds 

of the Operation Span task (OSPAN) [19], each presented under a dif­

ferent sound condition. The sound conditions were presented in random 

order for each participant. Following each round, participants rated their 

perceived workload by completing the NASA Task Load Index (NASA-

TLX) questionnaire [20], assessing the subjective demands of the task 

they had just completed.

2.1 . Participants

Listening Experiment A comprised 30 participants aged 20–34 years 

(M = 25.7, SD = 3.2). One participant reported hearing loss and was 

excluded from analysis (N = 29, 18 male and 11 female).

Listening Experiment B1 comprised 28 participants aged 21–30 years 

(M = 25.4, SD = 2.2). Three participants reported hearing loss and 

were excluded from analysis (N = 25, 12 male, 12 female, and one not 

specified).

Applied Acoustics 255 (2027) 111511 
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Listening Experiment B2 comprised 30 participants aged 20–32 years 

(M = 24.6, SD = 3.1). There were no reports of hearing loss (N = 30, 15 

male and 15 female).

No formal assessment of English proficiency was performed. 

Participants were informed prior to recruitment that the experiment 

would be conducted entirely in English. Consequently, participation 

assumed a level of English proficiency sufficient to complete the exper­

imental tasks. All participants provided their informed consent prior to 

participating in the study.

2.2 . Stimuli

Impulse responses (IRs) were generated using a hybrid room-acoustic 

prediction tool [21] in which early reflections were computed with 

an image-source method using a maximum reflection order of Nord =
16. In the prediction tool, energy is gradually transferred from the 

image-source model to the acoustic radiosity model which is used to 

compute the diffuse late part of the impulse response. The contribu­

tions from the image-source model and the diffuse radiosity response 

were merged and distributed into directional components, represented 

at 5◦ azimuthal resolution (collapsed to the horizontal plane), produc­

ing 72 monaural impulse responses. These directional components were 

subsequently convolved with the corresponding head-related transfer 

functions (HRTFs) [22] and combined to obtain binaural room impulse 

responses (BRIRs), allowing the simulated sound field to be reproduced 

over headphones while preserving spatial cues.

The simulated room was defined as a shoebox-shaped space with di­

mensions 32 m × 5.8 m × 3.1 m (XYZ), chosen to represent a large open 

office. The acoustic properties of the room surfaces were adjusted to ob­

tain a reverberation time of 0.2 s, corresponding to a well-damped office 

environment. The source and receiver positions were fixed at 5.3 m ×
2.9 m × 1.25 m (XYZ) and 7.3 m × 2.9 m × 1.25 m (XYZ), respectively, 

representing two workstations occupied by seated individuals.

All auditory stimuli were generated by convolving the source signals 

with the BRIRs, ensuring that all listening conditions differed only in the 

intended experimental parameters. The stimuli were presented through 

headphones and the order of the listening conditions was randomized 

for each participant to avoid order effects.

The playback levels were calibrated by reproducing the stimuli 

through the experimental headphones mounted on an artificial head 

[23] in the test environment and adjusting the playback gain to ob­

tain the target A-weighted sound pressure levels. The background noise 

level was measured using the artificial head and headphones and 

corresponded to an A-weighted equivalent level of 16 dB.

Listening experiment A

Four acoustical conditions were used in the listening experiment. In 

addition to silence, denoted 𝐶S, which was used as a baseline anchor, 

the stimuli included speech, locally time-reversed speech and Brownian 

noise (1∕|𝑓 |2), denoted 𝐶Sp, 𝐶RS, and 𝐶N, respectively. The speech stim­

uli were derived from recorded utterances of short sentences with low 

predictability [24] obtained from a speech database [25]. Individual ut­

terances were randomly selected and concatenated into several stimuli 

of around 10 min each.

The locally time-reversed speech conditions were generated by seg­

menting the 10-min speech stimuli into random windows of 100–300 

ms, reversing each window in time, and concatenating the reversed 

segments in their original order. This manipulation removes linguis­

tic intelligibility while preserving local amplitude-envelope fluctuations 

and the rhythmic cadence characteristic of conversational speech.

Brownian noise was included as a non-speech acoustic baseline that 

provides continuous auditory stimulation without linguistic or speech-

like structure. Unlike silence, Brownian noise includes a low-frequency-

weighted spectrum characteristic of naturally occurring acoustic back­

grounds, allowing the separation of the effects of mere auditory presence 

from the effects of speech-like processing. All stimuli were convolved 

with the BRIR to produce binaural renderings for headphone playback.

Speech and locally time-reversed speech were adjusted to have com­

parable SPLs, yielding an A-weighted equivalent level of 47 dB. The 

level was selected to represent typical conversational speech levels en­

countered in open-plan office environments [26], consistent with the 

speaker–listener geometry used in the acoustic model [21]. This was in­

tended to reflect realistic open-office conditions and support ecological 

validity for the cognitive tasks.

The noise stimulus was adjusted to achieve a loudness perceptually 

comparable to the speech stimuli using the ISO 532–1 (Zwicker) loud­

ness model [27], corresponding to an A-weighted equivalent level of 

44 dB. The lower A-weighted level, despite comparable loudness, reflects 

the predominantly low-frequency content of the Brownian noise, as A-

weighting applies stronger attenuation at low frequencies than loudness 

estimates.

Listening experiment B1 & B2

Each of these experiments used four acoustical conditions. In ad­

dition to silence, which served as a baseline anchor, the remaining 

conditions consisted of speech presented at different sound levels. The 

stimuli were generated using the same speech material and BRIRs as 

in Listening Experiment A, and were rendered for headphone playback 

using the same procedure.

In Listening Experiment B1, three acoustical conditions with different 

presentation levels were used, together with silence 𝐶S. The A-weighted 

equivalent speech levels in the conditions were low (31 dB), medium 

(51 dB), and high (61 dB), denoted 𝐶31, 𝐶51, and 𝐶61, respectively. 

The selected levels were chosen to span a wide range of conversational 

speech levels that may occur in open-plan office environments [26], 

from low-level background speech to clearly audible nearby speech.

In Listening Experiment B2, the A-weighted equivalent speech levels 

were low (31 dB), medium (37 dB) and high (43 dB), denoted 𝐶31, 𝐶37, 

and 𝐶43, respectively. Compared to Listening Experiment B1, a narrower 

range at the lower-level end was used, allowing for a more detailed 

characterization of level-dependent effects under quieter conditions.

2.3 . Operation span task

The Operation Span Task [19] is a measure of working memory ca­

pacity. Unlike simple serial recall tasks, the OSPAN task is designed to 

assess the simultaneous processing and storage of information, making 

it a measure of complex working memory capacity. In the present study, 

the task was implemented as an automated computer-based version de­

veloped in MATLAB. Participants were presented with a sequence of 

mathematical operations, such as 3 x 2 − 1 = 7, to determine true 

or false. Each operation remained on the screen for up to 10 s and the 

program advanced automatically if no response was given within that 

time. The mathematical operations were interleaved with words to be 

remembered, each displayed for a fixed duration of 2 s. The sequence 

length increased across trials, ranging from three to eight operation-

word pairs, and the participants were informed that recall would occur 

only after the full sequence. After the final operation-word pair in each 

sequence, participants had up to 30 s to recall and enter the words in the 

order they believed they had appeared. All time limits were communi­

cated to the participants before the test began. Each OSPAN round had 

a variable duration determined by the response times of the arithmetic 

problems and recall tasks, with a maximum possible duration of 9 min 

and 36 s. Individual condition durations ranged from approximately 3.7 

to 7.1 min (M = 5.6) in Listening Experiment A, 3.7 to 7.2 min (M = 5.7) 

in Listening Experiment B1, and 4.0 to 7.6 min (M = 5.8) in Listening 

Experiment B2.

Fig. 1 provides an overview of how the operation, word, and re­

call components were presented to participants in the MATLAB-based 

version of the OSPAN task. Each listening experiment consisted of four 

rounds of the OSPAN task, where each round contained one trial of each 
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Fig. 1. Interface illustrations from the OSPAN task, recreated for readability. 

Left: Mathematical operation presented to the participant. Middle: Word pre­

sented immediately after the mathematical operation. Right: Recall screen where 

participants entered the recalled words.

sequence length (3-8 operation-word pairs), resulting in six trials per 

round and 24 trials in total. Performance was scored based on the num­

ber of words correctly recalled, considering both order-sensitive and 

order-free accuracy. Several iterations of the same word contributed 

as one correctly recalled word in an incorrect position, regardless of 

whether it was placed in the correct position. For each participant, the 

order of the mathematical operations and the order of the words were 

randomized independently.

Processing accuracy was monitored to ensure engagement. Although 

an 85% accuracy threshold in the processing component is commonly 

used as an exclusion criterion in OSPAN tasks [28], participants in the 

present study were not excluded solely on the basis of low math ac­

curacy, as the study focused on within-participant differences across 

conditions. Instead of applying the 85% threshold automatically, partici­

pants were excluded only when low equation accuracy co-occurred with 

additional indicators of disengagement, such as unusually fast response 

times, excessive timeouts, or disproportionately high word-recall per­

formance relative to equation accuracy. No participants were excluded 

from any of the listening experiments due to non-engagement.

2.4 . NASA task load index

The NASA Task Load Index (NASA-TLX) [20] is a subjective work­

load assessment tool that evaluates dimensions of task experience. The 

six sub-scales are mental demand, physical demand, temporal demand, 

performance, effort, and frustration, which are rated on a 21-point scale 

originating from a 7-point Likert structure. All scales range from very low

to very high, except for performance, which ranges from perfect to failure. 

The NASA-TLX produces an overall workload score by combining the rat­

ings with a weighting procedure. The weighting reflects how strongly 

each workload factor contributes to the participant’s perceived work­

load. To obtain these weights, participants compare the six dimensions 

in pairs and choose the one that contributed more to their workload. 

Consequently, each sub-scale appears in five comparisons, and the num­

ber of times it is selected becomes its weight, a value between zero and 

five. The final workload score is calculated by multiplying each rating 

by its weight, summing the six weighted values and scaling the result 

to produce a score between 0, indicating minimal workload, and 100, 

indicating maximal workload. 

In this study, participants were asked to rate the six dimensions af­

ter each round of the OSPAN task to reflect the workload associated 

with the sound condition for that round, where the rating interface re­

quired participants to position a slider along each scale. The weighting 

procedure was performed only after the fourth and final round, con­

sistent with the NASA-TLX methodology, which treats the weights as a 

stable, participant-specific representation of the relative importance of 

the workload sources rather than condition-specific values [29]. Fig. 2 

illustrates the rating and weighting interface. No time limits were im­

posed for either the ratings or the weighting procedure. Following each 

NASA-TLX questionnaire, participants were allowed a short break before 

proceeding to the next OSPAN round.

Fig. 2. Interface illustrations from the NASA-TLX questionnaire, recreated for 

readability. Top: Example of the sub-scale rating. Bottom: Example of the pair-

wise comparison.

3 . Results

Results from the OSPAN task and NASA-TLX questionnaire are 

presented in this section for each listening experiment, acoustic 

condition, and participant. The results from the Operation Span Task 

(OSPAN) are presented with separate results for correct number of words 

with order sensitive accuracy as well as order-free accuracy.

For each listening experiment, Friedman tests were conducted to 

assess whether ratings differed across listening conditions. To avoid as­

sumptions about normality, non-parametric tests were used. Statistical 

significance was evaluated at 𝛼 = .05. Post-hoc pairwise comparisons 

were performed using Bonferroni-corrected Wilcoxon signed-rank tests 

(6 comparisons, 𝛼 = .0083).

Figs. 3(a), 4(a) and 5(a) show OSPAN task results, where left-facing 

violins correspond to order-sensitive accuracy (correct words in cor­

rect order) and right-facing violins correspond to order-free accuracy 

(correct words, regardless of position). Figs. 3(b), 4(b) and 5(b) show 

NASA-TLX workload ratings. Boxes indicate the interquartile range 

(IQR), with the median shown as a horizontal line. Medians were used to 

account for possible skewness. Whiskers extend to the most extreme val­

ues within 1.5× IQR, and points beyond this range are plotted as outliers. 

All statistics are calculated using the full dataset (including outliers).
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Fig. 3. (a) OSPAN task results for Listening Experiment A. Left-facing violins correspond to order-sensitive accuracy and right-facing violins correspond to order-free 

accuracy. (b) Subjective workload score from the NASA-TLX questionnaire for Listening Experiment A. Asterisks specify level of significance (* for 𝑝 < .0083 and ** 

for 𝑝 ≤ .001).

Fig. 4. (a) OSPAN task results for Listening Experiment B1. Left-facing violins correspond to order-sensitive accuracy and right-facing violins correspond to order-free 

accuracy. (b) Subjective workload score from the NASA-TLX questionnaire for Listening Experiment B1. Asterisks specify level of significance (* for 𝑝 < .0083 and ** 

for 𝑝 ≤ .001).

3.1 . Listening experiment A

Operation span task

A significant main effect of condition was observed when recall was 

scored in correct serial order, 𝜒2(3) = 9.044, 𝑝 = .029. When recall 

accuracy was scored irrespective of serial order, the effect of condition 

was more pronounced, 𝜒2(3) = 26.967, 𝑝 < .001.

Fig. 3(a) shows OSPAN task performance across the four listen­

ing conditions. Performance was highest in the silent condition (CS) 

under both scoring approaches. The speech (CSp) and locally time-

reversed speech (CRS) conditions yielded comparable recall and lower 

performance relative to silence. By contrast, the noise condition (CN) 

was associated with recall levels closer to those observed in silence, 

particularly when serial order was not considered.

Post-hoc tests showed that, for order-sensitive accuracy, recall in the 

silent condition was significantly higher than in CSp (𝑝 = .003) and CRS
(𝑝 = .008). When serial order was disregarded, these differences became 

even more pronounced (both 𝑝 < .001). No significant difference was 

observed between CSp and CRS under either scoring method. Likewise, 

CN did not significantly differ from CS. However, when recall was scored 

irrespective of order, performance in CN was significantly higher than 

in CSp (𝑝 < .001). Statistical test results are summarized in Table 1, with 

complete results reported in Appendix A, Table 7.

NASA-TLX

A significant main effect of condition on perceived workload was 

found, 𝜒2(3) = 43.055, 𝑝 < 0.001.

Fig. 3(b) presents NASA-TLX scores for Listening Experiment A. 

Workload ratings were highest in the speech condition (CSp), followed by 

locally time-reversed speech (CRS). In contrast, the noise condition (CN) 

and the silent condition (CS) were associated with lower perceived work­

load, indicating a clear separation between speech-based conditions and 

noise or silence.
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Fig. 5. (a) OSPAN task results for Listening Experiment B2. Left-facing violins correspond to order-sensitive accuracy and right-facing violins correspond to order-free 

accuracy. (b) Subjective workload score from the NASA-TLX questionnaire for Listening Experiment B2. Asterisks specify level of significance (* for 𝑝 < .0083 and ** 

for 𝑝 ≤ .001).

Post-hoc comparisons showed that CSp was rated as significantly 

more demanding than CRS (𝑝 = 0.008), CN (𝑝 < 0.001) and CS (𝑝 < 0.001). 

Similarly, CRS was associated with significantly higher workload ratings 

than both CN (𝑝 = 0.001) and CS (𝑝 < 0.001). No significant difference 

was observed between CN and CS. Statistical test results are summarized 

in Table 2, with complete results provided in Appendix A, Table 10.

3.2 . Listening experiment B1

Operation span task

A significant main effect of listening condition was observed when 

recall was scored in correct serial order, 𝜒2(3) = 24.063, 𝑝 < .001. A 

similarly strong effect was found when recall was scored with order-free 

accuracy, 𝜒2(3) = 34.021, 𝑝 < .001.

Fig. 4(a) illustrates OSPAN performance for the four sound-level con­

ditions. As in Listening Experiment A, recall was highest in the silent 

condition (CS), whereas recall declined at higher sound levels, with the 

medium level condition (C51) and the high level condition (C61) show­

ing progressively lower scores. The low level condition (C31) however, 

yielded similar recall scores as CS. When serial order was disregarded, 

performance in CS and C31 appeared even more similar, while the 

decrease at higher sound levels remained evident.

Post-hoc comparisons confirmed that recall in CS was significantly 

higher than in both C51 and C61 for order-sensitive and order free scoring 

(both 𝑝 < .001). In addition, recall in C31 exceeded that in C61 when 

serial order was considered (𝑝 = .002), with an even stronger effect when 

order was ignored (𝑝 < .001). Statistical test results are summarized in 

Table 3, with complete results provided in Appendix A, Table 8.

NASA-TLX

A significant main effect of condition on perceived workload was 

found, 𝜒2(3) = 45.720, 𝑝 < .001.

Fig. 4(b) illustrates NASA-TLX scores for Listening Experiment B1. 

Perceived workload was lowest in the silent condition (CS). Introducing 

speech increased reported workload, and ratings showed a gradual rise 

with increasing sound level.

Post-hoc tests supported this pattern where workload ratings in C31

were significantly higher than in the silent condition (𝑝 < .001) but sig­

nificantly lower than in both C51 (𝑝 = .002) and C61 (𝑝 < .001). In turn, 

both C51 and C61 were associated with significantly higher workload rat­

ings than silence (both 𝑝 < .001). No significant difference was observed 

Table 1 

Summary of statistical test results for the OSPAN task across conditions in 

Listening Experiment a (significant comparisons in bold).

 Order-sensitive Order-free

Friedman test 𝜒2(3) = 9.044 𝜒2(3) = 26.967
𝑝 = 0.029 𝑝 < 0.001

Wilcoxon signed-rank tests* CSp - CRS 𝑝 = 0.499 𝑝 = 0.029
CSp - CN 𝑝 = 0.088 𝐩 < 𝟎.𝟎𝟎𝟏
CSp - CS 𝐩 = 𝟎.𝟎𝟎𝟑 𝐩 < 𝟎.𝟎𝟎𝟏
CRS - CN 𝑝 = 0.202 𝑝 = 0.073
CRS - CS 𝐩 = 𝟎.𝟎𝟎𝟖 𝐩 < 𝟎.𝟎𝟎𝟏
CN - CS 𝑝 = 0.236 𝑝 = 0.333

*
 Bonferroni-corrected significance level: 𝛼 = 0.0083

Table 2 

Summary of statistical results for NASA-TLX scores across conditions in Listening 

Experiment a (significant comparisons in bold).

Friedman test 𝜒2(3) = 43.055
𝑝 < 0.001

Wilcoxon signed-rank tests* CSp - CRS 𝐩 = 𝟎.𝟎𝟎𝟖
CSp - CN 𝐩 < 𝟎.𝟎𝟎𝟏
CSp - CS 𝐩 < 𝟎.𝟎𝟎𝟏
CRS - CN 𝐩 = 𝟎.𝟎𝟎𝟏
CRS - CS 𝐩 < 𝟎.𝟎𝟎𝟏
CN - CS 𝑝 = 0.304

between C51 and C61. Statistical test results are summarized in Table 4, 

with complete results reported in Appendix A, Table 11.

3.3 . Listening experiment B2

Operation span task

A significant main effect of condition was observed when recall was 

scored in correct serial order, 𝜒2(3) = 13.968, 𝑝 = .003, and as for 

Listening Experiments A, a stronger effect was observed when recall ac­

curacy was evaluated irrespective of serial order, 𝜒2(3) = 24.228, 𝑝 <
.001.

Fig. 5(a) presents OSPAN task performance for the sound-level con­

ditions for Listening Experiment B2. The silent condition (CS) again 

yielded the highest recall for both scoring approaches. Performance 

Applied Acoustics 255 (2027) 111511 

6 



E. Hedlund, L. Lindel and W. Kropp

Table 3 

Summary of statistical test results for the OSPAN task across conditions in 

Listening Experiment B1 (significant comparisons in bold).

Order-sensitive Order-free

Friedman test 𝜒2(3) = 24.063 𝜒2(3) = 34.021
𝑝 < 0.001 𝑝 < 0.001

Wilcoxon signed-rank tests* C31 - C51 𝑝 = 0.077 𝑝 = 0.043
C31 - C61 𝐩 = 𝟎.𝟎𝟎𝟐 𝐩 < 𝟎.𝟎𝟎𝟏
C31 - CS 𝑝 = 0.190 𝑝 = 0.026
C51 - C61 𝑝 = 0.081 𝑝 = 0.038
C51 - CS 𝐩 < 𝟎.𝟎𝟎𝟏 𝐩 < 𝟎.𝟎𝟎𝟏
C61 - CS 𝐩 < 𝟎.𝟎𝟎𝟏 𝐩 < 𝟎.𝟎𝟎𝟏

*
 Bonferroni-corrected significance level: 𝛼 = 0.0083

Table 4 

Summary of statistical results for NASA-TLX scores across conditions in Listening 

Experiment B1 (significant comparisons in bold).

Friedman test 𝜒2(3) = 45.720
𝑝 < 0.001

Wilcoxon signed-rank tests* C31 - C51 𝐩 = 𝟎.𝟎𝟎𝟐
C31 - C61 𝐩 < 𝟎.𝟎𝟎𝟏
C31 - CS 𝐩 < 𝟎.𝟎𝟎𝟏
C51 - C61 𝑝 = 0.065
C51 - CS 𝐩 < 𝟎.𝟎𝟎𝟏
C61 - CS 𝐩 < 𝟎.𝟎𝟎𝟏

in the acoustical conditions (C31, C37 and C41) was lower overall and 

showed broadly similar levels of recall.

Post-hoc analyses indicated that recall in both C37 and C43 was 

significantly lower than in the silent condition when serial order was 

considered (both 𝑝 = .002). The same pattern was observed when order 

was disregarded, with both conditions again differing significantly from 

silence (both 𝑝 < .001). In contrast, recall in C31 did not differ signifi­

cantly from the silent condition. No significant differences were detected 

among the acoustical conditions themselves. Statistical test results are 

summarized in Table 5, with complete results reported in Appendix A, 

Table 9.

NASA-TLX

A significant main effect of condition on perceived workload was 

found, 𝜒2(3) = 22.280, 𝑝 < .001.

Fig. 5(b) illustrates NASA-TLX scores for Listening Experiment B2. 

Perceived workload was lowest in the silent condition (CS) and increased 

once speech was introduced. The three sound level conditions yielded 

progressively higher ratings overall, although the differences between 

C31 and C37 were relatively small.

Post-hoc tests showed that workload ratings in C31, C37 and C43 were 

all significantly higher than in the silent condition (𝑝 = .006, 𝑝 < .001
and 𝑝 < .001, respectively). No significant differences were observed 

between the acoustical conditions themselves. Statistical test results are 

summarized in Table 6, with complete results reported in Appendix A, 

Table 12.

4 . Discussion

The results indicate that exposure to speech reduces working mem­

ory performance, as reflected by a decrease in correctly recalled words 

in conditions containing speech. This effect was observed for both 

order-sensitive and order-free scoring of the OSPAN task, indicating 

that speech interferes with working memory processes irrespective of 

whether serial order is taken into account. Across the experiments, the 

silent condition consistently yielded the highest recall performance, sug­

gesting that the absence of competing auditory information provides the 

most favorable environment for maintaining the task items.

The results further suggest the presence of a level-related thresh­

old below which speech does not measurably disrupt performance. In 

Table 5 

Summary of statistical test results for the OSPAN task across conditions in 

Listening Experiment B2 (significant comparisons in bold).

Order-sensitive Order-free

Friedman test 𝜒2(3) = 13.968 𝜒2(3) = 24.228
𝑝 = 0.003 𝑝 < 0.001

Wilcoxon signed-rank tests* C31 - C37 𝑝 = 0.693 𝑝 = 0.193
C31 - C43 𝑝 = 0.385 𝑝 = 0.030
C31 - CS 𝑝 = 0.049 𝑝 = 0.015
C37 - C43 𝑝 = 0.256 𝑝 = 0.152
C37 - CS 𝐩 = 𝟎.𝟎𝟎𝟐 𝐩 < 𝟎.𝟎𝟎𝟏
C43 - CS 𝐩 = 𝟎.𝟎𝟎𝟐 𝐩 < 𝟎.𝟎𝟎𝟏

*
 Bonferroni-corrected significance level: 𝛼 = 0.0083

Table 6 

Summary of statistical results for NASA-TLX scores across conditions in Listening 

Experiment B2 (significant comparisons in bold).

Friedman test 𝜒2(3) = 22.280
𝑝 < 0.001

Wilcoxon signed-rank tests* C31 - C37 𝑝 = 0.417
C31 - C43 𝑝 = 0.047
C31 - CS 𝐩 = 𝟎.𝟎𝟎𝟔
C37 - C43 𝑝 = 0.019
C37 - CS 𝐩 < 𝟎.𝟎𝟎𝟏
C43 - CS 𝐩 < 𝟎.𝟎𝟎𝟏

Listening Experiment B1, recall in the lowest speech level condition 

(C31) was comparable to the silent baseline, whereas higher sound levels 

were associated with progressively lower performance. A similar pattern 

was observed in Listening Experiment B2, where the higher speech lev­

els differed significantly from the silent condition, while recall in C31 did 

not. Although performance in C31 in B2 was somewhat lower than in the 

silent condition, the relatively large spread of scores in this condition 

indicates considerable variability between participants in susceptibil­

ity to low-level speech distraction. Consequently, the results do not 

allow a clear distinction between performance under this condition and 

the silent baseline. Together, these findings suggest a level-dependent 

pattern, where disruption appears more pronounced at higher levels.

Beyond the lowest speech level, both Listening Experiments B1 and 

B2 indicate that the magnitude of disruption increases with sound level. 

In both experiments, the middle and higher speech levels were asso­

ciated with progressively lower recall. This pattern suggests that the 

disruptive influence of speech is not only determined by its presence but 

also by its relative level, with stronger speech signals producing greater 

interference with the cognitive processes required for the task.

The comparison between stimulus types in Listening Experiment A 

indicates that the disruptive effect cannot be attributed simply to the 

presence of any auditory stimulus. Performance was comparable be­

tween the silent condition and the Brownian noise condition, while the 

speech and locally time-reversed speech conditions produced similar re­

sults. In other words, an acoustic background alone did not produce 

measurable disruption. Instead, the effect appears to be associated with 

speech-like signals.

Previous studies have reported stronger distraction with higher in­

telligibility. However, this does not necessarily imply that reducing 

intelligibility eliminates the disruptive effect of speech. In the present 

study, intelligible speech and locally time-reversed speech produced 

comparable working memory performance, suggesting that reducing in­

telligibility alone was insufficient to substantially reduce disruption. 

Especially considering that the Brownian noise condition produced per­

formance comparable to silence, the results suggest that the disruption 

in this study was more strongly linked to the continuously changing tem­

poral and spectral characteristics of speech than to the mere presence of 

sound or linguistic meaning. Therefore, the present findings should not 

be interpreted as evidence that intelligibility is irrelevant. Rather, they 
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suggest that, under the tested conditions, the preserved temporal and 

spectral characteristics of speech contributed more strongly to working 

memory disruption than semantic content.

The stronger omnibus effects observed when recall was scored irre­

spective of serial order indicate that removing the order requirement 

made the differences between conditions more pronounced. This does 

not necessarily imply that speech affects a specific component of recall. 

Instead, the pattern suggests that speech-related distraction may influ­

ence multiple aspects of task performance, including both the retention 

of items and the processes involved in organizing them.

A different perspective emerges when considering the subjective 

workload ratings. Even in conditions where recall performance re­

mained comparable to the silent baseline, participants reported in­

creased workload when exposed to speech. This suggests that partici­

pants may have exerted additional effort to maintain their performance 

in the presence of distracting speech. In other words, performance levels 

remained stable but maintaining that level appeared to require greater 

mental effort. This pattern indicates that increases in perceived effort 

can occur even in the absence of measurable performance decrements.

Such compensation effects are particularly relevant when consider­

ing real-world work environments. In settings such as open-plan offices, 

exposure to speech often occurs continuously over extended periods. 

While short-term cognitive tasks may still be performed successfully, sus­

tained increases in listening effort could contribute to fatigue, reduced 

well-being, or decreased productivity over time. The present results 

therefore highlight the importance of considering both objective perfor­

mance measures and subjective workload when evaluating the impact 

of acoustic environments on cognitive functioning.

4.1 . Limitations

Investigating working memory performance in controlled listening 

experiments inevitably involves a trade-off between experimental con­

trol and ecological validity. Artificially generated acoustic environments 

allow for precise manipulation of acoustic parameters that would be 

difficult to isolate in real-world settings. However, this level of control 

also introduces limitations when interpreting how the results general­

ize to everyday situations. In practice, speech exposure typically occurs 

over extended periods and in combination with other factors that could 

influence cognitive performance, such as varying work tasks, interac­

tions with colleagues, and concurrent auditory and visual distractions. 

Furthermore, the present study focused on a single cognitive paradigm 

designed to assess working memory. Although the OSPAN task cap­

tures certain cognitive processes, workplace tasks involve a broader 

range of cognitive functions. Consequently, the present findings should 

be interpreted as reflecting working memory performance under con­

trolled experimental conditions rather than the full complexity of real 

workplace environments.

The participant sample was relatively homogeneous with respect 

to age, which might limit the extent to which the findings general­

ize to more diverse workplace population, where cognitive abilities 

and responses to background speech may differ across individuals. 

Furthermore, no a priori power analysis was performed to determine 

a target sample size. Future studies involving larger participant sam­

ples would improve the statistical robustness of the findings and allow 

for a more reliable evaluation of subtle differences between acoustic 

conditions.

The relatively large spread of scores observed in some conditions 

indicates inter-individual variability in susceptibility to speech-related 

distraction. The present study was designed to compare acoustic con­

ditions at the group level rather than identify the participant-related 

factors underlying this variability. Such factors could include differ­

ences in noise sensitivity, cognitive capacity, or language proficiency. 

Because English proficiency was not objectively assessed, its poten­

tial contribution to the observed variability cannot be determined. 

Participants with lower English proficiency may have extracted less 

semantic information from intelligible speech, potentially attenuating 

effects specifically related to semantic processing.

Some methodological considerations should also be acknowledged 

when interpreting the subjective workload measures, specifically the 

weighting procedure included in the NASA-TLX where participants com­

pare workload dimensions in pairs. Previous studies have noted that 

such pairwise comparisons can be conceptually complex and may lead to 

inconsistencies in the resulting importance rankings, particularly when 

participants perceive several workload dimensions as similarly relevant 

[30,31]. However, the weighting procedure can still be useful in cog­

nitive tasks because it allows participants to reduce the influence of 

dimensions that may be less relevant.

In the present study, room acoustics were simulated using an image 

source model combined with a radiosity-based model for late reverber­

ation. Although the simulation allowed reflections up to a high order, 

the relatively short reverberation time meant that most acoustic energy 

was contained in the direct sound and early reflections. Under these 

conditions, the amount of energy available for redistribution by the ra­

diosity model becomes limited. This effect may also have been amplified 

by the relatively large dimensions of the simulated space, where the 

short reverberation time further reduces the contribution of late reflec­

tions. Since the reverberation time was selected independently of the 

dimensions of the reference office, the simulated environment should 

be regarded as a controlled acoustic condition rather than a physically 

representative office environment.

This illustrates a broader limitation of parameter-based acoustic sim­

ulation. Under certain acoustic conditions, model parameters such as 

reflection order, room dimensions, or reverberation time do not al­

ways translate directly into acoustically representative environments. 

The resulting sound field may therefore influence how participants per­

ceive and process the auditory scene, which should be considered when 

interpreting the applicability of the findings to real office environments.

These considerations, however, do not invalidate the experimental 

paradigm but clarify the scope within which the results should be in­

terpreted. The findings reflect cognitive performance under controlled, 

model-defined acoustic conditions, which provide valuable insight into 

the mechanisms by which speech influences working memory. At the 

same time, translating these findings to real-world environments re­

quires careful consideration of how acoustic modeling assumptions 

shape the perceptual characteristics of the stimuli.

Future work should investigate more diverse participant groups, 

longer exposure durations, varying task demands, and larger sample 

sizes in order to further clarify how individual variability and acoustic 

characteristics jointly influence speech-related distraction.

5 . Conclusion

The present study examined how different acoustic characteristics 

of background speech influence working memory performance and 

perceived workload across three controlled listening experiments. The 

results show that speech disrupts cognitive performance relative to si­

lence, with stronger effects at higher sound levels, while lower-level 

speech produces more variable and less consistent interference. At the 

same time, subjective workload increased systematically with speech 

exposure, even in conditions where objective performance remained 

relatively stable.

The results are consistent with previous research that demonstrates 

the disruptive effects of irrelevant speech while suggesting that reduc­

ing intelligibility alone might not be sufficient to eliminate cognitive 

interference. Instead, the preserved temporal and spectral characteris­

tics of speech appear to contribute more strongly to working memory 

disruption than semantic content under the tested conditions. In ad­

dition, the observed dissociation between performance and perceived 

workload aligns with theoretical accounts suggesting that individuals 

can compensate for increased task demands through increased cognitive 

effort.
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Beyond confirming established effects, the present study refines the 

understanding of how sound level modulates speech-related distrac­

tion. The results indicate that the impact of speech is level-dependent, 

with clearer performance decrements emerging at higher levels, while 

lower-level speech does not consistently impair performance despite in­

creased perceived effort. This pattern suggests the presence of a range of 

sound levels in which compensatory mechanisms may offset disruption, 

thereby masking measurable performance effects, although substantial 

inter-individual variability remains.

The present study complements previous research by examining mul­

tiple acoustic characteristics within a common experimental framework, 

allowing their effects on both cognitive performance and perceived 

workload to be compared directly. Rather than considering semantic 

content, speech-like structure, and sound level in isolation, the combined 

findings indicate that these characteristics influence speech-related dis­

traction to different extents under comparable experimental conditions. 

In particular, the results suggest that sound level and the preserved tem­

poral and spectral characteristics of speech contribute more strongly to 

working memory disruption than semantic content alone. This has im­

plications for the design of workspaces, suggesting that reducing the 

level and prominence of background speech may be critical not only for 

maintaining performance but also for limiting cognitive strain during 

sustained tasks.
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Appendix A . Statistical details

Tables 7–9 contain statistical details for correct word scores per con­

dition for Listening experiments A, B1 and B2, respectively. Results 

include order-sensitive and order-free accuracy as well as Friedman tests 

and post-hoc Wilcoxon signed-rank comparisons (Bonferroni-corrected 

𝛼 = 0.0083) with corresponding effect sizes.

Tables 10–12 contain statistical details for subjective workload 

scores in the NASA-TLX questionnaire in Listening Experiments A, B1, 

and B2, respectively, including Friedman test and post-hoc Wilcoxon 

signed-rank comparisons (Bonferroni-corrected 𝛼 = 0.0083) with corre­

sponding effect sizes.

Table 7 

Statistical details for OSPAN task for Listening Experiment A. Significant com­

parisons after correction are in bold.

Order-sensitive Order-free

Friedman 𝜒2(3) = 9.044 𝜒2(3) = 26.967
test 𝑝 = 0.029 𝑝 < 0.001

Stimuli Med (IQR) Med (IQR)

CS 19 (14.50–23.00) 22 (20.50-27.50)

CN 17 (11.50–22.50) 23 (19.00-25.50)

CRS 15 (12.00–20.00) 19 (16.50-24.00)

CSp 15 (11.00–18.00) 19 (14.50-21.00)

Wilcoxon signed-rank tests (𝛼 = 0.0083)

CSp - CRS 𝑍 = −0.676, 𝑝 = 0.499, 𝑍 = −2.189, 𝑝 = 0.029,
𝑟 = 0.126 𝑟 = 0.407

CSp - CN 𝑍 = −1.704, 𝑝 = 0.088 𝐙 = −𝟑.𝟖𝟎𝟔,𝐩 < 𝟎.𝟎𝟎𝟏
𝑟 = 0.316 𝑟 = 0.707

CSp - CS 𝐙 = −𝟐.𝟗𝟗𝟏,𝐩 = 𝟎.𝟎𝟎𝟑 𝐙 = −𝟒.𝟑𝟎𝟗,𝐩 < 𝟎.𝟎𝟎𝟏
𝑟 = 0.555 𝑟 = 0.800

CRS - CN 𝑍 = −1.277, 𝑝 = 0.202 𝑍 = −1.792, 𝑝 = 0.073
𝑟 = 0.237 𝑟 = 0.333

CRS - CS 𝐙 = −𝟐.𝟔𝟑𝟖,𝐩 = 𝟎.𝟎𝟎𝟖 𝐙 = −𝟑.𝟒𝟗𝟔,𝐩 < 𝟎.𝟎𝟎𝟏
𝑟 = 0.490 𝑟 = 0.649

CN - CS 𝑍 = −1.184, 𝑝 = 0.236 𝑍 = −0.968, 𝑝 = 0.333
𝑟 = 0.220 𝑟 = 0.180

Table 8 

Statistical details for OSPAN task for Listening Experiment B1. Significant 

comparisons after correction are in bold.

Order-sensitive Order-free

Friedman 𝜒2(3) = 24.063 𝜒2(3) = 34.021
test 𝑝 < 0.001 𝑝 < 0.001

Stimuli Med (IQR) Med (IQR)

CS 20 (17.50–23.00) 23 (21.50–26.50)

C31 19 (17.00–22.50) 23 (20.00–24.50)

C51 17 (14.00–20.00) 20 (17.50–22.00)

C61 16 (14.00–18.00) 18 (17.00–22.00)

Wilcoxon signed-rank tests (𝛼 = 0.0083)

C31 - C51 𝑍 = −1.770, 𝑝 = 0.077 𝑍 = −2.020, 𝑝 = 0.043
𝑟 = 0.335 𝑟 = 0.382

C31 - C61 𝐙 = −𝟑.𝟏𝟕𝟎,𝐩 = 𝟎.𝟎𝟎𝟐 𝐙 = −𝟑.𝟔𝟕𝟒,𝐩 < 𝟎.𝟎𝟎𝟏
𝑟 = 0.600 𝑟 = 0.694

C31 - CS 𝑍 = −1.311, 𝑝 = 0.190 𝑍 = −2.228, 𝑝 = 0.026
𝑟 = 0.248 𝑟 = 0.421

C51 - C61 𝑍 = −1.745, 𝑝 = 0.081 𝑍 = −2.079, 𝑝 = 0.038
𝑟 = 0.330 𝑟 = 0.393

C51 - CS 𝐙 = −𝟑.𝟒𝟗𝟕,𝐩 < 𝟎.𝟎𝟎𝟏 𝐙 = −𝟑.𝟒𝟗𝟏,𝐩 < 𝟎.𝟎𝟎𝟏
𝑟 = 0.661 𝑟 = 0.660

C61 - CS 𝐙 = −𝟒.𝟎𝟑𝟔,𝐩 < 𝟎.𝟎𝟎𝟏 𝐙 = −𝟒.𝟐𝟕𝟏,𝐩 < 𝟎.𝟎𝟎𝟏
𝑟 = 0.763 𝑟 = 0.807
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Table 9 

Statistical details for OSPAN task for Listening Experiment B2. Significant 

comparisons after correction are in bold.

Order-sensitive Order-free

Friedman 𝜒2(3) = 13.968 𝜒2(3) = 24.228
test 𝑝 = 0.003 𝑝 < 0.001

Stimuli Med (IQR) Med (IQR)

CS 21 (19.00-24.25) 25 (21.75-27.00)

C31 19 (14.00-24.00) 22.5 (18.50-27.00)

C37 19 (16.75-21.00) 21 (19.00-25.00)

C43 18 (15.00-21.25) 21 (17.00-23.25)

Wilcoxon signed-rank tests (𝛼 = 0.0083)

C31 - C37 𝑍 = −0.395, 𝑝 = 0.693 (𝑍 = −1.301, 𝑝 = 0.193)
𝑟 = 0.072 𝑟 = 0.238

C31 - C43 𝑍 = −0.868, 𝑝 = 0.385 (𝑍 = −2.173, 𝑝 = 0.030)
𝑟 = 0.159 𝑟 = 0.367

C31 - CS 𝑍 = −1.973, 𝑝 = 0.049 (𝑍 = −2.433, 𝑝 = 0.015)
𝑟 = 0.360 𝑟 = 0.444

C37 - C43 𝑍 = −1.136, 𝑝 = 0.256 (𝑍 = −1.434, 𝑝 = 0.152)
𝑟 = 0.207 𝑟 = 0.262

C37 - CS 𝐙 = −𝟑.𝟏𝟎𝟗,𝐩 = 𝟎.𝟎𝟎𝟐 (𝐙 = −𝟑.𝟖𝟎𝟔,𝐩 < 𝟎.𝟎𝟎𝟏)
𝑟 = 0.568 𝑟 = 0.695

C43 - CS 𝐙 = −𝟑.𝟏𝟒𝟖,𝐩 = 𝟎.𝟎𝟎𝟐 (𝐙 = −𝟑.𝟗𝟏𝟎,𝐩 < 𝟎.𝟎𝟎𝟏)
𝑟 = 0.575 𝑟 = 0.714

Table 10 

Statistical details for NASA-TLX ratings for Listening Experiment A. Significant 

comparisons after correction are in bold.

Friedman test 𝜒2(3) = 42.269, 𝑝 < 0.001

Stimuli Median (IQR)

CS 63.62 (54.30-73.56)

CN 69.30 (56.69-77.04)

CRS 75.81 (68.10-83.26)

CSp 82.79 (72.95-85.01)

Wilcoxon signed-rank tests (𝛼 = 0.0083)

CSp - CRS 𝐙 = −𝟐.𝟔𝟒𝟗, 𝐩 = 𝟎.𝟎𝟎𝟖, 𝐫 = 𝟎.𝟒𝟗𝟏𝟗
CSp - CN 𝐙 = −𝟒.𝟒𝟒𝟒, 𝐩 < 𝟎.𝟎𝟎𝟏, 𝐫 = 𝟎.𝟖𝟐𝟓𝟐
CSp - CS 𝐙 = −𝟒.𝟔𝟑𝟖, 𝐩 < 𝟎.𝟎𝟎𝟏, 𝐫 = 𝟎.𝟖𝟔𝟏𝟑
CRS - CN 𝐙 = −𝟑.𝟐𝟏𝟏, 𝐩 = 𝟎.𝟎𝟎𝟏, 𝐫 = 𝟎.𝟓𝟗𝟔𝟑
CRS - CS 𝐙 = −𝟒.𝟐𝟐𝟕, 𝐩 < 𝟎.𝟎𝟎𝟏, 𝐫 = 𝟎.𝟕𝟖𝟒𝟗
CN - CS 𝑍 = −1.027, 𝑝 = 0.304, 𝑟 = 0.1907

Table 11 

Statistical details for NASA-TLX ratings for Listening Experiment B1. Significant 

comparisons after correction are in bold.

Friedman 𝜒2(3) = 45.720, 𝑝 < 0.001

Stimuli Median (IQR)

CS 59.20 (51.01-72.04)

C31 70.11 (63.97-76.42)

C51 76.07 (67.70-85.22)

C61 80.26 (71.59-88.89)

Wilcoxon signed-rank tests (𝛼 = 0.0083)

C31 - C51 𝐙 = −𝟑.𝟎𝟐𝟕, 𝐩 = 𝟎.𝟎𝟎𝟐, 𝐫 = 𝟎.𝟓𝟕𝟐𝟎
C31 - C61 𝐙 = −𝟒.𝟏𝟓𝟕, 𝐩 < 𝟎.𝟎𝟎𝟏, 𝐫 = 𝟎.𝟕𝟖𝟓𝟔
C31 - CS 𝐙 = −𝟑.𝟓𝟑𝟖, 𝐩 < 𝟎.𝟎𝟎𝟏, 𝐫 = 𝟎.𝟔𝟔𝟖𝟔
C51 - C61 𝑍 = −1.843, 𝑝 = 0.065, 𝑟 = 0.3483
C51 - CS 𝐙 = −𝟒.𝟐𝟗𝟐, 𝐩 < 𝟎.𝟎𝟎𝟏, 𝐫 = 𝟎.𝟖𝟏𝟏𝟏
C61 - CS 𝐙 = −𝟒.𝟑𝟕𝟐, 𝐩 < 𝟎.𝟎𝟎𝟏, 𝐫 = 𝟎.𝟖𝟐𝟔𝟐

Table 12 

Statistical details for NASA-TLX ratings for Listening Experiment B2. Significant 

comparisons after correction are in bold.

Friedman test 𝜒2(3) = 22.280, 𝑝 < 0.001

Stimuli Median (IQR)

CS 67.04 (53.16–74.22)

C31 72.83 (61.21–84.01)

C37 75.63 (61.31–87.26)

C43 79.77 (64.27–91.21)

Wilcoxon signed-rank tests (𝛼 = 0.0083)

C31 - C37 𝑍 = −0.812, 𝑝 = 0.417, 𝑟 = 0.1483
C31 - C43 𝑍 = −1.985, 𝑝 = 0.047, 𝑟 = 0.3624
C31 - CS 𝐙 = −𝟐.𝟕𝟐𝟓, 𝐩 = 𝟎.𝟎𝟎𝟔, 𝐫 = 𝟎.𝟒𝟗𝟕𝟓
C37 - C43 𝑍 = −2.355, 𝑝 = 0.019, 𝑟 = 0.4300
C37 - CS 𝐙 = −𝟑.𝟖𝟓𝟕, 𝐩 < 𝟎.𝟎𝟎𝟏, 𝐫 = 𝟎.𝟕𝟎𝟒𝟐
C43 - CS 𝐙 = −𝟒.𝟏𝟐𝟒, 𝐩 < 𝟎.𝟎𝟎𝟏, 𝐫 = 𝟎.𝟕𝟓𝟐𝟗

Data availability

Data will be made available on request.
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