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Short-term enhancement of 
cognitive functions and music: A 
three-channel model
Ashish Gupta1, Braj Bhushan  2 & Laxmidhar Behera1

Short-term effects of music stimulus on enhancement of cognitive functions in human brain are 
documented, however the underlying neural mechanisms in these cognitive effects are not well 
investigated. In this study, we have attempted to decipher the mechanisms involved in alterations of 
neural networks that lead to enhanced cognitive effects post-exposure to music. We have investigated 
the changes in Electroencephalography (EEG) power and functional connectivity of alpha band in resting 
state of the brain after exposure to Indian classical music. We have quantified the changes in functional 
connectivity by phase coherence, phase delay, and phase slope index analyses. Spatial mapping of 
functional connectivity dynamics thus obtained, on brain networks revealed reduced information flow 
in long-distance connections between frontal and parietal cortex, and between other cortical regions 
underpinning intelligence. Analyses also showed increased power in the prefrontal and occipital cortex. 
With these findings, we have developed a stimulus-mechanism-end effect based neuro-cognitive model 
that explains the music induced cognitive enhancement by a three-channel framework - (1) enhanced 
global efficiency of brain, (2) enhanced local neural efficiency at the prefrontal lobe, and (3) increased 
sustained attention. Results signify that music directly affects the cognitive system and leads to 
improved brain efficiency through well-defined mechanisms.

Music has been identified as a useful stimulus in various healing and rehabilitation practices1–3. Earlier stud-
ies showed that a short time exposure to music can also enhance the spatio-temporal performance of brain 
regions4,5, popularly known as the Mozart effect. However, subsequent findings claimed that the effect is not 
limited to Mozart’s composition6,7 or to spatio-temporal reasoning8,9. Further studies proposed that any stimulus 
that induces a moderate level of arousal and pleasant mood in the subject results in a significant enhancement 
in the cognitive performances6,10,11 and that this effect disappears when arousal and pleasantness are held con-
stant12. This led to arousal-mood hypothesis which states that the enhanced cognitive performances are effects 
of stimulus on the mood of the subject; there is no music induced direct activation of neurons to enhance cog-
nitive performances11. A comprehensive review by Schellenberg et al.8 concluded that music listening improves 
cognitive performance, albeit only in the short term. Results from a recent review, however, emphasized that 
music listening has many inherent benefits for cognitive, motor, emotional, and social functioning13. On the 
other hand, few earlier studies supported the claim that music directly influences brain networks for enhancing 
spatial abilities4,14,15. Other studies showed that music activates brain regions responsible for attention and cog-
nitive tasks16–18. A recent finding suggests that music activates regions which are linked to memory, cognition, 
and IQ19. However, the previous studies were not able to convincingly establish the detailed and systematically 
parameterize direct mechanisms between music and cognitive enhancement. Few recent works reveal a new 
aspect of interconnections between music and brain signals20. Music and signals such as EEG and fMRI share a 
striking similarity between them, of being scale free in nature20,21. Indeed, sonification of brain signals into music 
has given a deeper insight into neuro-activities of the brain from musical perspective21.

The apparent difference between the findings of the previous studies can be partly attributed to the lack of 
in-depth knowledge of mechanisms involved in these stimulus-end effect based works8,19. To the best of our 
knowledge, detailed study of brain dynamics on exposure to music with respect to spectral power and functional 
connectivity of cortical regions of brain has not yet been done. Hence, a well-defined quantitative framework is 
required to clearly investigate the connections between music and cognitive effects among individuals. In this 
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work, we hypothesized that music, as an external stimulus, directly induce alterations in brain network dynamics 
to create short-term cognitive enhancement. To understand these mechanisms, we selected two important neu-
ropsychological constructs – intelligence and sustained attention.

Numerous groups have researched on Intelligence Quotient (IQ) to account for the observed variation in cog-
nitive performances between individuals. Two complementary theories have been well received in this regard— 
the Neural efficiency hypothesis of Intelligence (NEH), and the Parieto-Frontal Integration Theory of intelligence 
(P-FIT). NEH postulates that individuals with higher IQ perform a cognitive task with fewer brain resources 
compared to their counterparts22. P-FIT theory proposes that the frontal and parietal parts of the brain are centres 
primarily responsible for intelligence, along with the cingulate cortex, temporal lobe, occipital lobe and associ-
ation cortices between frontal and parietal lobes23. Accordingly, a number of EEG variables have been shown to 
strongly correlate with the IQ of the individual. EEG power and coherence are positively and negatively correlated 
with IQ respectively24. Enhanced power is observed in high IQ participants in the frontal cortex, in particular 
in the prefrontal cortex (area linked to cognitive functioning) and in the occipital cortex22,24–27. Connectivity 
measures such as phase delay for short inter-electrode distance especially in the frontal lobe, have been found 
to reduce in high IQ individuals suggesting speedy processing at the frontal cortex24. Phase slope index for long 
inter-electrode distance has been found to reduce in participants with high IQ28 especially between frontal and 
parietal lobe implying reduced information flow between them; optimization of the widespread activity of the 
brain resources for efficient functioning. This led to small world characteristics in high IQ subjects with increased 
hub order at the frontal and parietal lobes28,29. Recent fMRI studies have also led to a resurgence in the importance 
of brain areas related to temporal, occipital, and insular cortex in cognitive processing30,31.

Sustained attention is vital for any task performance. It serves prominently three purposes – (a) excitation 
of task-relevant processes, (b) monitoring and evaluating of ongoing cognitive processes, and (c) inhibition of 
task-irrelevant processes32. The important regions responsible for sustained attention is fronto-parietal system33. 
Some preliminary studies have indicated that music listening broadens the range of attention34 and a notable 
contribution to intelligence’ variance is explained by attention control capacities35–37. Thus, this suggests a possible 
link among music, attention, and intelligence.

Multiple types of oscillatory signals – theta, delta, alpha, beta, and gamma signals, modulate brain func-
tions at all sensory and cognitive levels. Hence, selection of the most suitable oscillation band fundamental to 
cognitive processes is vital. Alpha band oscillations are known to play an active role in cognitive process38–40. 
Furthermore, the most significant correlations between music and the psychometric measures of IQ have been 
consistently found in the alpha band18,22,25–28,41. Hence, in the present work, we focused our analyses on the alpha 
band spectrum.

Another important aspect in establishing a quantitative framework of mechanisms in music induced cog-
nitive changes is the type of music that is used in the experimental study. Earlier studies used mostly Western 
music, especially Mozart, leaving scope to question whether other music forms from different cultural back-
grounds would also show similar neural mechanisms. We used a famous eastern instrumental composition of 
Raga Darbari, played on flute by a professional Indian musician, as the stimulus in the present study. The stimulus 
maintains the cultural salience of the music for the participants.

In summary, with Raga Darbari as the external musical stimulus, we investigate the changes in EEG pat-
terns of brain networks during the resting state with the intent to explore the neural mechanisms responsible for 
enhanced cognitive abilities. Primarily, we tested (a) changes in alpha power at the prefrontal and occipital cortex, 
and (b) variations in the information flow between long-distance connections in alpha band, especially between 
frontal and parietal cortex. Based on findings from these experiments, we propose a novel comprehensive model 
to explain the role of music in stimulating the dedicated regions of brain that lead to observed cognitive effects.

Results
Phase coherence analysis. There was no significant increment of the phase coherence between any elec-
trodes between pre-music silence and post-music silence condition except a few interconnections. Nevertheless, 
several connections experienced a significant reduction in coherence value after exposure to music. Cumulative 
reduced phase coherence (sum of reduced coherence values of connections for which a significant reduction 
occured on exposure to music) after music stimulus as a function of the time period is shown in Fig. 1(a). We 
observed a significant reduction in phase coherence post music for all the time periods with a peak at 100 seconds. 
Brain efficiency is known to be inversely proportional to phase coherence24. Thus, the findings imply that the 
brain remained efficient for the entire time duration with a peak at 100 seconds’ time period. We then analysed 
the brain state for the duration of first 100 seconds to study the maximum effect of music listening. Figure 1(b) 
shows the brain network inter-connections for 100 seconds’ time period, which showed a significant reduction 
(Wilkinson sign rank test, p < 0.05) in coherence on exposure to music with Z value ranging between 1.9879 
and 2.7830 and effect size between 0.3629 and 0.5081. We found connections (27 in total) interlinking parietal 
and occipital brain regions with frontal, central, and temporal brain regions as well as interlinking parietal with 
occipital brain region (Supplementary Fig. S1). Figure 1(c) shows comparison between the mean values of the 27 
connections. It depicts an effective reduction in brain network’s coherence (thus information flow) at 100 seconds, 
signifying net enhancement in brain efficiency. It shows a significant reduction after music stimulus (t = 4.3304, 
df = 14, p < 0.001, effect size = 1.1181). Figure 1(d) shows the number of connections with reduced coherence as a 
function of inter-electrode distance. A repeated measure ANOVA with a Greenhouse-Geisser correction indicates 
a significant effect of inter-electrode distance on the number of connections (F1.270,17.777 = 100.980, p < 0.001). 
Post hoc comparisons using Bonferroni correction show that connections in the range of 6–12 cm (Mean = 5.33, 
SD = 1.877) were greater in number than those in the range of less than 6 cm (Mean = 1.53, SD = 0.516) and the 
difference was statistically significant (p < 0.001). Connections in the range of more than 12 cm (Mean = 13.93, 
SD = 4.574) were significantly greater than those in the range of 6–12 cm (p < 0.001) and also greater than those 
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in the range of less than 6 cm (p < 0.001). Thus, long-distance connections were affected more than the short-dis-
tance ones. Figure 1(e) shows that the left hemisphere of the brain had more number of connections with reduced 
coherence as compared to the right hemisphere (t = −2.3716, df = 14, p < 0.05, effect size = −0.6124). The results 
show reduced communication post music.

Phase delay analysis. Figure 2(a) shows the variation in the cumulative increment of phase delay as a func-
tion of the time period. Phase delay is inversely related to information flow and thus directly proportional to brain 
efficiency24. Cumulative phase delay continuously increased till 100 seconds confirming the period of 100 seconds 
as the most efficient period. After that, the efficiency of the brain stayed moderately enhanced. Brain network 
connections for the period of 100 seconds are shown in Fig. 2(b). A total of 104 connections showed significant 
increment (Wilkinson sign rank test, p < 0.05) in phase delay with Z value ranging between −1.9879 and −3.2942 
and effect size between −0.3629 and −0.6014. We found connections interlinking parietal and occipital brain 
regions with frontal, central, and temporal brain regions as well as interlinking parietal with occipital brain region 
(Supplementary Fig. S1). Figure 2(c) demonstrates mean phase delay for the 104 connections. It depicts an effec-
tive increment in brain network’s phase delay at 100 seconds, signifying net enhancement in brain efficiency. Mean 
phase delay increased after exposure to music (t = −4.8745, df = 14, p < 0.001, effect size = −1.2586). Variation 
in the number of connections with increased phase delay as a function of inter-electrode distance is shown in 
Fig. 2(d). A repeated measure ANOVA with a Greenhouse-Geisser correction indicates a significant effect of 
inter-electrode distance on the number of connections (F1.010,14.140 = 259.504, p < 0.001). Post hoc comparisons 
using Bonferroni correction showed that connections in the range of 6–12 cm (Mean = 7.000, SD = 1.60357) 
were greater in number than those in the range of less than 6 cm (Mean = 2.4667, SD = 0.74322) and the dif-
ference was statistically significant (p < 0.001). Connections in the range of more than 12 cm (Mean = 74.2000, 
SD = 17.25109) were significantly greater than those in the range of 6–12 cm (p < 0.001) and also greater than 
those in the range of less than 6 cm (p < 0.001). Thus, the long-distance connections were affected more than the 
short-distance ones. With respect to the hemispheric differences, left hemisphere of the brain had more number 
of connections with enhanced phase delay (Fig. 2e) as compared to the right hemisphere (t = −6.8362, df = 14, 
p < 0.001, effect size = −1.7651). The result shows a reduction in the network communication post music.

Phase Slope Index analysis. Figure 3(a) depicts the cumulative reduction in the PSI as a function of the 
time period on music listening. A significant reduction in PSI for all the time periods was obtained, though it was 
most prominent for 100 seconds’ period. Reduced PSI value is an index of the Brain efficiency28, and hence the 
finding reconfirms that the brain was most efficient during 100 seconds’ period. Figure 3(b) shows brain network 
connections after 100 seconds for which there was a significant reduction in PSI on exposure to music. A total 

Figure 1. Phase coherence analysis. (a) Cumulative reduced phase coherence of the interconnections with 
significant reduction in coherence after music exposure as a function of time period. (b) Interconnections 
(27) between the electrodes with significant reduction in the coherence value for 100 sec period. (c) Relative 
mean coherence of the 27 connections showing significant difference between before and after music stimulus. 
(d) Number of connections with significantly reduced coherence as function of inter-electrode distances. (e) 
Hemispheric difference after exposure to music with respect to number of connections having significantly 
reduced coherence after music stimulus (error bars = 1 SD).
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Figure 2. Phase delay analysis. (a) Cumulative increased phase delay of the interconnections with significant 
increment in phase delay after music exposure as a function of time period. (b) Interconnections (104) between 
the electrodes with significant increment in the phase delay value for the 100 sec period. (c) Relative mean value 
of phase delay of the 104 connections showing significant difference between before and after music stimulus. 
(d) Number of connections with significantly enhanced phase delay as a function of inter-electrode distances. 
(e) Hemispheric difference after exposure to music with respect to number of connections having significantly 
enhanced phase delay after music (error bar = 1 SD).

Figure 3. Phase slope index analysis. (a) Cumulative reduced phase slope index (PSI) of the interconnections with 
significant reduction in PSI after music exposure as a function of time period. (b) Interconnections (66) between 
the electrodes with significant reduction in the PSI value for the 100 sec period. (c) Relative mean PSI of the 66 
connections showing significant difference between before and after music stimulus. (d) Number of connections with 
significantly reduced PSI as a function of inter-electrode distances. (e) Shows hemispheric difference after exposure to 
music with respect to number of connections having significantly reduced PSI after music (error bars = 1 SD).
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of 66 connections, interlinking frontal region with central, parietal, and temporal regions as well as interlinking 
intra-frontal region (Supplementary Fig. S1), were found to have significantly reduced PSI value after listening 
to music (Wilkinson sign rank test, p < 0.05). Z value ranged between 1.9879 and 3.1238 and effect size ranged 
between 0.3629 and 0.5703. The PSI value of only one connection significantly increased after exposure to music. 
Figure 3(c) shows the mean values of the 66 connections which significantly reduced in the post-music condition 
(t = 5.9161, df = 14, p < 0.001, effect size = 1.5275). It depicts an effective reduction in brain network’s PSI value 
at 100 seconds, signifying net enhancement in brain efficiency. Figure 3(d) shows the number of connections with 
reduced PSI as a function of inter-electrode distance. A repeated measure ANOVA with a Greenhouse-Geisser cor-
rection indicates a significant effect of inter-electrode distance on the number of connections (F1.407,19.699 = 254.874, 
p < 0.001). Post hoc comparisons using Bonferroni correction show that connections in the range of 6–12 cm 
(Mean = 19.07, SD = 3.731) were greater in number than those in the range of less than 6 cm (Mean = 2.40, 
SD = 0.632) and the difference was statistically significant (p < 0.001). Connections in the range of more than 
12 cm (Mean = 30.400, SD = 6.423) were significantly greater than those in the range of 6–12 cm (p < 0.001) and 
also greater than those in the range of less than 6 cm (p < 0.001). Thus, the long-distance connections were affected 
more than the short-distance ones. Findings also indicate that the left hemisphere of the brain had more number of 
connections (Fig. 3e) with reduced PSI as compared to the right hemisphere (t = −4.2577, df = 14, p < 0.001, effect 
size = −1.0993). The result shows a reduction in information flow post music.

Power analysis. We examined alpha power variation in the prefrontal and occipital lobes which are corre-
lated with general Intelligence24,26. Figure 4(a) illustrates the p-value for prefrontal, occipital, and parietal elec-
trodes corresponding to the hypothesis that there is no difference between pre-music and post-music condition 
in power value. Wilkinson sign rank test was used for the power analysis comparison. Significantly enhanced 
alpha power at the Fp2 electrode position was found for the time period of 200 seconds (Z = −1.9879, p < 0.05, 
effect size = −0.3629) and 225 seconds (Z = −2.1015, p < 0.05, effect size = −0.3837) indicating a late rise for a 
brief period in alpha power at the prefrontal cortex. Occipital cortex particularly showed enhanced power. All 
the three sites in the occipital cortex, O1, O2, and especially Oz, showed significant increment for the 125 sec-
onds’ time period onwards and remained enhanced significantly for most of the time. Electrode O1 showed a 
maximum enhancement at the time period of 125 seconds (Z = −2.3286, p < 0.05, effect size = −0.4251), O2 at 
275 seconds’ period (Z = −2.3286, p < 0.05, effect size = −0.4251), while Oz at 150 seconds’ period (Z = −2.6126, 
p < 0.01, effect size = −0.4770). Parietal electrode PO3 showed a feeble increment in power at 225 seconds’ period 
although not significant (Z = −1.9311, p = 0.0535, effect size = −0.3526). Thus, the finding supports increment 
in cognitive performance. Figure 4(b) shows the log-transformed alpha power for the brain state before and after 
music listening under the resting condition for the 225 seconds’ duration for which a significant enhancement was 
obtained at O1 (Z = −2.2151, p < 0.05, effect size = −0.4044), O2 (Z = −2.2151, p < 0.05, effect size = −0.4044), 
Oz (Z = −2.3286, p < 0.05, effect size = −0.4251), and Fp2 (Z = −2.1015, p < 0.05, effect size = −0.3837) elec-
trode’s sites.

Subjective assessment of listening to music. The participants expressed whether the music was pleas-
ant or unpleasant. They then rated their mood before and after listening to the music on an 11-point Likert scale 
where 1 = least, 10 = most, and 0 represents the neutral value. The mean subjective rating before listening to the 
music (Mean = −0.1333, SD = 2.1996) increased (Mean = 6.1333, SD = 1.6417) showing significant enhancement 
(t = −9.5232, df = 14, p < 0.001, effect size = −2.4589) on listening to the music (Fig. 4c). The result indicates a 
moderate level of pleasant experience after listening to the music.

Figure 4. Power analysis. (a) Depicts p-value for the increment in the power of post music silence condition 
as a function of time period. Fp2 showed significant increment only for 200 sec and 225 sec time period 
while occipital lobe showed enhanced increment for any time duration more than 125 sec, (b) Relative log 
transformed alpha power value before and after music stimulus for O1, O2, Oz and Fp2 electrodes positions for 
the 225 sec period that showed significant enhancement (error bars = 1 SD), (c) Illustrates the mean subjective 
assessment of mood before and after listening the music. Music was successful in inducing a moderate level of 
pleasantness in the participants (errorbars = 1 SD).
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Discussion
Music is linked to short-term enhancement of cognitive processing4,5. The process is mediated through arousal 
and mood of the subject as induced by the music10,11. However, due to the lack of clear and direct mechanisms 
demonstrating the cognitive effect of music on the brain, the end effect of music has been questioned in several 
studies6,12. The present study explores the neural mechanisms accountable for enhanced intelligence on exposure 
to music. We studied the changes in the characteristics of the brain networks during the resting state of the brain 
upon listening to music. Primarily we looked into the alteration in the functional connectivity and EEG power of 
the brain network in the alpha band.

Based on earlier works24,28,42,43 we applied three phase analyses measures to comparatively study functional 
connectivity of brain networks from different perspective; namely phase coherence, phase delay, and PSI. Phase 
coherence strictly identifies phase synchronized interconnections of brain networks independent of ampli-
tude42,43. Phase delay analysis measures mean phase angle between two-time series24. Phase slope index, on the 
other hand, measures effective connectivity of the brain networks. It measures frequency average of the slope 
of phase of coherence28. The analysis of PSI involves only imaginary part, thereby making it robust to volume 
conduction. All the three metrics measure different features of the brain networks while quantifying associated 
information flow. Analysing the EEG data from different perspective would help in a robust characterization of 
the functional connectivity of the brain.

Study conducted by Thatcher et al.24 reported that biomarkers based on phase information are more strongly 
correlated to IQ than those based on power. Thus, our first probing method, phase coherence analysis is quite 
suitable. Findings show a significant diminution in mean phase coherence of the brain (Fig. 1c), and therefore 
net reduction in the information flow between various cortical regions upon listening to music. This signifies net 
enhancement in brain efficiency24. The effect size obtained for phase coherence analysis was 1.1181. We found 
that connections (27 in total) with reduced coherence were interlinking parietal and occipital brain regions with 
frontal, central, and temporal brain regions as well as interlinking parietal with occipital brain region.

Phase delay biomarker, our next probing technique, had been shown to have the strongest correlation, the 
largest number of inter-connections significantly correlating with respect to IQ among other biomarkers such as 
spectral coherence, absolute power, etc24. Phase delay is inversely related to information flow between two cor-
tical regions. Results showed a significant enhancement of mean phase delay value of the brain (Fig. 2c) thereby, 
a reduction in the information flow between various cortical regions of the brain after listening to music. This 
signifies net enhancement in brain efficiency24. We found that connections (104 in total) with enhanced phase 
delay were interlinking parietal and occipital brain regions with frontal, central, and temporal brain regions as 
well as interlinking parietal with occipital brain region. The absolute value of effect size obtained for phase delay 
was 1.2586.

Phase slope index, which is directly proportional to information flow between brain cortical regions, measures 
the functional connectivity between those regions but also accounts for the variation in power along with phase 
of the respective regions. Results showed a significant reduction of mean PSI value of the brain (Fig. 3c) thereby 
reconfirming reduction in information flow post music between cortical regions of the brain. This signifies net 
enhancement in brain efficiency28. The effect size obtained for PSI analysis was found to be 1.5275. We found that 
connections (66 in total) with reduced PSI were interlinking frontal region with central, parietal, and temporal 
regions as well as interlinking intra-frontal region.

These results indicate a reduction in the information flow between various cortical regions of the brain on 
exposure to music. Decreased information flow has been linked to high IQ and implies a more efficient brain24,28.
These results are in line with the NEH theory.

Earlier studies have shown that long-distance inter-electrode connections of the brain are more significantly 
correlated than the short ones28,44, and so also information flow in the left hemisphere of the brain had been 
reduced more than the right hemisphere in the individuals with high IQ28,45. We obtained more significant cor-
relations for long-distance inter-electrode connections, and prominently in the left hemisphere in all the three 
analyses. Furthermore, findings show connections with inter-electrode distance of 12 cm or more were the most 
optimized, with many of them present between frontal and parietal lobes in all three analyses. This supports 
the small world model of intelligence by attenuating long-distance inter-electrode connections between the 
two hubs - frontal and parietal. In addition to the frontal-parietal hub interconnections, PSI analysis showed 
reduced long-distance communication at frontal-central, frontal-temporal, and intra-frontal regions. Also, 
phase coherence and phase delay analyses showed reduced communication at frontal-occipital, parietal-central, 
parietal-temporal, and parietal-occipital regions after the music stimulus for long-distances inter-electrode con-
nections. Both results are in line with earlier studies24,28 that had demonstrated that long-distance communi-
cation in frontal-occipital, frontal-temporal, frontal-central, intra-frontal, parietal-occipital, and intra-parietal 
decreased significantly in intelligent individuals. This could be interpreted as listening to music also reduces the 
demands along other networks associated with intelligence such as occipital, temporal, cingulate cortex, and 
association cortex between frontal and parietal lobe in addition to the prominent role of frontal-parietal hub 
(Fig. 5a). This is in line with the recent development in the intelligence model30,31. Curtailing down the irrelevant 
connections of brain networks is vital to conserve energy for focused, undistracted, efficient functioning. Hence, 
music, by subsiding unrelated long-distance connections, enhances global efficiency, thereby boosting cognitive 
abilities. These results are well in accordance with the NEH theory, and previous studies24,28.

The regions specified by the phase analyses were slightly different. Phase coherence and phase delay analy-
ses essentially pointed to the same areas of the brain (prominently at the parietal/occipital-central and parietal/
occipital-frontal regions). This may be because both are power independent phase analyses. The results obtained 
through PSI analysis (prominently at the frontal-central, intra-frontal and frontal-parietal regions) were differ-
ent from that of phase coherence and phase delay analyses. PSI analysis incorporates power information of the 
regions while calculating information flow among the respective regions. So, results from PSI analysis are likely to 
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be affected by power fluctuation. For example, post music, there is a significant increment in power at the occip-
ital lobes (O1, O2, Oz), prefrontal lobe (Fp2) and a feeble increment (although not significant) at parietal lobe 
(Fig. 4a). This leads to the absence of these regions in PSI analysis.

Alpha power is inversely related to brain activation. High power endorses diminished brain activation imply-
ing a more efficient brain. Hence, we next probed changes in the alpha power of the brain, particularly at the 
prefrontal and the occipital cortex. Power analysis shows an increase in the alpha power at all the three sites of 
occipital cortex and at the frontal cortex, particularly at the prefrontal site (Fp2) on exposure to music (Fig. 4a). 
The enhancement of the alpha power at the occipital lobe was more pronounced and stable than at the prefrontal 
lobe, which became significant only for a brief period. Enhanced alpha power at the occipital and frontal sites 
have been shown to be biomarkers of individuals with high IQ in the earlier studies24,26. Heightened alpha power 
at prefrontal lobe points towards increased neural efficiency in the prefrontal lobe, which is a site consistently 
linked to all three different types of functioning intelligence (spatial, verbal and circles)46. The findings are well 
in accordance with the NEH theory. Moreover, increased alpha oscillation power at the occipital site is also con-
nected to increased tonic alertness or vigilance47,48 and internally directed attention49. This enhanced alertness 
may also trigger a temporary enhancement of cognitive functions35–37. Thus, music listening boosts-up cognitive 
abilities directly by increasing the local neural efficiency, and indirectly by enhancing sustained attention.

The results show enhancement in cognitive performance as a direct consequence of listening to music. The 
data also shows that irrespective of its type - Western/Mozart, as repeated in previous studies, or Indian classi-
cal music, as used in the present study - music enhances cognitive performance, thus proving EEG signals as a 
biomarker. Furthermore, the piece of music stimulus chosen for the study was able to induce, in the participants 
a significantly moderate level of pleasantness, which is an important prerequisite reported in many earlier stud-
ies11. The enhancement of cognitive functioning on exposure to music is not an artifact of arousal and mood as is 
sometimes understood. Our results show that a pleasant music with a moderate arousal level can actually trigger 
neural mechanism for boosting intelligence.

In summary, we propose that music listening affects the brain dynamics by three possible mechanisms 
(Fig. 5b) —

 (1) by increasing global efficiency through purging off irrelevant neural networks, especially between long-dis-
tance inter-electrode connections,

 (2) by increasing local neural efficiency at the prefrontal lobe,
 (3) by enhancing sustained attention.

While all the three mechanisms are independent, they reinforce each other, such as purging off irrelevant 
neural networks on listening to music rewards in two ways— (1) conserves brain’s vital energy which can be 

Figure 5. Schematic model (a) shows decreased information flow along distance connections in the P-FIT 
network coupled with increased efficiency at frontal and occipital lobes on music listening. Dark and grey 
lines indicate high and low information flow in the interconnections respectively while dark and grey circles 
represent high and low efficient hubs respectively, (b) Music with moderate level of arousal and pleasantness 
boost up the intelligence by (1) enhancing tonic alertness (occipital lobe), (2) increasing local processing in the 
region responsible for cognitive performance (prefrontal lobe), and (3) increasing global efficiency through 
purging of neural noises.
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reallocated for enhanced local processing at the prefrontal lobes. (2) enhances sustained attention by reducing 
distraction from unrelated cross talks among neural networks. Sustained attention on the other hand also resists 
distraction thereby reduces unnecessary cross talks and boost up focussed functioning thereby reinforcing pre-
frontal lobe processing32. Similarly, efficient focussed functioning at prefrontal lobe favors sustained attention 
and less distraction. In the hierarchical framework of stimulus-mechanism-end effects, these three mechanisms 
provide an intermediate bridge to transform the arousal-mood status into the enhanced cognitive performance 
output level from the brain.

Our novel model gives clear possible neural mechanisms responsible for enhanced cognitive effect on expo-
sure to music. It not only integrates the earlier two hypotheses of a) arousal and mood, and b) direct influence, 
but also reveal the detailed direct neural mechanisms induced by music on brain cognitive functions. However, 
the current model needs to be tested with other music especially Mozart’s which had earlier shown the enhanced 
cognitive effect. We have also interpreted the reduction in communication between the regions connected with 
intelligence such as occipital, temporal, cingulate cortex, and association cortex between frontal and parietal lobe 
as caused by music stimulus for enhancing cognitive performances. Further studies need to be done to verify 
whether there is a causal connection between them or the reduction in the information flow is caused through 
some other unrelated mechanisms. An interesting extension of the present study could be to compare the char-
acteristics of the music stimulus used in our experiment with that of scale free brain music obtained from sonifi-
cation of the post music EEG data20,21.

Methods
Participants. 20 undergraduates of a technology institute participated in the study. The age of the partici-
pants ranged from 21 to 29 years (mean age = 24.06 years, SD = 2.69). No formal or informal training in music 
and right handedness were the inclusion criteria whereas hearing disorder, neurological disease, and usage of 
psychoactive drugs in the recent time were the exclusion criteria. We included only the male participants since 
the biomarkers for intelligence network are shown to have some differences between a male and a female22. The 
study was approved by the Institutional Ethics Committee (IEC) for research involving human subjects of the 
Indian Institute of Technology, Kanpur (IEC Communication no: IITK/IEC/2017-18 I/3). All the experiments 
were performed in accordance with relevant guidelines and regulations. The participants were recruited through 
in-house advertisement. Those who volunteered for the study were briefed about the experimental protocol. The 
experiment was conducted after filling the informed consent form.

Stimulus and Experimental Procedure. Raga Darbari, one of the most popular ragas in Indian classical 
music system, is known to be effective in managing type 2 Diabetes50, insomnia51 and stress-related disorder52–54. 
Given the literary evidence from earlier studies50–54 involving Raga Darbari, we decided to choose Raga Darbari 
as the experimental stimulus. The socio-cultural milieu in India gives an inadvertent exposure to Ragas and 
Gharanas (schools) to all who are born and brought-up in the Indian society. Individuals coming from this back-
ground might not have received detailed and explicit knowledge of Ragas but have a subconscious familiarity with 
them. The stimulus used in the current experiment has cultural salience. A Raga composition features two parts 
namely alaap followed by gat. Alaap is note by note presentation of the raga, characterized by slow tempo with-
out any rhythmic cycle. Gat section is characterized by fast tempo with rhythmic cycle provided by a percussion 
instrument. The length of our stimulus was 9 min 53 seconds. The alaap section was 3 min 22 seconds in length 
and the gat section was 6 min 31 seconds. The experimental session consisted of three conditions— pre-music 
silence condition for 275 seconds, music condition (listening to a segment of Raga Darbari), and post-music 
silence condition for 275 seconds. The experiment was conducted in a soundproof laboratory with the stereo 
speakers kept around 2 meters symmetrically from the participants. The lightening condition inside the room was 
dim. The participants were made to sit comfortably. They were instructed to listen to the audio stimulus atten-
tively with their eyes closed during the whole experiment. A subjective assessment of their mood was also taken 
before and after completion of the experiment.

EEG recording and preprocessing. EEG was recorded using a g.HIamp bio-signal amplifier (Guger 
Technologies, OG, Graz, Austria) at 32 scalp positions according to the international 10–20 system. The sampling 
frequency of 512 Hz and impedance level below 5 Kohms was kept. A band pass filter of 0.01–100 Hz was applied. 
Right earlobe was used as a reference electrode. To keep the recording free from eye artifacts, two electrodes, one 
above and one below the right eye and two electrodes near each eye’s outer canthus were also placed. The Data 
was high-pass filtered at 0.5 Hz to remove any DC drift and was visually checked for any contamination due to eye 
movement, muscle movement, or electrodes movement. Bad electrodes were marked if any. Independent com-
ponent analysis (Infomax ICA algorithm, runica) was applied on the good channels to remove further artifacts. 
Bad channels were then interpolated (Spherical interpolation). The first 275 seconds’ pre-music silence condition 
provided the baseline whereas the 275 seconds’ post-music silence condition was helpful to study the fading effect 
of music. The data of three participants were removed from the analyses due to heavy artifacts whereas two par-
ticipants who had previous exposure to music were also excluded from the study.

Phase and Power analyses. The effect of music is for a short duration. Pre-music and post-music silence 
conditions were juxtaposed in various time periods to find the period of maximum efficiency. Phase and power 
analyses were performed as a function of time period rather than time in order to increase the signal to noise 
ratio. The time periods selected for analyses were 25 seconds, 50 seconds (2nd time period) till 275 seconds (11th 
time period). We digitally filtered the EEG data for 8–13 Hz range to obtain alpha band signals. We applied 
Hilbert transform to the filtered data to obtain instantaneous phase and power of the EEG signal. We calculated 
phase coherence, phase delay and phase slope index for all the time periods for both pre-music and post music 
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silence conditions. We selected the time period for which the phase analyses results showed maximum reduction 
in the information flow by listening to music. We investigated the alteration in the topography of functional 
connectivity through phase coherence, phase delay and PSI analyses for the corresponding time period between 
Pre-music and post-music silence conditions. We also studied variation in the alpha power at the prefrontal and 
occipital lobes of the brain for the corresponding time period.

Statistical analysis. EEG data recorded at the scalp positions may not necessarily be Gaussian, and in addi-
tion, our sample size was not sufficient for the validity of the parametric test, so we applied a non-parametric test 
in our EEG analysis. Wilkinson sign rank test was applied for statistical testing for power and phase analyses. We 
used t-test for comparing mean values, subjective assessment of music listening and brain lateralization analy-
sis. To investigate information flow variation with respect to inter-electrode distances in the brain network, a 
repeated ANOVA was applied. All the statistical comparisons were two-tailed with the α-value set to 0.05.

Hilbert Transform. EEG time series is time-varying and has only real component. For the purpose of obtain-
ing instantaneous power as well as phase, we need a complex value signal. Hilbert transform function can extract 
the imaginary part from a real value signal and forms a complex signal called Analytical signal. Let Rr(t) represent 
a real signal. Then the Hilbert transform of the Rr(t) signal is obtained by taking convolution of Rr(t) with the 
function h(t) = 1/(πt).

ι= +R t R t R t( ) ( ) ( ) (1)at r ht

∫π
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where Rat(t) represents the analytical signal, and Rht(t) represents the Hilbert transform of the real signal. Since 
the function h(t) is non-integrable, the Hilbert transform is defined using Cauchy principal value (P.V). This gives 
the analytical signal Rat(t), which can also be represented in polar form as
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where M(t) denotes the instantaneous amplitude while φ(t) denotes instantaneous phase.

Phase coherence. It is precisely defined as clustering of phase angle difference between two electrodes in 
polar space. Let Zi and Zj be two time-series for two channels i and j respectively. So, the instantaneous phase 
difference between them is:

φ φ φ= −t t t( ) ( ) ( ) (6)ij i j

where φi(t), and φj(t) are instantaneous phase angle of the two-time series and φij(t) is instantaneous phase differ-
ence between them. Phase coherence is calculated as:

∫= φPC f
t

e dt( ) 1
(7)

t i t

0
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where PC(f) represents phase coherence at the frequency f, t denotes calculation over time and φij(t) represents 
the instantaneous phase difference between the electrodes i and j55. Phase coherence is positively correlated with 
information flow.

Phase delay. Phase delay is positively related to IQ and is found to be a robust biomarker for high IQ individ-
uals24. Phase delay is defined as the absolute instantaneous phase difference between the electrodes as calculated 
in the phase coherence analysis. Its absolute value is computed by squaring the instantaneous phase difference 
and then taking its square root.

φ φ| | =t t( ) ( ) (8)ij ij
2

Phase slope index (PSI). Phase Slope Index (PSI) is positively correlated with information flow and thus 
inversely related to IQ28. The basic principle for PSI is that a temporal order between two-time series gives rise to a 
phase difference as a linear function of frequency56. For each frequency bin, PSI measures the change in the phase 
difference with its neighbourhood weighted by coherence. If for a particular band, there is significant spectral 
coherency and the phase difference changes consistently across the frequency bins, then the PSI value would drift 
from zero. PSI is calculated in the following way for the two time-series Zi and Zj. The whole time-series is divided 
into k segments of T duration each. Cross and auto spectral density among them is defined as follows:
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where Si,j(f) represents cross spectral density at the frequency f, Si,i(f) represents the auto spectral density at the 
frequency f, and Zi(f, k) represents the Fourier transform in channel i and segment k.
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where Ci,j(f) represents complex coherency. Calculation of PSI value is done as:
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where ψi,j represents Phase slope index, δf represents frequency resolution, F represents the frequency band, and 
J represents imaginary part of the complex coherency.

For further depth of the PSI, please refer Witham et al.57 and Vinck et al.58.
The inter-electrode distance between each pair of electrodes was calculated as Euclidian distance between 

them based upon the positioning of the electrodes according to the international 10–20 system. Long-distance 
connection between Fp1-O1 electrode pairs was 24 cm as used by Thatcher et al.24,28.

Power analysis. Instantaneous power is calculated by taking square of the instantaneous amplitude.

=A t M t( ) ( ) (13)2

= +A t R t R t( ) ( ) ( ) (14)r ht
2 2

Subjective Assessment of Music Listening. An assessment of participants’ moods was taken before and 
after the experiment. They were asked to rate their experience between pleasant and unpleasant on an 11-point 
Likert scale.

Data Availability
The data used in the current investigation are accessible upon reasonable request from the corresponding author. 
All the codes were written on MATLAB platform and open source toolboxes such as EEGLAB and Fieldtrip were 
also used.

References
 1. Mössler, K., Chen, X., Heldal, T. O. & Gold, C. Music therapy for people with schizophrenia and schizophrenia-like disorders. The 

Cochrane Libr. (2011).
 2. De Dreu, M., Van Der Wilk, A., Poppe, E., Kwakkel, G. & Van Wegen, E. Rehabilitation, exercise therapy and music in patients with 

parkinson’s disease: a meta-analysis of the effects of music-based movement therapy on walking ability, balance and quality of life. 
Park. & related disorders 18, S114–S119 (2012).

 3. Bidabadi, S. S. & Mehryar, A. Music therapy as an adjunct to standard treatment for obsessive compulsive disorder and co-morbid 
anxiety and depression: A randomized clinical trial. J. affective disorders 184, 13–17 (2015).

 4. Rauscher, F. H., Shaw, G. L. & Ky, K. N. Listening to mozart enhances spatial-temporal reasoning: towards a neuro- physiological 
basis. Neurosci. Lett. 185, 44–47 (1995).

 5. Wilson, T. L. & Brown, T. L. Reexamination of the effect of mozart’s music on spatial-task performance. The J. Psychol. 131, 365–370 
(1997).

 6. Nantais, K. M. & Schellenberg, E. G. The Mozart effect: An artifact of preference. Psychological Science 10(4), 370–373 (1999).
 7. Mammarella, N., Fairfield, B. & Cornoldi, C. Does music enhance cognitive performance in healthy older adults? the vivaldi effect. 

Aging clinical experimental research 19, 394 (2007).
 8. Schellenberg, E. G. Music and cognitive abilities. Curr. Dir. Psychol. Sci. 14, 317–320 (2005).
 9. Schellenberg, E. G., Nakata, T., Hunter, P. G. & Tamoto, S. Exposure to music and cognitive performance: Tests of children and 

adults. Psychol. Music. 35, 5–19 (2007).
 10. Schellenberg, E. G. & Hallam, S. Music listening and cognitive abilities in 10-and 11-year-olds: The blur effect. Annals New York 

Acad. Sci. 1060, 202–209 (2005).
 11. Husain, G., Thompson, W. F. & Schellenberg, E. G. Effects of musical tempo and mode on arousal, mood, and spatial abilities. Music. 

Perception: An Interdiscip. J. 20, 151–171 (2002).
 12. Thompson, W. F., Schellenberg, E. G. & Husain, G. Arousal, mood, and the mozart effect. Psychol. science 12, 248–251 (2001).
 13.  Särkämö, T. Cognitive, emotional, and neural benefits of musical leisure activities in aging and neurological rehabilitation: A critical 

review. Annals Phys. Rehabil. Medicine (2017).
 14. Rauscher, F. H., Shaw, G. L. & Ky, K. N. Music and spatial task performance. Nature 365(6447), 611 (1993).
 15. Rideout, B. E. & Laubach, C. M. Eeg correlates of enhanced spatial performance following exposure to music. Percept. motor skills 

82, 427–432 (1996).
 16. Jaušovec, N. & Habe, K. The “mozart effect”: an electroencephalographic analysis employing the methods of induced event-related 

desynchronization/synchronization and event-related coherence. Brain topography 16, 73–84 (2003).
 17. Sarnthein, J. et al. Persistent patterns of brain activity: an eeg coherence study of the positive effect of music on spatial-temporal 

reasoning. Neurol. research 19, 107–116 (1997).



www.nature.com/scientificreports/

1 1Scientific REPORtS |  (2018) 8:15528  | DOI:10.1038/s41598-018-33618-1

 18. Jaušovec, N., Jaušovec, K. & Gerlič, I. The influence of mozart’s music on brain activity in the process of learning. Clin. Neurophysiol. 
117, 2703–2714 (2006).

 19. Verrusio, W. et al. The mozart effect: a quantitative eeg study. Conscious. cognition 35, 150–155 (2015).
 20. Lu, J. et al. Scale-free brain-wave music from simultaneously EEG and fMRI recordings. PloS one 7(11), e49773 (2012).
 21. Lu, J., et al Generate the scale-free brain music from BOLD signals. Medicine 97(2) (2018).
 22. Neubauer, A. C. & Fink, A. Intelligence and neural efficiency. Neurosci. & Biobehav. Rev. 33, 1004–1023 (2009).
 23. Jung, R. E. & Haier, R. J. The parieto-frontal integration theory (p-fit) of intelligence: converging neuroimaging evidence. Behav. 

Brain Sci. 30, 135–154 (2007).
 24. Thatcher, R. W., North, D. & Biver, C. Eeg and intelligence: relations between eeg coherence, eeg phase delay and power. Clin. 

neurophysiology 116, 2129–2141 (2005).
 25. Neubauer, A. C., Grabner, R. H., Freudenthaler, H. H., Beckmann, J. F. & Guthke, J. Intelligence and individual differences in 

becoming neurally efficient. Acta psychologica 116, 55–74 (2004).
 26. Marosi, E. et al. Broad band spectral eeg parameters correlated with different iq measurements. Int. J. Neurosci. 97, 17–27 (1999).
 27. Schmid, R., Tirsch, W. & Scherb, H. Correlation between spectral eeg parameters and intelligence test variables in school-age 

children. Clin. Neurophysiol. 113, 1647–1656 (2002).
 28. Thatcher, R., Palmero-Soler, E., North, D. & Biver, C. Intelligence and eeg measures of information flow: efficiency and homeostatic 

neuroplasticity. Sci. reports 6 (2016).
 29. Langer, N. et al. Functional brain network efficiency predicts intelligence. Hum. brain mapping 33, 1393–1406 (2012).
 30. Basten, U., Hilger, K. & Fiebach, C. J. Where smart brains are different: a quantitative meta-analysis of functional and structural 

brain imaging studies on intelligence. Intelligence 51, 10–27 (2015).
 31. Hilger, K., Ekman, M., Fiebach, C. J. & Basten, U. Intelligence is associated with the modular structure of intrinsic brain networks. 

Scientific reports 7(1), 16088 (2017).
 32. Clayton, M. S., Yeung, N. & Kadosh, R. C. The roles of cortical oscillations in sustained attention. Trends in cognitive sciences 19(4), 

188–195 (2015).
 33. Dehaene, S. & Changeux, J.-P. Experimental and theoretical approaches to conscious processing. Neuron 70, 200–227 (2011).
 34. Putkinen, V., Makkonen, T. & Eerola, T. Music-induced positive mood broadens the scope of auditory attention. Soc. Cogn. Affect. 

Neurosci. nsx038 (2017).
 35. Ohtani, T. et al. Exploring the neural substrates of attentional control and human intelligence: Diffusion tensor imaging of prefrontal 

white matter tractography in healthy cognition. Neurosci. 341, 52–60 (2017).
 36. Schweizer, K. & Moosbrugger, H. Attention and working memory as predictors of intelligence. Intell. 32, 329–347 (2004).
 37. Voelke, A. E. & Roebers, C. M. Sustained attention and its relationship to fluid intelligence and working memory in children. J. Educ. 

Dev. Psychol. 6, 131 (2016).
 38. Klimesch, W. Eeg alpha and theta oscillations reflect cognitive and memory performance: a review and analysis. Brain research 

reviews 29, 169–195 (1999).
 39. Palva, S. & Palva, J. M. Functional roles of alpha-band phase synchronization in local and large-scale cortical networks. Front. 

psychology 2 (2011).
 40. Sadaghiani, S. & Kleinschmidt, A. Brain networks and α-oscillations: structural and functional foundations of cognitive control. 

Trends cognitive sciences 20, 805–817 (2016).
 41. Neuper, C., Grabner, R. H., Fink, A. & Neubauer, A. C. Long-term stability and consistency of eeg event-related (de-) 

synchronization across different cognitive tasks. Clin. Neurophysiol. 116, 1681–1694 (2005).
 42. Wu, J. et al. Graph theoretical analysis of eeg functional connectivity during music perception. Brain research 1483, 71–81 (2012).
 43. Bhattacharya, J. & Petsche, H. Phase synchrony analysis of EEG during music perception reveals changes in functional connectivity 

due to musical expertise. Signal processing 85(11), 2161–2177 (2005).
 44. Santarnecchi, E., Galli, G., Polizzotto, N. R., Rossi, A. & Rossi, S. Efficiency of weak brain connections support general cognitive 

functioning. Hum. brain mapping 35, 4566–4582 (2014).
 45. Thatcher, R. W., North, D. & Biver, C. Intelligence and eeg phase reset: a two compartmental model of phase shift and lock. 

Neuroimage 42, 1639–1653 (2008).
 46. Gray, J. R. & Thompson, P. M. Neurobiology of intelligence: science and ethics. Nat. Rev. Neurosci. 5, 471–482 (2004).
 47. Braboszcz, C. & Delorme, A. Lost in thoughts: neural markers of low alertness during mind wandering. Neuroimage 54, 3040–3047 

(2011).
 48. Dockree, P. M., Kelly, S. P., Foxe, J. J., Reilly, R. B. & Robertson, I. H. Optimal sustained attention is linked to the spectral content of 

background eeg activity: greater ongoing tonic alpha (10 hz) power supports successful phasic goal activation. Eur. J. Neurosci. 25, 
900–907 (2007).

 49. Cooper, N. R., Croft, R. J., Dominey, S. J., Burgess, A. P. & Gruzelier, J. H. Paradox lost? exploring the role of alpha oscillations during 
externally vs. internally directed attention and the implications for idling and inhibition hypotheses. Int. J. Psychophysiol. 47, 65–74 
(2003).

 50. Rao, T. I. & Nagendra, H. R. The effect of active and silent music interventions on patients with type 2 diabetes measured with 
electron photonic imaging technique. Int J Humanit Soc Sci 3, 7–14 (2014).

 51. Kulkarni, S. R. & Antapurkar, S.P. Study of Darbari Kanada raga as manso anugyna shabda chikitsa in the management of nidranasha 
w.s.r. to insomnia. International Ayurvedic Medical Journal 5(11) (2017).

 52. Kar, S. K., Ganguly, T., Roy, S. S. & Goswami, A. Effect of Indian Classical Music (Raga Therapy) on Fentanyl, Vecuronium, Propofol 
Requirements and Cortisol levels in Cardiopulmonary Bypass. J Anesth Crit Care Open Access 2(2), 00047 (2015).

 53. Siritunga, S., Wijewardena, K., Ekanayaka, R. & Mudunkotuwa, P. Effect of music on blood pressure, pulse rate and respiratory rate 
of asymptomatic individuals: A randomized controlled trial. Health 5(04), 59 (2013).

 54. Nayar, U. S. (Ed.). Child and Adolescent Mental Health. (SAGE Publications India, 2012).
 55. Bastos, A. M. & Schoffelen, J.-M. A tutorial review of functional connectivity analysis methods and their interpretational pitfalls. 

Front. systems neuroscience 9, 175 (2016).
 56. Nolte, G. et al. Robustly estimating the flow direction of information in complex physical systems. Phys. review letters 100, 234101 

(2008).
 57. Witham, C. L., Riddle, C. N., Baker, M. R. & Baker, S. N. Contributions of descending and ascending pathways to corticomuscular 

coherence in humans. The J. physiology 589, 3789–3800 (2011).
 58. Vinck, M. et al. How to detect the granger-causal flow direction in the presence of additive noise? NeuroImage 108, 301–318 (2015).

Acknowledgements
Authors are thankful to IIT Kanpur staffs especially Gaurav Sharma for help in EEG data collection. We thank 
Mrs Brijbala Narain and Mr Karunaa Kant sarkar for guidance in experimental design. We also thank Praful 
Anand and Bharti Gothwal for their support in preparing figures. We thank Alekh Gupta, Dr. Ryan Bissett, Dr. 
Venugopal Damerla, and Dr. Suvendu Samanta for their valuable comments in improving the manuscript. We 
especially acknowledge the efforts of Dr. Himanshu Singh in editing the manuscript.



www.nature.com/scientificreports/

1 2Scientific REPORtS |  (2018) 8:15528  | DOI:10.1038/s41598-018-33618-1

Author Contributions
L.B. and B.B. designed and guided the experiment. A.G. collected, analysed the data and wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-33618-1.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

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

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-33618-1
http://creativecommons.org/licenses/by/4.0/

	Short-term enhancement of cognitive functions and music: A three-channel model
	Results
	Phase coherence analysis. 
	Phase delay analysis. 
	Phase Slope Index analysis. 
	Power analysis. 
	Subjective assessment of listening to music. 

	Discussion
	Methods
	Participants. 
	Stimulus and Experimental Procedure. 
	EEG recording and preprocessing. 
	Phase and Power analyses. 
	Statistical analysis. 
	Hilbert Transform. 
	Phase coherence. 
	Phase delay. 
	Phase slope index (PSI). 
	Power analysis. 
	Subjective Assessment of Music Listening. 

	Acknowledgements
	Figure 1 Phase coherence analysis.
	Figure 2 Phase delay analysis.
	Figure 3 Phase slope index analysis.
	Figure 4 Power analysis.
	Figure 5 Schematic model (a) shows decreased information flow along distance connections in the P-FIT network coupled with increased efficiency at frontal and occipital lobes on music listening.




