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ABSTRACT 

Background 

Given its emotional and autobiographical properties, music appears as a potential aid in 

diagnostic assessment and therapeutics in patients with disorders of consciousness (DOC). 

Several studies have shown boosting effects on behavior and brain functioning when 

patients were exposed to (their preferred) music.  

Objective 

To investigate if these effects on the brain’s spontaneous activity are dependent on the 

level of consciousness. 

Methods 

Nine post-comatose patients and eight healthy control subjects were assessed using fMRI 

in two conditions: rest (without stimulation) and music. All patients presented at least an 

auditory startle, thereby suggesting the presence of residual auditory function. A gradient 

of consciousness (from unresponsive wakefulness syndrome to healthy subjects) was 

formulated to evaluate consciousness-level-dependent increases in brain activity and 

connectivity. Network-based functional connectivity assessed auditory, default-mode, 

frontoparietal and music-evoked emotions networks. Furthermore, exploratory voxel-to-

voxel analyses were performed at the whole brain level using intrinsic connectivity 

contrast and (fractional) amplitude of low frequency fluctuations.  

Results 

Stronger consciousness-level-dependent increases within network-to-voxel analysis of 

connectivity were found in the frontoparietal network with the precuneus during music 

stimulation compared to rest. Voxel-to-voxel analyses showed stronger increases of 

intrinsic connectivity in the music condition compared to rest in regions previously related 

to music processing. There were consistently more regions with increased connectivity 

during the main effect of music compared to rest. These increases of connectivity during 
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music were observed in brain regions involved in consciousness, language, emotion and 

memory processing.  

Conclusions 

Our results show that music seems to trigger more substantial connectivity changes 

compared to rest, pointing towards the potential ability of music to stimulate patients’ 

brain function. Further research should focus on effects of music in general, its specific 

acoustical features and the effects of simple auditory stimuli, as well as the possible 

therapeutic and diagnostic effects of music in well controlled clinical trials. 

Impact Statement 

Due to its emotional and autobiographical properties, music is a particularly salient 

stimulus. A few studies using musical stimuli have shown promising results in terms of 

behavioral responsiveness in patients with DOC (Magee, 2005; Raglio et al., 2014; Verger 

et al., 2014). Our study confirms the presence of a beneficial effect of music on brain 

connectivity in these severely brain-injured patients, which moreover seems to be 

dependent of the level of consciousness. Our findings therefore strenghten the hypothesis 

that music could play a role from a diagnostic and therapeutic standpoint in this 

population, paving the way for future well-controlled clinical trials. 
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1. Introduction 

Disorders of consciousness (DOC) remain a very challenging pathological condition. After 

emerging from coma, severely brain-injured patients may pass through several altered 

states of consciousness. In the unresponsive wakefulness syndrome (UWS - The Multi-

Society Task Force on PVS, 1994), patients are awake but show no signs of awareness of 

themselves or their environment. Once they demonstrate unequivocal (but often 

inconsistent) behavioral evidence of self or environmental awareness, they are said to be in 

a minimally conscious state (MCS - Giacino et al., 2002) Some patients present a cognitive 

motor dissociation, demonstrating consciousness using novel neuroimaging techniques 

while being unresponsive at the bedside (Schiff, 2015). Patients emerge from MCS (EMCS) 

when they regain functional communication or objects use (Giacino et al., 2002). Besides, 

patients suffering from locked-in-syndrome (LIS) are frequently mistakenly diagnosed as 

unconscious due to motor paralysis which prevents them from expressing their 

consciousness and cognitive abilities (Schnakers et al., 2008). The ability to manifest 

consciousness is indeed jeopardized by such limited motor responses, but also by 

significant cognitive and sensory impairments, as well as vigilance fluctuations (Schnakers et 

al., 2009). Consciousness is thus difficult to assess in these non-communicative patients, 

and repeated assessments by trained clinicians are needed (Wannez et al., 2017a) to 

provide a reliable and accurate diagnosis, which crucially influences important medical and 

therapeutic decisions (Boly et al., 2008; Demertzi et al., 2011). 

There is some indication that the use of salient or autobiographical stimuli could optimize 

arousal and allow more accurate diagnoses (Perrin et al., 2015). DOC patients would indeed 

be more responsive when assessed with personally salient versus neutral stimuli. Improved 

scores on the most sensitive standardized behavioral assessment scales (Coma Recovery 

Scale-Revised; CRS-R - Giacino et al., 2004) can be seen with, for example, self-related 

objects to evaluate functional use of objects (Sun et al., 2018), a mirror to assess visual 

pursuit (Wannez et al., 2017b) and the own name to evaluate localization to sound (Cheng 

et al., 2013). Music has specifically received special attention in recent literature (for a 

review, see Grimm and Kreutz, 2018), as music can be very personal. For example, higher 

CRS-R scores and more frequent spontaneous signs of consciousness are observed after 
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preferred music exposure (Verger et al., 2014). Using electroencephalography, exposure to 

preferred music increases the probability to observe a P300 response to one’s own name in 

DOC patients (Castro et al., 2015). Authors hypothesize that this is due to its emotional and 

self-related properties. Furthermore, several case studies have so far reported potential 

long-term effects of music therapy on behavioral responses (e.g., increased eye contacts 

and smiles, reduction of annoyance, inertia or psychomotor agitation) (Magee, 2005b; 

Raglio et al., 2014)  

The search for more reliable diagnoses often uses neuroimaging to assess residual brain 

function. Resting-state functional MRI (fMRI) is one such tool and allows for the exploration 

of several reproducible brain networks without the need for patients’ cooperation. In DOC, 

this technique has proven to be a valuable tool to complement the behavioral assessment 

as it shows a decrease in functional connectivity (Heine et al., 2012) and can distinguish 

between UWS and MCS patients (Demertzi et al., 2015). Such a linear relation between 

functional connectivity and consciousness in resting state networks can be extended to 

EMCS patients (Di Perri et al., 2016). Notably, the auditory network has been shown with 

the strongest power to distinguish between UWS and MCS, allowing for automatic 

classification (Demertzi et al., 2015). 

The first fMRI study on music in DOC found an activation in auditory regions for healthy 

control subjects (HCS) and MCS patients, as well as in one UWS patient who would soon 

evolve into MCS (Okumura et al., 2014). Another study showed that within patients, 

changes in functional connectivity might be related to the auditory network implied in 

rhythm and music perception, and to cerebral regions within the frontoparietal network 

linked to autobiographical memory (Heine et al., 2015). The findings that music ‘boosts’ 

cognitive functions leads to the hypotheses that salient sensory stimuli might temporarily 

bring the patients’ brain function to its full potential, which can thus improve diagnostic 

assessment. 

Within the present study we aim to assess if these observed effects of music on the brains’ 

spontaneous activity are dependent on the level of consciousness. To do so we formulated 

a gradient of consciousness (from UWS to HCS) and we explored functional connectivity 

(with a priori network-based analysis and exploratory voxel-to-voxel analysis) and 

spontaneous regional brain activity ((fractional) Amplitude of Low Frequency Fluctuation - 
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fALFF) changes during a music and a rest condition. We expect to observe a stronger linear 

correlation with the level of consciousness during music. 

2. Materials and methods 

2.1. Participants 

Eight HCS (four females; mean age = 26 years, SD = 3; Table 1) and twelve patients (4 

UWS, 2 MCS, 3 EMCS, 3 LIS) were included in the study between March 2014 and April 

2018. All the HCS and five of the twelve patients were the same as in a previous study 

(Heine et al., 2015). Inclusion criteria for HCS were the absence of history of neurological 

or psychiatric disorders. Inclusion criteria for patients were: 1) prolonged DOC or LIS 

(>1month post-injury), 2) absence of contraindications for MRI (e.g., presence of 

ferromagnetic aneurysm clips, pacemakers), 3) absence of sedation in the scanner, 4) 

absence of extensive brain damage making the analyses impossible (i.e., more than 2/3 of 

one hemisphere), 5) multiple behavioral assessments using the CRS-R performed by 

experienced clinicians (except for LIS patients), including one on the same day prior to the 

MRI acquisition. The study was approved by the ethics committee of the medical school of 

the University of Liège. 

[TABLE 1] 

2.2. Protocol and data acquisition 

The protocol and data acquisition were performed as previously described (Heine et al., 

2015).  Five excerpts of preferred musical pieces were selected from a questionnaire 

completed by the participants themselves (for the HCS) and by the loved ones (for the 

patients), and combined to create a musical stimulus over the duration of the functional 

MRI sequence. A 3T tesla (Siemens Magnetom TrioTim) was used at the University Hospital 

Center of Liège. A high-resolution T1-weighted image was acquired, as well as T2*-

weighted fMRI images (300 volumes, 32 slices, voxel size = 3.0 × 3.0 × 3.75 mm³, repetition 

time = 2000 ms, echo time = 30 ms, flip angle = 90°, field of view = 384 mm, matrix size (I, 

J, K) = 64 × 64 × 32, delay = 0, slice order = sequential descending, Echo Planar Imaging 

sequence with axial slice orientation). Two functional scans were acquired during one MRI 

scanning session: one with the participants’ preferred music (i.e., music condition) and one 
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when participants were exposed only to the noise of the scanner (i.e., rest condition). 

These two functional scans were always separated by a period of 10min to reduce any 

potential order effects, and the order of the conditions was randomized between 

participants. We delivered instructions and music through MR compatible Siemens 

headphones. Both HCS and patients were asked to keep their eyes closed and not think of 

anything in particular (compliance of patients cannot be guaranteed due to their 

condition). 

3. Data pre-processing 

3.1. Structural imaging 

Structural (T1*-weighted) MRI images were manually reoriented to the anterior 

commissure/posterior commissure (AC-PC) scheme and segmented into grey matter (GM), 

white matter (WM) and cerebrospinal fluid (CSF), and normalized into the MNI space, 

using the old segmentation module and standard tissue probability map of Statistical 

Parametric Mapping 12 (SPM12)(‘Statistical Parametric Mapping 12’, n.d.) under MATLAB 

R2011A.   

3.2. Resting-state fMRI 

Functional volumes were manually reoriented into the corresponding structural images, 

and then preprocessed by using SPM12. First, the EPI volumes were corrected for the 

temporal difference in acquisition among different slices using the slice timing correction 

module with the reference slice set to the first temporal slice, and then the images were 

realigned to the first volume for head-motion correction. The mean BOLD image across all 

realigned volumes was then coregistered with the structural image. The normalization 

transformation from subject space to MNI space was then applied to the coregistered 

BOLD images, hence applying an indirect normalization. Finally, all the coregistered BOLD 

images were smoothed (8 mm full-width half-maximum). To reduce loss of data or subject 

exclusion due to motion artifacts, we used the artifact detection toolbox (NITRC ART) for 

artifact detection and rejection using a composite motion measure (largest voxel 

movement) with a “liberal” threshold (global threshold 9.0, motion threshold 2.0, use 

scan-to-scan motion and global signal). With this approach, a volume was defined as an 
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outlier (artifact) if the largest voxel movement detected was above the specified 

thresholds. We subsequently included outliers in the global mean signal intensity and 

motion as nuisance regressors (i.e., one regressor per outlier in the first-level general 

linear model). Thus, the temporal structure of the data was not disrupted. Several 

parameters were included in a linear regression using CONN v17F (Whitfield-Gabrieli and 

Nieto-Castanon, 2012) and SPM12 to remove possible spurious variances from the data. 

These were i) six head motion parameters obtained in the realigning step, along with their 

1st-order derivatives, ii) the scrubbed BOLD volumes with too much motion as detected 

with the ART toolbox’s composite motion measurement with a liberal setting, iii) non-

neuronal noise signal derived by the anatomical component-based noise correction 

method (aCompCor - Behzadi et al., 2007), which defines noise signal as the top five 

principal components from subject-specific white matter and the top five from cerebral 

spinal fluid, iv) the effect of each session’s start to reduce the impact of MRI magnetization 

oversaturation, v) a linear detrending to the overall resulting BOLD signal. Then the 

residual time series were linearly detrended (no despiking) and temporally band-pass 

filtered (0.008-0.09 Hz) using CONN’s denoising procedure.  

The data that support the findings of this study are available from the corresponding 

author upon reasonable request. 

4. Statistical analysis 

4.1. Resting-state fMRI 

We conducted the analysis of the fMRI resting state functional connectivity via the CONN 

v17F toolbox under MATLAB R2017A by using two types of analysis: i) a seed-based 

correlation analysis (SCA) approach, more specifically network-to-voxel to cover changes in 

correlation of the BOLD signal in the whole brain with respect to the specified seed 

regions; and ii) voxel-to-voxel connectivity measures without a priori seeds, in order to 

analyze globally the brain connectivity patterns. 

Both for seed-based and exploratory voxel-to-voxel analyses, 2nd-level statistical analyses 

were performed in order to make between-groups and between-conditions comparisons. 

Regarding the between-groups comparison, we created a contrast that assumes a linear 
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correlation between the state of consciousness and the connectivity’s z-values: [-3 -1 1 3] 

for respectively the UWS, MCS and EMCS, LIS and HCS (with the MCS and EMCS patients 

merged in one single group). This contrast was specifically designed to produce a linear 

regression with a constant slope of 2 between our four groups. Regarding the between-

conditions comparison, three different contrasts were used: main effect of the rest 

condition ([1 0]), main effect of the music condition ([0 1]), and a paired t-test difference 

between both conditions to highlight the effect of music compared to rest ([-1 1], or 

music>rest). In short, a significant positive correlation with the level of consciousness in 

music > rest means that conscious subjects display increases in positive correlations 

compared to less conscious states that are more marked during music than rest. 

We showed brain connectivity if the main effect contrast (i.e., under a single condition) or 

the difference in correlation between conditions effect size allows to disambiguate the 

conditions. 

4.1.1. Network-to-voxel analysis 

Using CONN, we used extracts from fMRI BOLD time series from a region of interest (the 

seed) and measured the temporal correlation between this signal and the time series of all 

other brain voxels. This process was repeated for each subject and each region of interest. 

We investigated the following networks, as composed of a set of regions of interests using 

an average effect contrast (i.e., uniformly weighted contrast, equivalent as to having one 

region of interest covering the entire network): the default-mode (DMN) and the fronto-

parietal (FPN) networks, derived from the Harvard-Oxford atlas provided by CONN. We 

also assessed the auditory network  using a 10mm radius sphere around coordinates as 

defined in previous studies (Demertzi et al., 2015). Furthermore, using the coordinates 

provided by a meta-analysis of 21 previous studies, we explored a ‘music-evoked 

emotions’ network  using a 5mm radius sphere around coordinates (Koelsch, 2014). The 

regions of interest composing each network and their coordinates are detailed in Suppl. 

Mat. V.  
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4.1.2. Exploratory voxel-to-voxel analyses 

We examined the global brain connectivity patterns, without any a priori seed, between 

each voxel and the rest of the brain using two measures. First, the Intrinsic Connectivity 

Contrast (ICC; in CONN toolbox) which permits to observe “the sum of the correlation of 

each source voxels to every other voxel in the brain, which is then weighted by the root 

mean square of the correlation coefficient values associated with the voxel-to-voxel 

connection”. Second, the ALFF and fractional ALFF (fALFF; present in the CONN toolbox), 

which are not connectivity measures per se, but thought to reflect cortical excitability and 

long-range neural synchronization of spontaneous neuronal activity. They can be seen as 

measures of the variation in the amplitude of the BOLD signal, by calculating the power in 

the very low frequencies, usually 0.01–0.08 Hz, hence complementing connectivity 

analyses which measure synchrony. In the present study, we used a band-pass filter 

around the 0.008-0.09 Hz range for all BOLD analyses, which is the default for connectivity 

analyses in CONN, hence allowing better comparability between measures. The main 

difference between ALFF and fALFF measures lies in the resilience of the latter to the noisy 

fluctuations from large blood vessels, and in more robust measures regardless of head 

motion, although we here applied the same preprocessing as for connectivity analyses, 

which should reduce the impact of motion on ALFF as suggested in previous studies 

(Turner et al., 2013). 

Statistical results were generated with CONN 17f and considered significant with multiple 

comparison correction at the topological level with non-parametric permutation test 

cluster-mass p-False Discovery Rate (FDR) <0.05 and with primary voxel-wise threshold p-

uncorrected <0.001.  

5. Results 

5.1. Quality control assessment 

Patients' lesions were accounted for: 1) directly by excluding patients with extensive brain 

lesions that would either prevent proper segmentation or may impair the inference (three 

patients were discarded for this reason); 2) indirectly by relying on aCompCor denoising, 

which ensures we derive most of the signal used for inference from the neuronal 

components in the signal from segmented grey matter, while regressing non-neuronal 
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signal from non grey matter tissues, which indirectly includes lesions. For the latter to 

work as expected, we ensured with visual inspection that there was no anomaly in the 

segmentation and normalization of the grey matter of all the included subjects. Suppl. 

Mat. I and II provide figures of the original T1 and segmented grey matter for all 

participants and for the three excluded patients. Neither patients nor HCS showed a 

significant difference in the number of motion outliers between music and rest conditions 

(two-sided paired t-test; patients: p=0.42, music mean ± SD = 14 ± 14, median (range) = 11 

(46); rest mean ± SD = 9 ± 9, median (range) = 7 (31); HCS: p=0.31, music mean ± SD = 23 ± 

17, median (range) = 21 (54); rest mean ±= SD = 19 ± 19, median (range) = 13 (51)). No 

significant difference was found between patients and HCS for the rest (p=0.20) and for 

the music condition (p=0.21).The highest observed percentage of motion outliers was 

18.3% in one HCS and 15.6% in one patient. The percent of motion outliers related to the 

totality of volumes per subject and session can be found in Suppl. Mat.III. Finally, the 

histograms of connectivity provided by CONN at the denoising step are available in Suppl. 

Mat. IV. 

5.2. Network-to-voxel analysis of consciousness-level-dependent changes in connectivity 

Within the music condition, consciousness-level-dependent increases of connectivity were 

found in the FPN and in the DMN (Figure 1 & Suppl. Mat. VI). In the FPN, such increases of 

connectivity were found with four clusters covering: a) the left angular gyrus, b) the left 

frontal pole, c) the right middle frontal gyrus, and d) the right frontal pole. In the DMN, we 

identified consciousness-level-dependent increases of connectivity with three clusters 

covering: a) the left lateral occipital cortex, b) the left posterior cingulate 

gyrus/precuneus, and c) the left inferior frontal gyrus (pars orbitalis). No significant 

consciousness-level-dependent increase of connectivity was found for the auditory 

network (with or without visual areas) and music-evoked emotions network. 

During rest, consciousness-level-dependent changes in connectivity were only observed 

within the DMN (Figure 1 & Suppl. Mat. VI). This network showed an increase of 

connectivity with three clusters covering: a) the left posterior cingulate gyrus/precuneus, 

b) the left hippocampus, and c) the right middle temporal gyrus. 
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Looking at effect sizes of both conditions separately, we observe a linear gradation of the 

connectivity increase along with the level of consciousness (from (E)MCS to HCS), except 

for the group of UWS who appears to present a hyperconnectivity (Suppl. Mat. VII, VIII, 

IX). This linear gradation is most marked for the FPN. 

[FIGURE 1] 

When comparing the music to the rest condition, consciousness-level-dependent changes 

in connectivity were found for the FPN with one cluster located in the precuneus/PCC 

(Figure 2a & Suppl. Mat. VI). No significant difference between the two conditions was 

observed for any of the other networks. 

Looking at effect sizes, we observe that the difference of connectivity between the two 

conditions seems to be driven by the group of (E)MCS, while the other groups remain 

constant (Figure 2b).  

[FIGURE 2] 

5.3. Voxel-to-voxel analysis of consciousness-level-dependent changes 

5.3.1. Intrinsic connectivity (ICC) 

During the music condition, analysis revealed a consciousness-level-dependent increase of 

intrinsic connectivity (Figure 3a & Suppl. Mat. X) in seven clusters covering: a) the left 

lateral occipital cortex, left angular gyrus and left supramarginal gyrus, b) the left inferior 

and middle temporal gyrus, c) the left supramarginal gyrus, d) the precuneus, e) the right 

inferior frontal gyrus (pars triangularis) and frontal operculum, f) the left supramarginal 

gyrus, and g) the left middle frontal. 

During the rest condition, consciousness-level-dependent increases of intrinsic 

connectivity were found in two clusters covering: a) the left middle temporal gyrus, and b) 

precuneus (Figure 3a & Suppl. Mat. X.). 

Looking at effect sizes of each condition separately, we observe the same pattern that was 

previously observed in the network-to-voxel analyses of rest and music conditions alone. 
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The connectivity increases along with the level of consciousness from (E)MCS to HCS, 

while the group of UWS presents a hyperconnectivity (Suppl. Mat. X, XI, XII).  

No significant results were found when the music condition was compared to the rest 

condition. 

5.3.2. Amplitude of Low-Frequency fluctuation (ALFF) 

During the music condition, consciousness-level-dependent increases in ALFF were found 

in nine clusters (Figure 3b and Suppl. Mat. X.) covering: a) the posterior cingulate gyrus, b) 

the precuneus, c) the  left frontal pole, d) the left planum polare and temporal pole, e) the 

left inferior temporal gyrus, f) the left parahippocampal gyrus, g) the left middle temporal 

gyrus, h) the brainstem and i) the left inferior temporal gyrus. 

During the rest condition, consciousness-level-dependent increases in ALFF were observed 

in four clusters covering: a) the left posterior cingulate gyrus, b) the left frontal pole, c) the 

right supramarginal gyrus, and d) the left frontal pole (Figure 3b & Suppl. Mat. X.). 

Looking at the effect sizes of both conditions separately, a linear gradation of the activity 

along with the level of consciousness (from (E)MCS to HCS) is once again observed for all 

the clusters, while a hyper-activity is observed for UWS patients. 

When comparing the music condition to the rest condition, consciousness-level-

dependent increases in ALLF were observed in nine clusters covering: a) the brainstem, b) 

the vermis, c) the right temporal pole, d) the brainstem, e) the left inferior and middle 

temporal gyrus, f) the left angular gyrus, g) the left posterior inferior temporal gyrus, h) 

the left temporal pole and insular cortex, and i) the left middle temporal gyrus (Figure 3b 

& Suppl. Mat. X.). Looking at the effect sizes, we see that the (E)MCS and LIS groups are 

the one driving the changes in ALFF between the two conditions. Across most of the 

clusters, (E)MCS patients either stay constant or have decreased ALFF, while LIS patients 

either stay constant or have increased ALFF (Figure 4).  

No consciousness-level-dependent increases in fALFF were found. 

[FIGURE 3] 
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               [FIGURE 4] 

6. Discussion 

In the present study, we explored the effects of preferred music on brain functional 

connectivity in relation to consciousness. Among the four investigated networks (network-

to-voxel analysis), the FPN (also known as task-positive, or external network) was the only 

one showing stronger consciousness-level-dependent increases of connectivity in the music 

compared to the rest condition. This stronger relationship to consciousness during 

preferred music was found in the precuneus, which is known to be especially important in 

internal awareness (Stewart et al., 2006) as well as episodic memory (Fletcher et al., 1995). 

The precuneus also plays a key role in music processing and visual imagery (Nakamura et 

al., 1999). While the current study could not find any consciousness-related functional 

connectivity changes for the FPN in the rest condition alone (contrary to previous studies : 

Demertzi et al., 2014, 2015), several regions showed connectivity increases during the 

music condition. During music, connectivity with the left angular gyrus, the frontal pole and 

the right middle frontal gyrus showed a relation to consciousness. The angular gyrus is well-

known for its role in episodic memory, and may therefore intervene in the recognition of 

music and the recall of personal associated memories evoked by music (Bonnici et al., 

2018). In healthy subjects for example, the angular gyrus showed increased functional 

connectivity during an imagined music performance task (Tanaka and Kirino, 2019). In 

addition, this region was shown to be involved in language processing in patients with DOC 

(Aubinet et al., 2020), which might be related to the processing of lyrics. Moreover, right 

frontal activity has previously been related to the processing of mode and tempo (Khalfa et 

al., 2005) and is strongly associated with emotional processing (Bidelman, 2013). Overall, 

the regions showing consciousness-level related increases in connectivity during music have 

previously been observed to relate to consciousness in larger studies within classical rest 

conditions (Demertzi et al., 2015). 

Functional connectivity with the DMN showed a relation to the level of consciousness 

both in the rest and music conditions, although no significant difference was found 

between the two conditions. Both conditions individually showed increased connectivity 

in the precuneus and parts of the posterior cingulate gyrus. In the rest condition, 
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connectivity increases were also observed in the left hippocampus and right middle 

temporal gyrus. These results are consistent with previous findings of increased DMN 

connectivity (Vanhaudenhuyse et al., 2010) and decreased ICC and entropy (Luppi et al., 

2019) in proportion to the level of consciousness in brain-injured patients. Furthermore, 

several regions showed increased connectivity only in the music condition: the left lateral 

occipital cortex and the left inferior frontal gyrus. These regions have all been related to 

musical processing; connectivity of the lateral occipital cortex and precuneus are related 

to musical training (Tanaka and Kirino, 2016), while the inferior frontal gyrus is involved in 

the recognition of familiar melodies (Satoh et al., 2006). 

Whole brain functional connectivity results (ICC) are in line with those of the network-

level analysis mentioned above. The music and rest conditions independently showed 

significant connectivity increases as a function of the level of consciousness in the middle 

temporal gyrus and precuneus. In the music condition, stronger connectivity as a function 

of consciousness was also observed in multiple regions already highlighted in the network-

to-voxel analyses, namely those involved in language and semantic processing (i.e., the 

left angular gyrus, left supramarginal gyrus, left lateral occipital cortex, left inferior 

temporal gyrus) (Visser et al., 2010). Besides these areas, the right inferior frontal gyrus 

and the right frontal operculum were also found to have stronger connectivity as a 

function of consciousness in the music condition. These two regions are known to be 

involved in music processing, respectively in the perception of the emotional content of 

music (Tabei, 2015), and in pitch processing and melody generation (Stewart et al., 2006).  

In addition to the investigation of functional connectivity, we also probed the potential 

positive changes that music could induce on the magnitude of brain regional spontaneous 

activity. When comparing music to rest, we found increasing ALFF (but not fALFF) in the 

brainstem, the vermis, the temporal pole, the left inferior and middle temporal gyrus, left 

insular cortex and the left angular gyrus, all of which are music-related brain areas. For 

example, the cerebellar vermis and the brainstem are important in musical temporal 

structure processing (Levitin, 2009; Bidelman, 2013), the insular cortex is involved in 

pleasant and familiar music processing (Stewart et al., 2006; Koelsch, 2014), the middle 

temporal gyrus is known to play a role in auditory and linguistic processing, as well as 

music memory (Binder et al., 1996; Watanabe et al., 2008), and the inferior temporal 
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gyrus is involved in stimulus recognition (Buckley et al., 1997). Similarly to the connectivity 

analysis, both the rest and music conditions individually showed regions of activation in 

relation to consciousness (see Figure 3 & Suppl. Mat. X.). Furthermore, consciousness-

level-dependent changes in activity are again found more substantial during the music 

condition than during the rest condition. In line with the above-mentioned results, all 

regions of increased activity can be related to musical processing. On the other hand, the 

absence of significant results with fALFF must urge us to consider the results from ALFF 

with the greatest caution (Mao et al., 2015). For this reason, future studies should 

replicate these results to investigate if the presence of results with ALFF but not with 

fALFF might imply that noise is being measured instead of the signal. 

With a partial reanalysis of patients’ data (Heine et al., 2015) we provide further 

relevant insights on the importance of preferred stimuli during assessment of patients’ 

cognitive capacity. The results converge furthermore with previous studies and provide 

evidence that music might potentially trigger activity and connectivity changes more 

substantially compared to a rest condition without any sensory stimulation. These effects 

are mostly observed in brain regions involved in consciousness, episodic memory, but also 

in auditory, language and emotion processing. Moreover, the effect sizes of the significant 

results provide us additional insights, showing that the difference in connectivity observed 

between the two conditions in the FPN (with the precuneus) is mostly driven by a 

decrease of connectivity in (E)MCS patients. We expect this observed decrease in 

connectivity to be due to stronger anticorrelations in EMCS patients. Previous research 

has shown that anticorrelations are observable with the FPN in EMCS patients, but not in 

MCS and UWS (Di Perri et al., 2016). However, the observed effects could also be due to a 

decrease of positive connectivity or even a reorganization of cerebral networks. Regarding 

ALFF, a music-induced effect is also identifiable, with a wide decrease in activity in several 

regions observed in (E)MCS and an increase in LIS patients. Although these findings have 

to be taken and interpreted with caution due to our small sample size, we did not find any 

substantial changes in UWS and HCS in terms of connectivity or activity due to preferred 

music. These effects of music therefore could only be observed in severely brain-injured 

patients with some preserved awareness. The absence of effect in HCS is in line with the 

findings of two previous studies (Castro et al., 2015; Heine et al., 2015). To explain the 
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absence of effect in HCS, these studies hypothesized that the cerebral responses of the 

HCS cannot be enhanced because they are already at ceiling, or because of the control 

condition, which would be too neutral to observe a difference with the music condition. 

Alternatively, it is possible that the effect of music on HCS may be more subtle than the 

response evoked in brain-injured patients (who experience a reduction of sources of 

stimulations due to their condition, and hence may be more sensitive to stimuli such as 

music), which would require a bigger sample size to observe. Finally, in all our results, the 

group of UWS seems to present a constant hyper-connectivity/activity, whether during 

the music or the rest condition. In the absence of any difference between the two 

conditions we can conclude that music does not seem to trigger any stronger effect on 

UWS patients. Even if this pattern is surprising, it is however not without precedent since 

other studies also evidenced hyperconnectivity in these patients (Di Perri et al., 2013, 

2016; Wu et al., 2015). One hypothesis would be a persistent engagement of residual 

neural activity in self-reinforcing neural loops which, in turn, might disrupt normal 

patterns of connectivity. 

Our study has several limitations. Due to the experiment design, only patients that 

were not sedated, remained calm enough, and had close relatives who knew their favorite 

music could be included, leading to a small sample size. The low number of patients and 

its heterogeneity prevents from making strong assumptions or generalizing the findings. 

However, the obtained results are in line with previous studies on music interventions in 

DOC (Grimm and Kreutz, 2018). Moreover, our sample was divided in four groups: 

unconsciousness, fluctuating consciousness, LIS and normal consciousness. Further studies 

should therefore focus on exploring potential effects within the minimally conscious 

population. Furthermore, we decided to include LIS patients in our gradient of 

consciousness, placing them between MCS-EMCS and HCS. Although, by definition, LIS 

have relatively preserved cognitive capabilities, our two LIS patients presented below-

standard performance in neuropsychological tests evaluating visual memory, executive 

functions, language and sustained attention. We therefore postulated that they could 

present stronger music related effects compared to HCS, which generally show no effect 

of music (Castro et al., 2015; Heine et al., 2015). Finally, the study employs preferred 
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music because of the beneficial effects of preferred music demonstrated in other 

pathologies such as stroke (Soto et al., 2009), and those of salient stimuli on DOC patients. 

We assumed preference can maximize the effect of music on brain function. However, it is 

entirely possible that the observed effects are not due to the preference itself and we 

cannot draw conclusions as to which properties of (preferred) music we can attribute the 

effects. Even though the chosen music was vastly different within and between subjects, 

the results could indeed be due to the structural and acoustic features of the musical 

pieces. Furthermore, our findings are in line with both of the existing theories explaining 

the beneficial effect of music at present, namely the "Mood and arousal hypothesis" 

(Nantais and Schellenberg, 1999), and the autobiographical priming (Castro et al., 2015). 

Further research should focus on effects of music in general and its specific acoustic 

features as well as simple auditory stimuli. Future studies should also explore the effect of 

preference to distinguish between the current theories. In this context, the exploration of 

the salience network might also be of interest. 

In conclusion, music seems to enhance brain functioning by strengthening the 

connectivity and increasing regional spontaneous activity of a wide range of subcortical 

and cortical brain regions in a conscious-level dependent manner. These results constitute 

an indication of stronger musical processing in higher states of consciousness. They could 

also point towards the ability of music to temporarily stimulate patients’ brain functions. 

Overall, although our results should be taken with caution given the small sample size and 

the heterogeneity of patients` clinical condition, they seem to be in favor of the 

hypothesis that music could play a role in improvements of diagnostic assessment. 
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Figure 1. Mean network connectivity in patients during the rest condition (on the left) and 

during the music conditions (on the right) for the fronto-parietal and default-mode 

networks. Maps show the regions presenting consciousness-level-dependent increases of 

connectivity. Color-bar indicates the strength of the connectivity. 

  

D
ow

nl
oa

de
d 

by
 M

ac
qu

ar
ie

 U
ni

ve
rs

ity
 (

C
au

l)
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

6/
24

/2
0.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Page 31 of 60 
 
 
 

31 

B
ra

in
 C

o
n

n
ec

ti
vi

ty
 

A
n

 E
ch

o
 o

f 
C

o
n

sc
io

u
sn

es
s:

 B
ra

in
 f

u
n

ct
io

n
 d

u
ri

n
g 

p
re

fe
rr

ed
 m

u
si

c.
  (

D
O

I:
 1

0
.1

0
8

9
/b

ra
in

.2
0

2
0

.0
7

4
4

) 

Th
is

 p
a

p
er

 h
as

 b
ee

n
 p

ee
r-

re
vi

ew
ed

 a
n

d
 a

cc
e

p
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g
 a

n
d

 p
ro

o
f 

co
rr

ec
ti

o
n

. T
h

e 
fi

n
al

 p
u

b
lis

h
ed

 v
er

si
o

n
 m

ay
 d

if
fe

r 
fr

o
m

 t
h

is
 p

ro
o

f.
 

 

Figure 2. a) Mean network connectivity in patients during the music compared to the rest 

condition for the fronto-parietal network.  Maps show the regions with stronger 

consciousness-level-dependent increases of connectivity. b) Effect sizes (z-values) for the 

cluster (precuneus) showing increased correlation across consciousness states with the 

fronto-parietal network in the music compared to the rest condition. The violin plots 

represent kernel density estimation. Each red dot represents one patient/healthy subject 

and black lines represent the mean.  
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Figure 3. Voxel-to-voxel analysis of the Intrinsic Connectivity Contrast (a) - ICC) and of the 

Amplitude of Low-Frequency Fluctuation (b) - ALFF). The maps show brain areas with 

stronger consciousness-level-dependent increases during the rest condition (on the left), 

the music condition (in the middle) and during the music compared to the rest condition 

(on the right). 
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Figure 4. Effect sizes (z-values) for the clusters showing increased ALFF (activity) in the 

music compared to the rest condition at the whole brain level. The violin plots represent 

kernel density estimation. Each dot represents one patient/healthy subject and black lines 

represent the means. Each color represents one cluster. 
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SUPPLEMENTARY MATERIALS 

This document includes: 

Supplementary I. Original t1 of all HCS/patients included in the study and of the 3 rejected 

patients. 

Supplementary II. Segmented grey matter of all HCS/ patients included in the study and of 

the 3 rejected patients. 

Supplementary III.  Percent of motion outliers related to the totality of volumes per 

session and per HCS/patient 

Supplementary IV. Histogram of connectivity for each patient and each healthy subject 

Supplementary V. Coordinates of all the seeds used for the network-to-voxel analyses. 

Supplementary VI. fMRI results of network-to-voxel analysis 

Supplementary VII. Network-to-voxel analysis: fronto-parietal network (music) 

Supplementary VIII. Network-to-voxel analysis: default mode network (music) 

Supplementary IX. Network-to-voxel analysis: default mode network (rest) 

Supplementary X. fMRI results of voxel-to-voxel analysis. 

Supplementary XI. Voxel-to-voxel analysis: Intrinsic Connectivity Contrast (music) 

Supplementary XII. Voxel-to-voxel analysis: Intrinsic Connectivity Contrast (rest) 

Supplementary XII. Voxel-to-voxel analysis: Amplitude of Low Frequency Fluctuation 

(music) 

Supplementary XIV. Voxel-to-voxel analysis: Amplitude of Low Frequency Fluctuation 

(rest) 

Supplementary Material I. Original t1 (multi-slices) of all subjects and patients included in the 

study, and of the three rejected patients. 
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Three rejected patients 
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Supplementary Material II. Segmented grey matter of all subjects and patients included in the 

study (above), and of the three rejected patients (below). 

 

 

  

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Subject 6 

Subject 7 Subject 8 EMCS3 EMCS2 EMCS1     LIS2 
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D
ow

nl
oa

de
d 

by
 M

ac
qu

ar
ie

 U
ni

ve
rs

ity
 (

C
au

l)
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

6/
24

/2
0.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Page 39 of 60 
 
 
 

39 

B
ra

in
 C

o
n

n
ec

ti
vi

ty
 

A
n

 E
ch

o
 o

f 
C

o
n

sc
io

u
sn

es
s:

 B
ra

in
 f

u
n

ct
io

n
 d

u
ri

n
g 

p
re

fe
rr

ed
 m

u
si

c.
  (

D
O

I:
 1

0
.1

0
8

9
/b

ra
in

.2
0

2
0

.0
7

4
4

) 

Th
is

 p
a

p
er

 h
as

 b
ee

n
 p

ee
r-

re
vi

ew
ed

 a
n

d
 a

cc
e

p
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g
 a

n
d

 p
ro

o
f 

co
rr

ec
ti

o
n

. T
h

e 
fi

n
al

 p
u

b
lis

h
ed

 v
er

si
o

n
 m

ay
 d

if
fe

r 
fr

o
m

 t
h

is
 p

ro
o

f.
 

Three rejected patients: 

 

 

 

D
ow

nl
oa

de
d 

by
 M

ac
qu

ar
ie

 U
ni

ve
rs

ity
 (

C
au

l)
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

6/
24

/2
0.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Page 40 of 60 
 
 
 

40 

B
ra

in
 C

o
n

n
ec

ti
vi

ty
 

A
n

 E
ch

o
 o

f 
C

o
n

sc
io

u
sn

es
s:

 B
ra

in
 f

u
n

ct
io

n
 d

u
ri

n
g 

p
re

fe
rr

ed
 m

u
si

c.
  (

D
O

I:
 1

0
.1

0
8

9
/b

ra
in

.2
0

2
0

.0
7

4
4

) 

Th
is

 p
a

p
er

 h
as

 b
ee

n
 p

ee
r-

re
vi

ew
ed

 a
n

d
 a

cc
e

p
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g
 a

n
d

 p
ro

o
f 

co
rr

ec
ti

o
n

. T
h

e 
fi

n
al

 p
u

b
lis

h
ed

 v
er

si
o

n
 m

ay
 d

if
fe

r 
fr

o
m

 t
h

is
 p

ro
o

f.
 

Supplementary III. Percent of motion outliers related to the totality of volumes per 

session and subject/patient 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 Rest condition  Music condition 

      Patient 1 1.6 % 1.6 % 

Patient 2 1.6 % 0.3 % 

Patient 3 5 % 5 % 

Patient 4 2.3 % 1 % 

Patient 5 1.6 % 3.6 % 

Patient 6 0.3 % 3.6 % 

Patient 7 3 % 2.3 % 

Patient 8 10.6 % 7.6 % 

      Patient 9 2.6 % 15.6 % 

     Subject 10 5 % 2 % 

Subject 11 2.3 % 7 % 

Subject 12 6.6 % 9.6 % 

Subject 13 0.3 % 0.3 % 

Subject 14 15.6 % 12 % 

Subject 15 1 % 7 % 

Subject 16 3.6 % 6.3 % 

Subject 17 17.3 % 18.3 % 
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IV. Histogram of connectivity for each patient and each healthy subject (generated by CONN 

v17F toolbox). 

Patient 1 : Rest                                                             Patient 1 : Music 

 

 Patient 2 : Rest                                                         Patient 2 : Music 
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Patient 3 : Rest                                                          Patient 3 : Music 

 

Patient 4 : Rest                                                          Patient 4 : Music 
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Patient 5 : Rest                                                          Patient 5 : Music 

 

Patient 6 : Rest                                                        Patient 6 : Music 
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Patient 7 : Rest                                                          Patient 7 : Music 

 

Patient 8 : Rest                                                      Patient 8 : Music 
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Patient 9 : Rest                                                        Patient 9 : Music 

 

Subject 10 : Rest                                                  Subject 10 : Music 
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Subject 11 : Rest                                                  Subject 11 : Music 

 

Subject 12 : Rest                                                Subject 12 : Music 
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Subject 13: Rest                                                      Subject 14: Music 

 

Subject 14: Rest                                                     Subject 14 : Music 
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Subject 15: Rest                                                   Subject 15 : Music 

 

Subject 16 : Rest                                                 Subject 16: Music 
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Subject 17 : Rest                                                        Subject 17 : Music 
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Supplementary V. Coordinates of all the seeds used for the network-to-voxel analyses. 

            Networks                    Regions   Coordinates 

          Default mode  Posterior cingulate cortex 

/precuneus 

1, -61, 38 

 Medial prefrontal cortex 1, 55, -3 

 Left lateral parietal cortex -39, -77, 33 

 Right lateral parietal cortex  47, -67, 29 

        Frontoparietal Left lateral prefrontal cortex -43, 33, 28 

 Right lateral prefrontal cortex 41, 38, 30 

 Left posterior parietal cortex -46, -58, 49 

 Right posterior parietal cortex 52, -52, 45 

             Auditory  Anterior cingulate cortex -6, -7, 43 

 Left precentral gyrus -53, -6, 8 

 Right precentral gyrus 58, -6, 11 

 Left superior temporal gyrus -44, -6, 11 

 Right superior temporal gyrus 44, -6, 11 

 Left visual cortex -6, -88, 37 

 Right visual cortex 6, -88, 37 

  Music-evoked emotions Left hippocampus -24, -16, -14 

 Right hippocampus 22, -14, -14 

 Left amygdala -18, -8, -12 

 Right amygdala 20, -7, -16 

 Right nucleus accumbens 10, 6, 2 

 Left auditory cortex -38, -28, 14 

 Right auditory cortex 48, -18, 8 

 Left caudate nucleus -8, 8, 8 

 Pre-supplementary motor area 2, 16, 48 

 Frontomedian cortex 8, 20, 46 

 Rostral cingulate zone 2, 16, 36 
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VI. fMRI results of network-to-voxel analysis. 

Clusters coordinates  (x, y, z) Size Mass p-FDR Side Brain regions 

Frontoparietal network 

Music condition 

-54 -60 46 568 0.000000 Left Angular gyrus 

-42 58 0 276 0.005227 Left Frontal pole 

40 16 60 207 0.006958 Right 
Middle frontal 

gyrus 

42 62 -2 146 0.013111 Right Frontal pole 

Music > rest 

0 -56 24 342 0.007634 Bilateral Precuneus 

Default-mode network 

Music condition 

-50 -70 40 526 0.002855 Left 
Lateral occipital 

cortex 

-8 -56 36 269 0.005887 Left 

Posterior 

cingulate 

gyrus/precuneus 

-36 20 -24 92 0.048416 Left 

Inferior frontal 

gyrus (pars 

orbitalis) 

Rest condition 

-6 -50 28 123 0.036163 Left 

Posterior 

cingulate 

gyrus/precuneus 

-24 -32 -14 122 0.036163 Left Hippocampus 

58 -4 -18 105 0.036163 Right 
Middle temporal 

gyrus 

VII. Network-to-voxel analysis: fronto-parietal network (music). The effect sizes are 

calculated on the overall of each cluster. 
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VIII. Network-to-voxel analysis: default mode network (music).  
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IX. Network-to-voxel analysis: default mode network (rest).  
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X. fMRI results of voxel-to-voxel analysis. 

Clusters coordinates (x, y, z) Size Mass p-FDR Brain regions 

Intrinsic connectivity  

Music condition 

-66 -52 22 654 0.001966 Left 

Lateral occipital 

cortex 

Angular gyrus 

Supramarginal 

gyrus 

-50 -62 -18 268 0.007649 Left 
Middle & inferior 

temporal gyrus 

-60 -32 34 198 0.008026 Left 
Supramarginal 

gyrus 

-2 -56 22 90 0.021763 Left Precuneus 

48 18 -2 113 0.016048 Right 

Inferior frontal 

gyrus (pars 

triangularis) 

Frontal 

operculum 

cortex 

-38 -50 40 63 0.039072 Left 
Supramarginal 

gyrus 

-38 16 48 52 0.040064 Left 
Middle frontal 

gyrus 

Rest condition 

-60 -62 -2 116 0.053701 Left 
Middle temporal 

gyrus 

-12 -52 4 83 0.053701 Left Precuneus 
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Music condition 
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0 -38 30 488 0.004176 Bilateral 
Posterior 

cingulate gyrus 

-4 -56 22 255 0.012845 Left Precuneus 

-48 44 -8 134 0.012845 Left Frontal pole 

-44 -2 -14 160 0.012845 Left 
Planum polare 

Temporal pole 

-44 -50 -18 140 0.012845 Left 
Inferior temporal 

gyrus 

-18 -20 -20 137 0.012845 Left 
Parahippocampal 

gyrus 

-62 -22 -14 90 0.025886 Left 
Middle temporal 

gyrus 

-14 -14 -30 68 0.042283 Left Brainstem 

-56 -22 -30 64 0.044898 Left 
Inferior temporal 

gyrus 

Rest condition 

-2 -50 18 198 0.039050 Left 
Posterior 

cingulate gyrus 

-50 34 16 89 0.042124 Left Frontal pole 

58 -44 34 88 0.042124 Right 
Supramarginal 

gyrus 

-50 44 -12 80 0.042124 Left Frontal pole 

Music > rest 

-12 -28 -28 218 0.006143 Left Brainstem 

-6 -46 -30 179 0.006143 Left Vermis 

34 4 -38 159 0.006143 Right Temporal pole 

22 -38 -30 156 0.006143 Right Brainstem 

-50 -38 -12 153 0.006143 Left 
Inferior & middle 

temporal gyrus 

-52 -54 32 91 0.017393 Left Angular gyrus 
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-50 -26 -24 81 0.017906 Left 
Posterior inferior 

temporal gyrus 

-38 4 -18 70 0.024860 Left 
Temporal pole 

Insular cortex 

-66 -26 -12 50 0.048830 Left 
Middle temporal 

gyrus 
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XI. Voxel-to-voxel analysis: Intrinsic Connectivity Contrast (music). 
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XII. Voxel-to-voxel analysis: Intrinsic Connectivity Contrast (rest). 
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XIII. Voxel-to-voxel analysis: Amplitude of Low Frequency Fluctuation (music). 

 

 

 

 

 

 

  

D
ow

nl
oa

de
d 

by
 M

ac
qu

ar
ie

 U
ni

ve
rs

ity
 (

C
au

l)
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

6/
24

/2
0.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Page 60 of 60 
 
 
 

60 

B
ra

in
 C

o
n

n
ec

ti
vi

ty
 

A
n

 E
ch

o
 o

f 
C

o
n

sc
io

u
sn

es
s:

 B
ra

in
 f

u
n

ct
io

n
 d

u
ri

n
g 

p
re

fe
rr

ed
 m

u
si

c.
  (

D
O

I:
 1

0
.1

0
8

9
/b

ra
in

.2
0

2
0

.0
7

4
4

) 

Th
is

 p
a

p
er

 h
as

 b
ee

n
 p

ee
r-

re
vi

ew
ed

 a
n

d
 a

cc
e

p
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g
 a

n
d

 p
ro

o
f 

co
rr

ec
ti

o
n

. T
h

e 
fi

n
al

 p
u

b
lis

h
ed

 v
er

si
o

n
 m

ay
 d

if
fe

r 
fr

o
m

 t
h

is
 p

ro
o

f.
 

XIV. Voxel-to-voxel analysis: Amplitude of Low Frequency Fluctuation (rest). 
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