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ABSTRACT 7 
 8 
Background music is widely used to sustain attention, but little is known about what 9 
musical properties aid attention. This may be due to inter-individual variability in neural 10 
responses to music. We test the hypothesis that music can sustain attention by affecting 11 
oscillations via acoustic amplitude modulation, differentially for those with varying levels 12 
of attentional difficulty. We first show that heavily-modulated music improves sustained 13 
attention for participants with more ADHD symptoms. FMRI showed this music elicited 14 
greater activity in attentional networks in this group only, and EEG showed greater 15 
stimulus-brain coupling for this group in response to the heavily-modulated music. Finally, 16 
we parametrically manipulated the depth and rate of amplitude modulations inserted in 17 
otherwise-identical music, and found that beta-range modulations helped more than other 18 
frequency ranges for participants with more ADHD symptoms. Results suggest the 19 
possibility of an oscillation-based neural mechanism for targeted music to support 20 
improved cognitive performance. 21 
 22 
Music often has practical uses beyond aesthetic appeal1, and from mothers’ lullabies to laborers’ 23 
work-songs, the music we make to fill these roles reflects its function2,3. One possible use of music 24 
is to aid cognitive performance4–6. This has become increasingly important with the shift to 25 
knowledge-work7–10, along with widespread adoption of technologies like streaming and personal 26 
audio. To date, many different kinds of music have been used to aid focus in the workplace11. The 27 
diversity in music used for focus may reflect individual differences in cognitive styles: for example, 28 
personality differences are associated with the ability to sustain attention12,13,14. Preference and 29 
familiarity also contribute to effects of music on cognition15–17.  30 

Another factor deserving special consideration is an individual’s ability to focus. Prior work 31 
has shown that auditory stimulation can aid performance in individuals with ADHD18–21.  This has 32 
been explained by optimal stimulation theory, which poses that some individuals, specifically 33 
those with ADHD, require more stimulation than others to function best22–25. However, all these 34 
cases compare stimulation (music or noise) to silence, and no studies of this kind to date have 35 
used experimental conditions with different types of music.  36 

If people who have difficulty focusing have distinct needs for focus-music, there is a 37 
chance to provide a targeted solution for those who could use it most. We were thus interested to 38 
see if music with different levels of arousal would affect people differently depending on their 39 
attentional capacity. If so, people with attentional deficits, such as symptoms of ADHD, may need 40 
specifically-designed focus-music. We hypothesize that arousal in music can affect performance 41 
differently in people with different levels of attentional difficulties19,21,26. Specifically, we 42 
hypothesize that more stimulating (i.e. more arousing) music should benefit people who 43 
experience more attentional difficulties as quantified by the ADHD Self-Report Scale (ASRS); i.e., 44 
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high-ASRS individuals should improve in sustained-attention performance over time with more 45 
stimulating music. 46 

We first compared performance (Experiment 1) on the Sustained Attention to Response 47 
Task (SART27,28) under three types of background acoustic conditions: AM+Music (i.e. music with 48 
fast amplitude modulations), Control-Music (with slow amplitude modulations), and Pink Noise. 49 
The AM+Music had fast modulations added that do not usually occur in music, and acoustic 50 
analyses (Figure 1) showed that despite similar frequency content, the tracks differed in the 51 
modulation domain due to this added modulation. We then used the same stimuli and task in 52 
experiments with fMRI (Experiment 2) and EEG (Experiment 3). Finally, additional behavioral 53 
experiments (Experiments 4A and 4B) tested the effects of modulation on sustained attention in 54 
an acoustically controlled manner. 55 

 56 
 57 

 58 
 59 
Fig. 1 | Acoustic analyses of auditory stimuli used in Experiments 1-3. Analysis of a 30-60 
second excerpt from each stimulus type used in Experiments 1-3. Pressure over time (top row) 61 
first undergoes frequency decomposition via cochlear filtering. The energy in each cochlear 62 
channel varies over time (depicted on the cochleagram, 2nd row). These envelope fluctuations 63 
are then frequency-decomposed to produce a modulation spectrum representation (3rd row). 64 
The broadband modulation spectrum (bottom row) is the sum of modulation spectra across the 65 
cochlear channels. This broadband modulation shows peak in the AM+Music condition only, 66 
where rapid modulation was added to the music.  67 

 68 
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Results 69 

Experiment 1: Sustained Attention to Response Task (SART) 70 

Participants were recruited and tested online via Amazon’s Mechanical Turk web service. The 71 
ASRS was obtained in all participants, and analyses were performed after a median split on ASRS 72 
score into high-ASRS and low-ASRS groups. In Experiment 1A, 62 participants (31 high-ASRS 73 
and 31 low-ASRS) rated the AM+Music, Control-Music, and Pink Noise for valence and arousal. 74 
In Experiment 1B, another 87 participants (39 high-ASRS and 48 low-ASRS) completed the SART 75 
under the three acoustic conditions.  76 
 77 

 78 
Fig. 2 | Stimulus valence and arousal ratings and performance over time in the Sustained 79 
Attention to Response Task (SART). a, Valence and Arousal ratings for the music used in 80 
Experiments 1-3, with listeners split by their level of self-reported attentional difficulty (ASRS 81 
score, median split). N=62 overall, N=31 in each group. b, Performance on the SART in a 82 
separate group of participants by music condition and by ASRS score. Each participant completed 83 
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3 blocks (the music conditions) presented in random order. N=87 overall, N=48 and N=39 in the 84 
Low- and High-ASRS groups respectively. Error bars depict +/- 1 standard error of the mean 85 
(within-subject). 86 
 87 
 88 

Valence and arousal ratings for all three sound stimuli were entered into a multivariate 89 
two-factor mixed ANOVA, with the within-subjects factor of Music (3 levels: AM+Music, Control-90 
Music, and Pink Noise) and the between-subjects factor of ASRS (high-ASRS vs. low-ASRS 91 
groups). A main effect of Music was observed on both valence and arousal (valence: 92 
F(2,120)=105,p<.001; arousal: F(2,120)=45,p<.001). A main effect of ASRS was significant for 93 
arousal (F(1,60)=6.0,p=.017) but not for valence (F(1,60)=0.166, n.s.). Participants rated 94 
AM+Music as positive in valence and high in arousal, Control-Music as positive in valence and 95 
low in arousal, and Pink Noise as low in valence but high in arousal. High-ASRS participants 96 
additionally rated the two music conditions (AM+ and Control-Music) as more stimulating (higher 97 
in arousal) than their low-ASRS counterparts. 98 

Since the SART is a test of sustained attention over time, performance on the SART over 99 
time was analyzed with a 3-factor mixed ANOVA incorporating time as a within-subjects factor (2 100 
levels: early vs. late trials), Music as a within-subjects factor (3 levels: AM+Music, Control-Music, 101 
and Pink Noise), and ASRS group as a between-subjects factor (2 levels: high- vs. low-ASRS). 102 
Overall performance (d-prime) in the two groups was not different (High-ASRS: mean = 3.50, 103 
stdv=0.71; Low-ASRS mean = 3.48, stdv=0.75). A three-way interaction was significant 104 
(F(2,170)=5.02, p=0.008): the music affected high-ASRS and low-ASRS participants differently 105 
over time, with high-ASRS participants showing an improvement in d’ over time during AM+Music 106 
but not during Control-Music. In contrast, low-ASRS participants showed an improvement over 107 
time during Control-Music but not AM+Music, despite no main effect of ASRS group 108 
(F(1,85)=0.01, p=0.92) and no main effect of music (F(2,170)=0.02, p=0.98). Since these two 109 
stimuli were rated as different in arousal but not in valence by both groups, differences in arousal 110 
may be related to these different patterns of SART performance over time. 111 

The direction of this interaction--with fast modulations benefiting high-ASRS listeners in 112 
particular--aligns with our hypothesis that arousal in music can affect sustained attention 113 
differently in people because the optimal level of stimulation is greater for those with attentional 114 
deficits. To better understand the neural bases of this effect and how this might differ across the 115 
ASRS groups, we ran the same task and background conditions in neuroimaging experiments, 116 
with fMRI (Experiment 2) and EEG (Experiment 3), looking not only at the brain’s response to the 117 
different types of music, but also task-related activity. 118 

Experiment 2: SART fMRI During Background Music 119 

In an fMRI study, 34 participants completed the SART under the same three background music 120 
conditions used in Experiment 1: AM+Music, Control-Music, and Pink Noise.  121 

A within-subjects ANOVA comparing overall brain activity during the three conditions 122 
showed significantly higher activation during the AM+Music condition than in the other two 123 
conditions (p<.05 FDR-corrected) in multiple regions including the bilateral superior temporal 124 
lobes, frontal lobes, parietal lobes, and mesial and lateral occipital cortices, encompassing the 125 
default mode, executive function, and salience networks (Figure 3A). No other contrast showed 126 
positive suprathreshold clusters (all p>.05 FDR-corrected).  127 
 128 
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 129 
 130 
Fig. 3 | fMRI results comparing AM+Music, Control-Music, and Pink noise during the 131 
Sustained Attention to Response Task (SART). a, Contrast between AM+Music and the 132 
average of Control-Music and Pink Noise while participants performed a sustained attention 133 
(SART) task in Experiment 2. Higher levels of activity for AM+Music are widespread across many 134 
regions. b, Interaction between group (high- minus low-ASRS) and Music (AM+Music minus other 135 
conditions) was significant in the midcingulate (sometimes referred to as dorsal anterior cingulate; 136 
implicated in reward-mediated responding), anterior insula and ventral parietal areas (classic 137 
regions of the salience network), and middle frontal regions and anterior temporal poles. All 138 
results are significant at the p < .05 FDR cluster-corrected level. 139 
 140 
 141 
Individual differences in self-reported attention difficulties. 142 
When we divided the participants by ASRS (median split, as in Experiment 1) and compared their 143 
main effects of AM+Music (AM+Music > (Control-Music + Pink Noise) contrast), both participant 144 
groups showed activity in occipital and medial parietal regions. The interaction between music 145 
and group showed higher activity in the high-ASRS group than in the low-ASRS group during 146 
AM+Music compared to the other listening conditions. This interaction was significant in the insula 147 
and the anterior cingulate cortex, regions in the salience network29, with high-ASRS group 148 
showing larger differences than low-ASRS group in these regions (Figure 3B). Additional areas 149 
that survived cluster-wise FDR correction included the bilateral middle frontal gyri and frontal 150 
operculum, medial prefrontal cortex, bilateral temporal lobes, and lateral occipital cortex. The 151 
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latter regions are part of the default network and the ventral attention network30, and their 152 
additional involvement is consistent with the role of the salience network in facilitating attention 153 
resources and accessing the motor system upon the detection of salient events.  154 
 155 

 156 
Fig. 4 | fMRI results comparing Hits and False Alarm trials from the Sustained Attention to 157 
Response Task (SART) during AM+Music, Control-Music, and Pink Noise. Brain activity 158 
during Hits contrasted against False Alarms on the SART showing increased activity during 159 
correct trials despite similar motor output, centering around the sensorimotor network and the 160 
salience network during AM+Music compared to Control-Music and Pink Noise. Warm colors 161 
show greater activity for Hits; cool colors show greater activity for False Alarms. 162 
 163 

Higher activity in motor network linked to successful behavior during 164 
AM+Music 165 
To relate behavior to brain activity during the different music tracks, we fit separate parametric 166 
models in SPM1231 for hit trials and false alarm trials for each auditory condition. Brain activity 167 
during successful responses, quantified as a contrast between activity during hits and activity 168 
during false alarms, showed significantly higher activity during the hits in all auditory conditions 169 
(Figure 4). Importantly, the Hits vs. FA contrast at the p < .05 FDR-corrected level showed more 170 
significant clusters during AM+Music than during any other condition (Control-Music, Pink Noise). 171 
These clusters centered around the sensorimotor network (supplementary motor area (SMA), 172 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 3, 2021. ; https://doi.org/10.1101/2021.10.01.462777doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.01.462777


precentral gyrus (PCG), the salience network (anterior cingulate cortex, anterior insula), and the 173 
visual association network (lateral and mesial occipital regions). These differences were observed 174 
despite overall similar hit and FA rates across the auditory conditions (one-way ANOVAs all Fs < 175 
1). While the interaction between auditory conditions and groups was not significant at the whole-176 
brain level, both high-ASRS and low-ASRS groups showed more activity for AM+Music than for 177 
the other auditory conditions during Hit trials compared to FA trials (Supplementary Materials). 178 
Together, these results show that AM+Music is linked to higher levels of brain activity in multiple 179 
networks, especially during successful behavioral performance of a sustained attention task. 180 
Furthermore, differences in brain activity during AM+Music listening (under Hits>FAs) were 181 
observed between people who report high and low levels of attentional difficulties, with more 182 
activity observed in (which regions) in the high-ASRS group. These individual differences in brain 183 
activity could underlie group differences in performance from Experiment 1.  184 

Since the musical stimuli were highly rhythmic, we expected that they might affect rhythmic 185 
activity in the brain, and that group differences in such activity could provide further insight into 186 
the mechanisms by which music affects sustained attention. To capture rhythmic neural activity 187 
and relate it to stimulus rhythms with high temporal precision, we turned to an EEG study with the 188 
same stimulus and task conditions as the fMRI study reported above. 189 

Experiment 3: SART EEG During Background Music 190 

Forty participants had their EEG recorded while they performed the SART task under the same 191 
three background music conditions used in Experiments 1 and 2: AM+Music (containing fast 192 
modulation rates; more arousing), Control-Music (containing slow modulation rates; less 193 
arousing), and Pink Noise. Hit and FA rates were overall similar across the auditory conditions 194 
(one-way ANOVAs all Fs < 1).  195 
 196 
Stimulus-brain coupling EEG shows phase locking at peak frequencies of 197 
amplitude modulation  198 
We assessed coupling between the EEG and the acoustic signal by computing the stimulus-brain 199 
phase-locking value (PLV) for every frequency (in 1-Hz bins). During the AM+Music, stimulus-200 
brain PLV showed prominent peaks at 8, 12, 14, 16, 24, and 32 Hz (Figure 5A). Since the 201 
AM+Music was at 120bpm (i.e., quarter-notes at 2Hz), 8, 16, 24, and 32 Hz are harmonics of the 202 
note rate, previously observed to entrain cortical activity32, while 12, 14, and 16 Hz reflect the 203 
amplitude-modulated frequencies.  204 

PLV at 8 Hz during AM+Music was strongest at frontal recording sites. In contrast, PLV 205 
during Control-Music was much lower and less sharply tuned, reflecting less focused neural 206 
tracking of acoustic rhythms when listening to Control-Music. Looking across the whole brain 207 
(Figure 5B), PLV at 8Hz was stronger in the AM+Music condition, even over the same frontal 208 
recording sites. We computed an effect size (Cohen’s d) measure for every 4-Hz bin (thus 209 
capturing 8, 12, 16, 20, 24, 28, 32 Hz) across the full frequency spectrum, comparing AM+Music 210 
against Control-Music, averaging across all frontal, central, and parietal electrodes. This resulted 211 
in a Cohen’s d of 3.74, confirming a highly statistically significant difference between AM+Music 212 
and Control-Music at these frequencies of interest. In contrast, the same analysis for 1-Hz bins 213 
showed a Cohen’s d of 0.227, suggesting higher stimulus-brain coupling at multiples of 4-Hz, 214 
consistent with the note rate and with the amplitude-modulation rates in the music. 215 
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 216 
 217 
Fig. 5 | EEG reveals stimulus-brain coupling. a, For Experiment 3, we conducted hertz-by-218 
hertz Morlet wavelet analysis of each acoustic stimulus (amplitude-modulated and control) and 219 
evaluated the phase-locking value (stimulus-brain coupling) between acoustics of the stimulus 220 
and the EEG. Red trace = Mean±SE Phase Locking Values (PLVs) of frontocentral electrodes for 221 
AM+Music. Black trace = Mean±SE PLVs of the same electrodes for the Control-Music. Results 222 
show peaks of phase-locking activity at the note rates and its harmonics (8, 16, 24, 32 Hz) as well 223 
as the amplitude-modulated frequencies (12, 14, 16 Hz). b, Topographic distributions of the peaks 224 
of phase-locked activity at 8, 16, and 32 Hz for amplitude-modulated and control stimuli. 225 
 226 

Phase-locking across ASRS groups 227 
We compared stimulus-brain PLV between high-ASRS and low-ASRS groups. The high-ASRS 228 
group showed higher PLV in high frequencies, especially during the AM+Music condition (Figure 229 
6A). This pattern of higher PLV in high-ASRS participants was mainly observed during the second 230 
half of the AM+Music sessions (Figure 6c-d), suggesting that the effects of AM+Music emerge 231 
over time, consistent with the behavioral results from Experiment 1. This higher PLV over time for 232 
high-ASRS participants was observed at 12, 16, and 24Hz, and not observed below ~12Hz, even 233 
though the 8Hz band in particular was strongly affected by modulated music in the overall PLV 234 
(Figure 6A), and lower modulation frequencies were still acoustically strong in the AM+Music 235 
(Figure 1A). Instead, the selective increase in phase-locking at higher modulation frequencies 236 
may hint at the role of particular oscillatory regimes in the behavioral effects of this music. 237 
Increments of 4 Hz Cohen’s d comparing AM+Music against Control-Music was 3.7391 for low-238 
ASRS and 2.5161 for high-ASRS, but for increments of 1 Hz: Cohen’s d was 0.4587 for low-ASRS 239 
and 0.0296 for high-ASRS individuals. Comparing late vs. early in the listening session, Cohen’s 240 
d was -0.3960 for low-ASRS individuals, and 0.5343 for high-ASRS individuals when PLV was 241 
tested at increments of 4 Hz, but when PLV was tested at 1-Hz increments, Cohen’s d was -242 
0.1945 for low-ASRS and 0.0566 for high-ASRS individuals. The consistently higher effect size 243 
when PLV was tested at 4-Hz increments supports the finding that PLV was highest at integer 244 
multiples of 4 Hz. And while low-ASRS individuals were more effective at tracking the AM+Music 245 
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than were high-ASRS individuals, the high-ASRS individuals showed more of a change over time, 246 
resulting in higher PLV late in the listening session. 247 
 248 

 249 
 250 
Fig. 6 | Stimulus-brain coupling for high-ASRS and low-ASRS groups. Top row: PLV during 251 
AM+Music (red) and Control-Music (black). a, low-ASRS participants; b, high-ASRS participants. 252 
High-ASRS participants show higher PLV in higher frequencies, especially while listening to 253 
AM+Music. The inset topos plots show the scalp distribution of PLV at 16 Hz during AM+Music. 254 
Bottom row: PLV during AM+Music listening in the first half (black) and second half (red) of the 255 
recording session. c, low-ASRS participants; d, high-ASRS participants. Black: first half of the 256 
session; Red: second half of the session. Higher PLV for high-ASRS participants emerge over 257 
time, and is higher late during the session. This is consistent with the behavioral improvement 258 
seen in the second half of the AM+Music session for high-ASRS participants. 259 

 260 
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Experiment 4: Parametric manipulation of modulation rate and 261 
depth 262 

The stimuli in Experiments 1-3 were taken from commercially available focus music that one might 263 
encounter if searching for music to work to. They were chosen to have a dramatic difference in 264 
modulation characteristics, as was apparent in acoustic analyses (Figure 1). However, they also 265 
differed in low-level acoustic properties (e.g., overall spectral balance) as well as musical 266 
features  (e.g., tonality, instrumentation). To control for these differences and to isolate the effect 267 
of amplitude modulation, we developed new stimuli in which otherwise identical music was 268 
manipulated to impose modulation of varying rates and depths (Figure 7). 269 
 270 

Parametrically testing the effects of amplitude modulations: Rate and Depth 271 
Acoustic amplitude modulations are known to drive neural oscillations, i.e., to induce a selective 272 
amplification of neural activity at this frequency. This effect occurs along the auditory pathway but 273 
also in cortical networks such as the attentional network 33–36, and may thereby impact cognitive 274 
processes. We chose to test rates of 8, 16, and 32Hz for two reasons: First, these fall within 275 
ranges of distinct neural oscillatory regimes that are known to have different functions in the brain. 276 
Alpha (8-12Hz), beta (14-25Hz) and gamma (25-100Hz) rhythms are three such ranges, and our 277 
experimental conditions using 8, 16, and 32Hz modulation thus fall into each of these oscillatory 278 
regimes. Second, these rates were chosen to correspond to note values. As we used music that 279 
was composed at 120 beats per minute (2 Hz), amplitude modulation rates at 8, 16, and 32 Hz 280 
correspond to 16th, 32nd, and 64th notes respectively. 281 
 282 
 283 

 284 
Fig. 7 | Controlling modulation in music stimuli. Modulation in sound can be summarized by 285 
the modulation spectrum: The vertical axis on these 2D plots depicts audio frequency (0-8kHz). 286 
The horizontal axis shows the amplitude modulation spectrum (amplitude fluctuations from 0-287 
100Hz). a, Applying modulation to music results in a modulation spectrum with a peak 288 
corresponding to the rate of the added modulation. Upper: The pressure wave is multiplied by a 289 
modulator (in this case 16Hz) to produce a modulated signal. Lower: This pressure wave is 290 
bandpass filtered, and fluctuation rates in each channel are shown in the modulation spectrum. 291 
b, Validation of stimulus manipulations used in Experiment 4. The stimulus space is illustrated by 292 
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these panels, each of which shows the difference in modulation spectrum (normalized power) 293 
between an unmodulated track and the experimental conditions derived from this track. Rate of 294 
added modulation increases moving rightward, while depth increases moving upward. The 295 
absence of differences elsewhere on the modulation spectrum shows that the experimental 296 
conditions were altered in a controlled way, with modulation properties different from the original 297 
only as specified (stimulus validation). 298 
 299 
 300 

Beta-band cortical activity is implicated in the maintenance of sensorimotor or cognitive 301 
states37 and top-down processing in general38 including attentional control39,40.  Moreover, in 302 
spatial attention tasks, beta-band increase is observed in the hemisphere that represents the 303 
attended stimulus, resulting in enhanced processing of the attended stimulus41. In contrast to the 304 
other bands, stimulating  neural activity in the beta band with the 16Hz modulation condition thus 305 
seemed most likely to confer a performance benefit on sustained attention, and based on results 306 
from Experiments 1-2 we would expect to see a greater effect in our high-ASRS participants. We 307 
thus hypothesized that for higher-ASRS individuals, the 16Hz rate would produce effects on 308 
performance superior to a no-modulation control condition, while the other rates would not. We 309 
also hypothesized that greater modulation depth would have a greater effect on higher-ASRS 310 
listeners.  311 

Depth of modulation refers to how heavily the sound is modulated, rather than the rate of 312 
modulation. A maximal depth of modulation would mean that sound energy is reduced to zero at 313 
the troughs of the applied modulating waveform, while a very low depth would mean barely-314 
perceptible modulation. While a greater modulation depth is expected to impact neural oscillations 315 
more strongly, beyond a point the underlying music suffers aesthetically as the sound becomes 316 
distracting due to increased auditory salience from the sudden changes in loudness over time42.  317 

175 participants (81 high-ASRS and 94 low-ASRS) completed two SART experiments 318 
online (4A and 4B) each with four conditions, testing modulation depth and modulation rate 319 
separately. In both cases two groups of participants each heard four conditions, presented for five 320 
minutes each in counterbalanced order. The first group of participants heard no-modulation, 8Hz 321 
medium-depth, 16Hz medium-depth, and 32Hz medium-depth modulation. The second group 322 
heard no-modulation, 16Hz low-depth, 16Hz medium-depth, and 16Hz high-depth modulation. 323 
Thus, rate and depth (4 conditions each) were tested on separate groups of participants, but each 324 
participant heard all four possible rates or all four possible depths for five minutes each. This 325 
limited the duration of each condition, but maximized statistical power in comparing across all the 326 
conditions in one dimension of the modulation spectrum, while controlling for intrinsic between-327 
subject differences in performance that are unrelated to our conditions of interest.  328 
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 329 
 330 
 331 
Figure 8. Stimulus valence and arousal ratings and performance over time in the Sustained 332 
Attention to Response Task (SART) for stimuli parametrically manipulated in modulation 333 
rate and depth. a, Valence and Arousal ratings for the music used in Experiment 4, with listeners 334 
split by their level of self-reported attentional difficulty (ASRS score, median split). N=62 overall, 335 
N=31 in each group (same participants as Experiment 1). b, Performance on the SART for varying 336 
rates of added modulation. N=82 overall, N=46 and N=36 in the Low and High ASRS groups 337 
respectively. c, Performance on the SART for varying depths of added modulation. N=93 overall, 338 
N=48 and N=45 in the Low and High ASRS groups respectively. In Experiments 4A & 4B, each 339 
participant completed 4 blocks (the music conditions) presented in random order; the blocks are 340 
overlaid in the figures.  341 
 342 
 343 
Valence and arousal ratings for all six sound stimuli were entered into a multivariate two-factor 344 
mixed ANOVA (as in Experiment 1), with the within-subjects factor of Music (6 levels: No 345 
Modulation, 16Hz Modulation at Low, Medium, and High Depth, 8Hz and 32Hz at Medium Depth) 346 
and the between-subjects factor of ASRS (high-ASRS vs. low-ASRS groups). A main effect of 347 
Music was observed on both valence and arousal (valence: F(5,300)=32.3, p<.001; arousal: 348 
F(5,300)=7.1, p<.001). A main effect of ASRS was significant for arousal (F(1,60)=6.0,p=.017) 349 
but not for valence (F(1,60)=0.166, n.s.).  350 
 Overall performance (d-prime) for the two groups in the rate experiment: Low-ASRS, 351 
mean=3.68, stdv=0.72; High-ASRS, mean=3.36, stdv=0.69; and in the depth experiment: Low-352 
ASRS, mean=3.56, stdv=0.52; High-ASRS, mean=3.52, stdv=0.84.  353 
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 The modulation depth experiment (Figure 8B) yielded overall d-prime values of Low-ASRS 354 
mean=3.56 stdv=0.52; High-ASRS mean=3.52 stdv=0.84. The depth experiment revealed a trend 355 
toward an interaction between ASRS group and SART performance over time (3-factor mixed 356 
ANOVA; Between-Subjects factor of ASRS group: F(1,270)=3.70, p=0.070), but no effects of 357 
music condition. The modulation rate experiment (Figure 8C) showed a significant main effect of 358 
ASRS group (3-factor mixed ANOVA; between-subjects factor of ASRS group: F(1,80) = 4.14, 359 
p=0.045), but also found interactions between ASRS and Time (F(1,270) = 4.43, p=0.038), as 360 
well as ASRS and Music (F(3,240) = 2.89, p=0.036). This effect of Music by ASRS appears to be 361 
driven by high-ASRS participants’ better performance when hearing 16Hz-modulated music; this 362 
finding is consistent with Experiment 1 and suggests rate-specific effects of modulation in music, 363 
possibly subserved by oscillatory mechanisms in the brain.  364 

Discussion 365 

Performance on a variety of everyday tasks requires sustained attention. Cognitive failures, 366 
specifically failures in sustained attention, are linked to mind wandering, which is associated with 367 
decreased productivity and happiness43. Music is widely used to help with sustained attention, 368 
with many use cases in everyday life ranging from café music to noise generators for work 369 
environments. Here, we show that effects of music on sustained attention depend on one’s level 370 
of attentional difficulty. In high-ASRS participants, who experience more attentional difficulties, a 371 
specific type of amplitude-modulated music (AM+Music) was more effective at engaging the 372 
salience, executive control, sensorimotor, and visual networks, and at coupling with rhythmic brain 373 
activity at multiple frequencies. While previous studies have suggested that differences in 374 
perceived valence and/or arousal of music may explain differences in sustained attention, our 375 
results show that valence and arousal do not explain effects of modulation across groups. Rather, 376 
the effect of music on sustained attention appears to result from specific interactions between 377 
functional differences in brain activity and amplitude modulation patterns in the musical sounds. 378 
Individuals who self-report attentional difficulties are more sensitive to the effects of AM+Music in 379 
behavioral and neural measures. Individual differences in sensitivity to background music may be 380 
attributable to “optimal stimulation level”44,45, i.e., the effect of external stimulation on cognitive 381 
performance, which differs across individuals, e.g. between introverts and extroverts12,46,47 and 382 
between groups with and without attentional deficits25,26,48. These stimulus-brain interactions could 383 
partly explain—in addition to preference and familiarity15–17—why people use such different types 384 
of music to help them focus, and may suggest routes to more effective personalized focus music 385 
in the future.  386 

Behavioral experiments (Experiment 1) showed that high-ASRS participants performed 387 
better on a sustained attention task when listening to music that contains rapid amplitude 388 
modulations, compared to music with slower amplitude modulation or pink noise 389 
(broadband/noisy modulation). While the AM+Music also elicited higher arousal ratings than the 390 
Control-Music especially in the high-ASRS individuals, in a follow-up experiment (Experiment 4) 391 
high-ASRS participants did best in a condition with relatively low arousal; together the 392 
experiments suggest that the parameters of amplitude modulation causally affected behavior 393 
independent of arousal ratings. This suggests that music can be tailor-made with added acoustic 394 
modulations in order to aid performance in attentionally-demanding tasks, and that this can be 395 
done on an individualized basis with ASRS as an important factor.  396 

FMRI and EEG experiments (Experiments 2 & 3) identify some mechanisms behind these 397 
effects. The fMRI experiment (Experiment 2) showed higher activity overall in response to 398 
AM+Music. For the high-ASRS group in particular, AM+Music elicited higher activity in the anterior 399 
cingulate cortex and the insula, core nodes of the salience network. Directly contrasting Hits 400 
against False Alarms showed a greater extent of correct response-related activity during 401 
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AM+Music than other conditions, particularly in motor regions. This could indicate that behavioral 402 
advantage for AM+Music relates to activity in the motor system, i.e. that the AM+Music could be 403 
more effective at priming the motor system to respond correctly when receiving the task-relevant 404 
sensory signals from the sensory cortex.  405 

Our EEG experiment (Experiment 3) showed that phase-locking activity was strongest 406 
during AM+Music and particularly stronger in the high-ASRS group, in whom the phase-locking 407 
activity also increased over time. These results suggested that amplitude modulation could 408 
underlie the difference in performance between ASRS groups observed in Experiment 1. To 409 
isolate the effects of amplitude modulation, a final behavioral experiment was conducted using 410 
music that differed only in the rate or depth of added modulation (Experiment 4). Here we found 411 
that 16Hz and high-depth amplitude modulation resulted in overall best performance in the high-412 
ASRS group compared to the other conditions, resulting in performance for high-ASRS 413 
participants that was similar to the low-ASRS group. 414 

Effects of music depend on one’s level of attentional difficulty 415 

A consistent result across our experiments was that effects of the music varied depending on an 416 
individual’s level of attentional deficit, as measured by self-report on the ASRS. While previous 417 
studies have observed that individuals with attentional deficits are differently affected by music 418 
versus silence5,14,49 or noise12,20,21,50, here we extend the findings to show that differences between 419 
pieces of music are sufficient to affect sustained attention. In our EEG experiment (Experiment 3) 420 
we found that the difference between AM+Music and Control-Music was greater for the high-421 
ASRS participants (Figure 6AB) especially in the beta range (12-30Hz); furthermore the change 422 
over time, i.e., the difference from the start of the block to the end of the block, was observable  in 423 
the high-ASRS participants only (Figure 6CD). These results mirror our behavioral results from 424 
Experiment 1, where the low-ASRS group saw little difference in performance between music 425 
conditions and little change over time, whereas the high-ASRS group saw significant change over 426 
time across the music conditions (Figure 2B; significant interaction). Thus, in both brain and 427 
behavior, differences between Fast- and Control-Music were more apparent in high-ASRS 428 
individuals, and grew over the duration of the music; AM+Music both improved performance over 429 
time and stimulated neural activity in the beta range over time. This aligns with the idea that 430 
greater relative levels of beta-band activity are associated with improved performance on 431 
sustained attention tasks for individuals with ADHD51–53 .  432 

Arousal does not explain effects of modulation across groups 433 

While Experiment 1 suggested that the interaction between music for sustained attention and 434 
attentional deficit might depend on arousal, detailed examination of the effects of Fast- and 435 
Control-Music on phase-locking activity in the brain over time across ASRS groups (Figure 6CD) 436 
suggested that differences in acoustic modulation could underlie performance differences 437 
between high-arousal and low-arousal stimuli. In Experiment 4 the stimuli were made to vary only 438 
in modulation rate and depth, andhe condition with lowest arousal (16Hz medium depth condition) 439 
produced best performance in the high-ASRS group. Taken together the experiments suggest 440 
that acoustic modulation, rather than arousal per se, is the main driver behind the effects of music 441 
on sustained attention. Likewise, valence also cannot explain the differences in task performance. 442 
Although the increase in modulation depth from medium to high was sufficient to reverse the 443 
valence and arousal ratings of those stimuli, these ratings did not differ substantially between 444 
ASRS groups in the conditions that most affected sustained attention. 445 
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Background music has widespread effects on cognitive control 446 
networks implicated in ADHD brain activity 447 

fMRI results showed higher activity during AM+Music than during other acoustic conditions, with 448 
significant effects in widely distributed regions encompassing the salience, executive function, 449 
and default mode networks, especially in the high-ASRS group. When contrasting activity 450 
between hits and false alarms to isolate successful task-related activity, AM+Music elicited 451 
highest activity in the sensorimotor network, the salience network, and the visual association 452 
network. The widespread increases in activity during AM+Music confirm that background music 453 
affects sustained attention by influencing multiple interconnected networks that are normally 454 
coupled to subserve performance on a variety of cognitive tasks. The default mode and executive 455 
function network are typically anticorrelated in activity54, with the salience network being a 456 
consistent regulator of both other networks29. The interplay between salience, executive function, 457 
and default mode networks is critical in tasks requiring cognitive control, and this relationship is 458 
altered in ADHD by aberrant connectivity between these networks55. Here, when listening to 459 
AM+Music participants showed increased activity in the three networks. The interaction between 460 
group and music shows strong effects in the mid-cingulate cortex56 and the right anterior insula, 461 
key components of the salience network, especially in high-ASRS individuals during AM+Music. 462 
The simultaneously observed effects in the salience network and the late visual areas / ventral 463 
attention network may suggest that the AM+Music affects performance by motivating attention to 464 
the visual task. It may also suggest increased functional connectivity among the networks as 465 
neural activity becomes coupled to the music. Increased coupling may also explain results from 466 
the EEG experiment, which found increased phase-locking to the stimulus at specific frequencies 467 
that were targeted by the note rate and the added amplitude modulation patterns of the 468 
AM+Music. Within the phase-locking patterns across different frequencies during AM+Music, 469 
scalp topography showed highest phase locking around frontocentral channels at low frequencies 470 
(8Hz) but more widespread activity across the scalp at higher frequencies (32Hz). These 471 
topographical differences in phase-locked activity across different frequencies may be explained 472 
by cross-frequency coupling mechanisms which are known to underlie communication across 473 
different regions in the brain57 .  474 

Oscillatory mechanisms mediate effects of music on sustained 475 
attention 476 

Our subsequent behavioral results also point to the possibility that the music’s differential impact 477 
on oscillatory activity could underlie its effect on sustained attention. In Experiment 4 our stimuli 478 
were parameterized by modulation rate and showed a distinct 16Hz benefit for high-ASRS 479 
listeners, which could point to this effect being mediated by oscillatory processes in the brain. 480 
Individuals with ADHD have atypical oscillatory activity36, including a higher theta/beta ratio58. The 481 
observed rate-specific effect confined to the high-ASRS group in Experiment 4 could indicate that 482 
the AM+Music impacts the atypical brain activity in ADHD. Taken together our results suggest 483 
that there could be a process by which music at high modulation rates drives brain activity to 484 
benefit ADHD-like individuals in particular. Importantly, such modulation rates are not normally 485 
found in music, but were added into the AM+Music. 486 
 Brain stimulation methods with controlled frequencies have been used to enhance 487 
cognitive performance in recent years59–62. Sound is another means by which to stimulate the 488 
brain63–65; however, the frequency of sound stimulation has often resulted in stimuli that are 489 
perceptually unpleasant (e.g., click trains, binaural beats). The observation that music strongly 490 
affects neural oscillations32,65,66 motivates an approach whereby targeted acoustic modulation 491 
added to music might be used for neuromodulation, with particular goals outside the aesthetic 492 
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and/or social uses of music (i.e., ‘functional’ music rather than ‘art’ music). One barrier to this has 493 
been individual variability, as different neurotypes and cognitive functions may require a range of 494 
targets for their mechanisms. Here we targeted subpopulations (by ASRS/ADHD) with 495 
hypotheses based on theoretical considerations from systems neuroscience, and found effects 496 
on brain and behavior that have implications for the use of music to enhance cognition in everyday 497 
life.  498 
 499 
Fast and slow modulations in music can differently affect sustained attention. Results are not 500 
explained by valence and arousal, and may instead be explained by differences in phase-locking 501 
in specific frequencies as well as higher activity in widespread regions across the brain during 502 
task performance. Individuals who self-report ADHD symptoms are most sensitive to these 503 
modulations. This suggests that amplitude modulations in music could be used specifically to 504 
mitigate the negative effects of cognitive failures in sustained attention that come from attentional 505 
difficulties. 506 
 507 

Methods 508 

Experiment 1: Behavioral study 509 

Experiment 1 presented three music background conditions to each participant (i.e., a within-510 
subjects design), in randomized order. Each of the three conditions lasted 6 minutes and 54 511 
seconds, the time required to complete 360 trials of the SART; the experiment ran 1080 trials in 512 
total (approximately 21 minutes).  513 
 514 
Participants 515 
We used Amazon’s Mechanical Turk platform to recruit and enroll participants. 114 participants 516 
were recruited for Experiment 1 (67 male, 40 female, 7 other/chose not to respond; mean age = 517 
34). 102 participants were recruited to obtain valence and arousal ratings for the stimuli used in 518 
Experiments 1 and 4 (obtained in the same participants). Participants were asked to wear 519 
headphones, and not to change their volume or turn off audio during the experiment. They were 520 
told that the background music was unrelated to the task, but that they should nonetheless ensure 521 
they could hear the background music, because it was needed to control the acoustic environment 522 
across participants. To ensure compliance we employed a headphone screening task 67 as well 523 
as audio checks after each block, and a test of volume level at the end of the experiment. 524 
Participants who failed any of these were removed from data analysis. The final dataset for 525 
Experiment 1 comprised 87 of the initial 114 participants (76% passed screenings); the final 526 
dataset for the valence and arousal ratings comprised 62 of the initial 102 participants (60.7% 527 
passed screenings);  528 
 529 
Stimuli  530 
For Experiments 1 to 3, we chose as background auditory stimuli two commercially-available 531 
tracks of music that were predicted to span different arousal levels while being similar in valence 532 
levels, in addition to a Pink noise control stimulus. Background auditory stimuli were selected from 533 
commercially available options used to help people focus while working. The tracks we used were: 534 
(1) ‘Techno March’ by Brain.fm (high-arousal track) and (2) ‘Tracking Aeroplanes’ by The Echelon 535 
Effect (low-arousal track). Our listener ratings (Figure 1A) confirmed that the tracks differed in 536 
arousal but not in valence, suggesting that their effects on performance were attributable to 537 
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arousal rather than valence. (3) Pink noise was also chosen as a control stimulus; it is often used 538 
for focused work while also being used in behavioral experiments because it has a spectrum that 539 
falls off with increasing frequency, similar to many auditory environments (unlike white noise 540 
which is spectrally flat). We limited our auditory stimuli to these three tracks in Experiments 1 in 541 
order to obtain experimentally well-validated auditory stimuli for neuroimaging and 542 
electrophysiology experiments in Experiments 2 and 3, both of which necessitated time-locked 543 
analyses on a smaller number of participants.  544 

The tracks were musically dissimilar (to drive differences in valence and arousal) but in 545 
terms of low level acoustic features they differed most strikingly in the modulation domain--the 546 
less arousing music was at a slow tempo and contained slow modulations, while the more 547 
arousing music was at a fast tempo and contains fast modulations. The difference in the tracks’ 548 
modulation characteristics can be visualized with the modulation spectrum (Figure 1). The slow 549 
music contained a broad region of modulation energy from 0-8Hz, while the fast music contained 550 
a clear peak around 14-16Hz. This suggests tempo was not the sole cause of the difference in 551 
modulation characteristics, as tempo would simply shift the modulation spectrum. The difference 552 
in shape of the modulation spectrum instead reflects differences in the music, particularly note 553 
values (event durations). That is, the fast music was at a faster tempo, but also had faster note 554 
values. In particular, the modulation peak in the fast music was due to a consistent 32nd-note-555 
rate amplitude modulation that had been deliberately applied as a feature of this kind of focus 556 
music. In contrast, the slow music contained long notes at several durations (e.g., whole, half) 557 
resulting in the absence of a single modulation peak. To complement the music tracks, the Pink 558 
Noise contained modulation energy broadly distributed in the higher modulation ranges 559 
(roughness). The modulation-domain differences were large and may partly underlie the music’s 560 
effects, but the tracks varied in other ways (tonality, instrumentation, etc.) which likely contributed 561 
to arousal. Due to the differences in frequency content of the three stimuli, rms-normalization was 562 
not appropriate (resulting in a large difference in perceived loudness across the stimuli); instead 563 
the stimuli were loudness-normalized by ear which produced rms values (average of left and right 564 
channels) of 0.059, 0.061, and 0.014 for AM+, Control-Music, and Pink Noise respectively.  565 
 566 

Procedure 567 
Users enrolled via Amazon’s Mechanical Turk platform, and provided informed consent as 568 
approved by IRB # 120180271 of New England IRB. To enroll, users must be over 18 and have 569 
normal hearing by self-report. If they chose to participate in our experiment, they were directed to 570 
a cover page with consent documentation and a simple description of the task, followed by a page 571 
with payment information. If they still chose to participate, they initiated a volume calibration task 572 
in which they heard a train of 1kHz tones at alternating levels, 10dB apart. They were told to set 573 
the volume on their computer so that only every other tone was audible, and told not to change 574 
their volume after this calibration step. To ensure compliance a short task after the main 575 
experiment required the participant to count the audible tones in a decrementing series of 1kHz 576 
tones (-5dB per step); those who counted fewer tones than expected were excluded from 577 
analysis. Following the initial volume calibration participants were directed to a headphone 578 
screening task67 composed of six 3AFC questions (<1 min). If they passed the headphone 579 
screening they were directed to the main task instructions and could begin when ready.  580 

In Experiment 1 our participants completed 1080 trials of a sustained attention to response 581 
task (SART)27,28,68. In this task, a single digit ranging from 0 to 9 appeared on the screen for each 582 
trial. Each digit was presented for 250 ms followed by a 900 ms mask, resulting in a 1150 ms 583 
inter-trial interval. Participants’ task was to respond to any digit except for 0. Instructions for the 584 
task were as follows: “Numbers will appear on the screen. If you see 1-9, hit any key; if you see 585 
0 do not hit any key.” Participants were paid at a rate of $0.01 per correct response and -$0.10 586 
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per commission error (misses were given no pay; $0.00), resulting in an average of ~$12/hr for 587 
the overall task. Participants are not penalized in any way for leaving, but any who did were not 588 
granted the performance bonus (this was communicated at the outset), and were excluded from 589 
analysis as incomplete data. Participants were told the experiment would run for about 20 590 
minutes, and they should try to complete the entire experiment.  591 

Valence and arousal ratings for these stimuli were obtained in a separate group of 62 592 
participants under the same screening procedures. In this rating task, a webpage displayed 593 
several audio player bars, each corresponding to a music track. Under each player were two 594 
sliders (100-pixel resolution) with the ends of the sliders labeled ‘Positive’ - ‘Negative’ and 595 
‘Calming’ - ‘Stimulating’. Participants were given as much time as they liked to listen to the tracks 596 
and decide on the placement of the sliders, and were permitted to move between tracks to better 597 
judge them relative to one another. The stimuli for Experiment 1 and Experiment 4 were rated for 598 
valence and arousal together (by the same participants). 599 
 600 
Data Analysis  601 
Raw data from Amazon’s Mechanical Turk were exported to Matlab for analysis. The dependent 602 
variable was accuracy (d-prime), and independent variables were music condition and time (first 603 
half versus second half of each block). To test the effects of individual differences in attention 604 
difficulties, as quantified by the ASRS69, we did a median split on all subjects’ ASRS scores, 605 
yielding a high-ASRS group (i.e. those with more ADHD-like symptoms) and a low-ASRS group 606 
(those with less ADHD-like symptoms).  607 
 608 

Experiment 2: fMRI study 609 

Participants 610 
34 Wesleyan undergraduates (16 males, 18 females; mean age = 20.4, SD = 1.94) participated 611 
for course credit. 612 
 613 
Stimuli and Procedure 614 
The same three background music conditions from Experiment 1 (AM+Music, Control-Music, and 615 
Pink noise) were used in the fMRI study. During task fMRI, participants completed the SART while 616 
listening to AM+Music, Control-Music, and Pink noise in counterbalanced order. All experiment 617 
conditions were the same as Experiment 1 except inter-trial interval was 1425 ms, which was set 618 
to be equivalent to 3 TRs (as TR = 475 ms). Before each block the volume of the auditory stimulus 619 
was adjusted to a comfortable level (by communicating with the experimenter). 620 
MRI Acquisition. High-resolution T1 and functional images were acquired in a 3T Siemens Skyra 621 
MRI scanner at the Olin Neuropsychiatry Research Center at the Institute of Living.   622 
The anatomical images were acquired using a T1-weighted, 3D, magnetization-prepared, rapid-623 
acquisition, gradient echo (MPRAGE) volume acquisition with a voxel resolution of 0.8 x 0.8 x 0.8 624 
mm3 (TR = 2.4 s, TE = 2.09 ms, flip angle = 8º, FOV = 256 mm). Task functional MRI was acquired 625 
as 1268 contiguous fast-TR echo planar imaging (EPI) functional volumes (TR = 475 ms; TE = 626 
30 ms; flip angle = 90, 48 slices; FOV = 240 mm; acquisition voxel size = 3 x 3 x 3 mm3), resulting 627 
in a sequence that lasted approximately 10 minutes. Each background music condition was 628 
administered in a 10-minute sequence, resulting in approximately 30 minutes of scan time for 629 
each participant. 630 
 631 
Data analysis 632 
MRI Preprocessing. Task and structural MRI preprocessing was carried out using the Statistical 633 
Parametric Mapping 12 (SPM12) software (http://www.fil.ion.ucl.ac.uk/spm/) with the CONN 634 
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Toolbox (http://www.nitrc.org/projects/conn)71. In order, this consisted of functional realignment 635 
and unwarp, functional centering, functional slice time correction, functional outlier detection using 636 
the artifact detection tool (http://www.nitrc.org/projects/artifact_detect), functional direct 637 
segmentation and normalization to MNI template, structural centering, structural segmentation 638 
and normalization to MNI template, and functional smoothing to an 8mm gaussian kernel 72. 639 
Denoising steps for functional connectivity analysis included correction for confounding effects of 640 
white matter and cerebrospinal fluid73, and bandpass filtering to 0.008-0.09 Hz. 641 
Univariate Task-fMRI Analysis. Task fMRI analyses were done in SPM12 31. Task fMRI analyses 642 
included: 1) Within-subject ANOVA comparing the three sessions (AM+, Control-Music, and Pink 643 
noise). 2) Hits, misses, false alarms, and correct rejections were separately modeled. 3) Seed-644 
based functional connectivity was assessed using Conn and compared between the AM+, 645 
Control-Music, and Pink noise conditions. 646 
 647 
Seed-Based Connectivity Analyses. Since we were interested in whole-brain connectivity patterns 648 
of known whole-brain networks, we used a functional network atlas that related 14 cortical 649 
networks to known cognitive functions74. Of these 14 networks, 7 aligned with our a priori 650 
hypotheses, including three DMN associated regions (vDMN, dDMN, Precuneus network), two 651 
ECN associated networks (LECN, RECN), and two salience associated networks (posterior 652 
salience network, anterior salience network). For the other 7 networks, hereafter referred to as 653 
post-hoc networks, we performed correction for multiple comparisons by dividing all p-value 654 
height thresholds by a factor of 7. Furthermore, noting a tendency towards false positives within 655 
resting state fMRI analyses 75, we used a conservative p-value height threshold of 0.001 for group 656 
comparisons and familywise error (p-FWE) correction for global effects of group and behavioral 657 
measures, so as to minimize the possibility of Type I Errors. 658 

Mean time-course of each network was used as a single region-of-interest (ROI), and 659 
networks that resulted in clusters demonstrating a significant main effect of group were identified 660 
at the height threshold p < 0.05 FWE-corrected level. For each cluster that showed significant 661 
between-group differences, group-level beta values were extracted in order to determine the 662 
driving factors of these group differences. These networks were then used to extract group 663 
connectivity profiles at the height threshold p < 0.05, p-FWE corrected level. 664 

Experiment 3: EEG study 665 

Participants 666 
40 Wesleyan undergraduates (10 males; 30 females; mean age = 19, SD = 0.75) participated for 667 
course credit. 668 
 669 
Stimuli and Procedure  670 
Participants completed  680 trials of SART, a visual GO/NOGO task with inter-trial interval of 1150 671 
ms, same as Experiment 1. This was done under four auditory conditions, presented in 672 
counterbalanced order: AM+, Silence (within-subjects), Control-Music, and Pink noise (between-673 
subjects).  674 
EEG was recorded with a 64-channel BrainVision actiCHamp system with PyCorder software in 675 
a sound attenuated and electrically shielded chamber. 676 
 677 
Data analysis 678 
Behavioral data: RT coefficient of variation (SD/M) was calculated for every block of 10 trials.  679 
EEG data were filtered using .5 Hz high pass filter and 60 Hz notch filter for electrical noise. Data 680 
were re-referenced to channels TP9 and TP10 and corrected for ocular artifacts using ICA. Matlab 681 
with EEGLAB toolbox 76 were used for analyses. 682 
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Preprocessing: First, bad channels were rejected and then interpolated using EEGLAB’s rejchan 683 
and eeg_interp functions. Stimulus-brain coupling was assessed by first applying Morlet wavelet 684 
filtering at every single Hz from 1 to 50 Hz. Then, the Hilbert transform was done on each Hertz 685 
to get phase angle of stimulus and of EEG data, and the coupling between stimulus and EEG was 686 
assessed as the phase-locking value where plv(ch) = abs(sum(exp(1i*(phase_filtered_EEG(ch,:) 687 
- phase_filtered_music)))). This was applied in parallel to EEG data and to sound stimuli. The 688 
Pink Noise stimulus was generated in real time using Max/MSP (i.e., was not a stored file) and 689 
so the stimulus-brain coupling analysis was not applied to the Pink Noise data. 690 

Experiment 4: Behavioral study 691 

Participants 692 
Recruitment and experimental procedure (including screening) was identical to Experiment 1. 693 
Experiment 4 involved 221 participants (120 males; 99 females; 2 other/chose not to respond; 694 
mean age = 36, SD = 11.10). The final dataset for Experiment 4 comprised 175 of the initial 221 695 
participants (79% passed screenings). 696 
 697 
Stimuli 698 
The stimuli (background music) were based on two different musical tracks; each had variants 699 
created that added amplitude modulation at three rates (8, 16, 32 Hz) and depths (low, medium, 700 
high). Modulation depth differences were quantified after processing to account for interactions 701 
between the music and modulator. We used the difference between original and processed tracks’ 702 
modulation spectra (in each cochlear channel; Fig 7) as a metric of applied modulation depth, and 703 
set the modulator such that our three depth conditions stepped up evenly in terms of this metric 704 
going from low to high depth. The transitions between conditions were implemented with smooth 705 
crossfades preserving track location (rather than a break and starting the music from the 706 
beginning).  707 

Modulation patterns were aligned to the metrical grid of the music. This scheme meant 708 
that the relationship of the underlying music to the added modulation was as consistent as 709 
possible over very different rates. This is desirable in controlling for differences between 710 
conditions that arise from intrinsic properties of the underlying (pre-modulation) acoustic signal. 711 
For example, a musical event (e.g. a drum hit) transiently amplified by a modulation peak in the 712 
8Hz condition would also be so in the higher-rate conditions. This is only the case because the 713 
different modulation rates are aligned to the music and are integer multiples of each other. 714 

As can be seen in Figure 7, the applied modulation differences exist predominantly in the 715 
low-mid range of the frequency spectrum, with little modulation difference at high frequencies. 716 
This was by design, due to aesthetic considerations given the spectrotemporal density of the 717 
underlying music: Modulation applied in a broadband manner tended to interact with sparse 718 
events in the high frequency regions, which was occasionally annoying (salient). We confined 719 
added modulation to lower frequencies by applying it to only the frequency range 200Hz-1kHz.  720 

Acoustic analysis before and after processing showed that the manipulated stimuli differed 721 
from the originals only in the modulation domain, and not in the audio frequency spectrum. Our 722 
conditions were therefore identical in terms of musical content and spectral balance (‘EQ’), 723 
eliminating important confounding factors and ensuring any behavioral differences can be 724 
attributed to applied modulation alone. Due to the similarity across the stimuli they were 725 
simply peak-normalized to 0.5, giving rms levels (average across left and right channels) in all 726 
cases between 0.080 and 0.092, where the faster and higher-depth modulation conditions had 727 
lower rms levels and the unmodulated tracks had the highest rms levels.  728 
 729 
Procedure  730 
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Experimental procedure in Experiment 4 was similar to Experiment 1 with the addition of a fourth 731 
block of trials. The total number of trials in Experiment 4 was the same as in Experiment 1 (1080 732 
trials) and so each block in Experiment 4 was 270 trials (~5 minutes).  733 
 734 
Data Analysis 735 
For Experiment 4, a mixed-effects ANOVA was run on the dependent variable of accuracy, with 736 
the within-subjects factors of rate (4 levels: no-modulation, 8 Hz, 16 Hz, 32 Hz), and the between-737 
subjects factors of ASRS (high vs. low) and extroversion (high vs. low).  738 
 739 

Supplementary Materials 740 

Listener volume settings. In Experiments 1 and 4, online participants were asked to first 741 
calibrate their volume with an alternating sequence of low-level tones separated by 10dB; they 742 
were told to set their computer volume so that only half the beeps could be heard. This 743 
approximate calibration was intended to somewhat narrow the distribution of volume settings 744 
participants used. In a post-test for volume, participants counted the audible tones in a series 745 
decrementing by 5dB per tone.  746 
 747 

 748 
 749 
Fig. S1 | Online volume settings. a, Relative volume distribution for participants in Experiment 750 
1 (N=87); measured as the distribution of tones counted in a volume-setting post-test where 15 751 
tones decremented in volume by 5db per tone. b, ASRS scores across participants in the high- 752 
and low-volume groups. 753 
 754 
 755 
Volume level might be expected to influence levels of arousal, or the effect of music in general 78. 756 
To see if volume levels interact with the factors addressed in our main results, we split our 757 
participants into two groups based on their volume settings (closest median split) and noted that 758 
the ASRS scores did not differ between the high-volume and low-volume listeners (Fig S1B).  759 
  760 
 761 
 762 
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 763 
Fig. S2 | Stimulus-brain coupling across EEG electrode channels. For Experiment 3, PLV 764 
from EEG data are separately plotted here for left (green), midline (blue), and right (yellow) 765 
channels for frontal lateral sites (solid lines), frontal sites (dotted lines), and parietal sites (dashed 766 
lines). Results show largely similar stimulus-brain coupling across multiple recording sites. 767 
 768 

 769 

 770 

 771 

 772 

 773 

 774 

 775 
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