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ABSTRACT: Recent advances in neuroimaging have demonstrated that patients with disorders of consciousness 

(DOC) may retain residual consciousness through activation of a complex functional brain network. However, 

an understanding of the hierarchy of residual consciousness and dynamic network connectivity in DOC patients 

is lacking. This study aimed to investigate residual consciousness and the dynamics of neural processing in DOC 

patients. We included 42 patients with DOC, categorized by aetiology. Event-related potentials combined with 

time-varying electroencephalography networks were used to probe affective consciousness in DOC and examine 

the related network mechanisms. The results showed an obvious frontal P3a component among patients in 

minimally conscious state (MCS), while a prominent N1 was observed in unresponsive wakefulness syndrome 

(UWS). No late positive potential (LPP) was detected in these patients. Next, we divided the results by aetiology. 

Patients with nontraumatic injury presented an obvious frontal P3a response compared to those with traumatic 

injury. With respect to the dynamic network mechanism, patients with UWS, both with and without trauma, 

exhibited impaired frontoparietal network connectivity during the middle to late emotion processing period (P3a 

and LPP). Surprisingly, unconscious post-traumatic patients had an evident deficit in top-down connectivity. 

This, it appears that early automatic sensory identification is preserved in UWS and that exogenous attention 

was preserved even in MCS. However, high-level cognitive abilities were severely attenuated in unconscious 

patients. We also speculate that reduced frontoparietal connectivity may be useful as a biomarker to distinguish 

patients in an MCS from those with UWS given the same aetiology. 
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Disorders of consciousness (DOC), which include a 

spectrum of pathological states of consciousness, can be 

subdivided into coma, unresponsive wakefulness 

syndrome (UWS), and the minimally conscious state 

(MCS). UWS is characterized by preserved autonomic 

functions but no self-awareness or environmental 

awareness [1]. In MCS, clear yet partial and fluctuating 

signs of awareness are partially preserved [2]. At present, 
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characterizing these covert abilities in individuals with 

DOC is crucial for their diagnosis, clinical management, 

and prognosis. 

The last decade has seen significant advances in the 

application of neuroimaging technologies and 

electrophysiology-based assessments to accurately 

diagnose DOC in the absence of outward responsiveness 

[3, 4]. However, due to the use of various stimulation 

paradigms, the results obtained by neuroimaging are 

heterogeneous. Notably, stimuli with emotional content 

(e.g., the patient’s own name, music, etc.) might be more 

effective than the traditional sine tones in unmasking 

covert awareness [5], since the processing of emotionally 

significant stimuli is prioritized [6]. Therefore, the use of 

emotional stimuli may help improve the detection of 

residual consciousness in DOC patients. Physiologically, 

the brain processes emotional sound in a very efficient 

way, which usually takes tens of milliseconds [7]. fMRI 

(functional magnetic resonance imaging) shows excellent 

spatial resolution and is widely used in neuroscience; 

however, this technique relies upon the haemodynamic 

response and has insufficient temporal resolution to 

capture rapid emotion processing. Electro-

encephalography (EEG), given its millisecond-level 

resolution, is a suitable option for investigating the brain 

response associated with emotion regulation. ERPs 

(event-related potentials), which are electrophysiological 

correlates of neural impulses time-locked to a stimulus, 

can reflect the synchronous neural activity that underlies 

information processing. Indeed, ERP evidence 

demonstrated that DOC patients successfully maintained 

varying degrees of residual awareness [8]. 

Current evidence suggests that a global hallmark of 

impaired consciousness caused by brain damage is 

profound disruption of functional connectivity. For 

example, investigations have reported that disrupted 

default mode network (DMN) activity is related to loss of 

consciousness, and Demertzi further reported on auditory 

network differences between MCS and UWS patients [9-

11]. Nonetheless, recent research has shown that brain 

functional connectivity is not static but rather exhibits 

spontaneous fluctuations over time [12, 13]. However, 

these fluctuating network connections, especially the 

dynamic time-varying connections in various stages of 

emotional sound processing, are unclear, and 

understanding this dynamic network mechanism may help 

elucidate the impairment of information processing in 

DOC [14]. The adaptive directed transfer function 

(ADTF, also termed the time-varying DTF) has been 

shown to be useful for capturing dynamic network 

patterns that correspond to distinct stages of information 

processing [15, 16]. In the present study, we applied the 

ADTF methodology to assess DOC patients’ underlying 

pathological states of consciousness with the aim of 

obtaining spatiotemporal network information. This 

information may be valuable for improved understanding 

of the different dysfunctional connectivity patterns in 

UWS and MCS patients. Moreover, information on the 

various relationships between neural injury patterns and 

functional disconnections is limited. Therefore, we 

examined a large sample of patients with traumatic and 

nontraumatic DOC to ascertain the relevance of aetiology 

and network connectivity and to determine the 

mechanism of individuals’ brain injuries. 

 

MATERIALS AND METHODS  

Patients 

A total of 42 patients (20 UWS, 22 MCS) in the 

Department of Rehabilitation at Hangzhou Hospital of 

Zhejiang CAPR were included in our study. All subjects 

met the study inclusion criteria: (1) no centrally acting 

drugs; (2) no neuromuscular function blockers and no 

sedation within 24 hours prior to the study; (3) periods of 

spontaneous eye opening; and (4) diagnosis of UWS or 

MCS based on the Coma Recovery Scale-Revised (CRS-

R) [17]. Structural brain images were obtained beforehand 

using a magnetic resonance imaging (MRI) scanner for all 

patients, except two patients with metallic cerebral 

implants or pacemakers, who were assessed with 

computed tomography (CT). Patients with significant 

brain tissue defects, more than 30% of total brain volume 

were excluded [18]. Twenty-four healthy, age-matched, 

right-handed volunteers also participated in the 

experiment. One healthy control and 10 DOC patients 

were excluded due to poor EEG data. Of the remaining 32 

patients, 18 met the diagnostic criteria defining UWS (10 

traumatic; 12 male; age range 26 to 75 years, mean 52 

years), and 14 patients met the diagnostic criteria defining 

an MCS (6 traumatic; 9 male; age range 31 to 73 years, 

mean 56 years). All demographic and clinical 

characteristics of the enrolled patients are shown in Table 

1. 

Standard protocol approval, registration, and patient 

consent 

The trial was conducted in accordance with the 

Declaration of Helsinki. Written informed consent was 

obtained from the legal representative of each patient. 

This study was approved by the Ethical Committee of the 

First Affiliated Hospital, School of Medicine, Zhejiang 

University, and by Hangzhou Hospital of Zhejiang 

CAPR. Moreover, the clinical study has been registered at 

https://clinicaltrials.gov under the registration number 

NCT03385291. 
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Table 1. The characteristic data of patients in DOC. 

Patient clinical 

diagnosis 
gender/ 

age 
etiology Lesions (CT or MRI) Month since 

injury 
CRS-R 

sub-scores 
CRS-R total 

scores 

01 MCS M/40 Trauma Bilateral frontal, temporal 
and right parietal, occipital 

lobe lesions 

7.1 1 0 3 0 0 2 6 

02 MCS M/67 Hemorrhage Bilateral frontal, temporal 
lobe lesions 

3.0 0 0 3 0 0 2 5 

03 MCS F/72 Hemorrhage Right frontal, temporal 

lobe, basal ganglia and 

brain stem lesions 

6.1 1 1 3 0 0 2 7 

04 MCS M/70 Trauma Bilateral frontal, temporal 

lobe lesions 

2.2 0 1 4 0 0 2 7 

05 MCS F/44 Anoxia Diffuse demyelination 3.1 2 3 1 1 0 2 9 

06 MCS M/31 Hemorrhage Brain stem lesions 10.8 1 2 3 0 0 2 8 

07 MCS M/73 Hemorrhage Brain stem and cerebellum 

lesions 

4.0 2 3 4 0 0 3 12 

08 MCS M/43 Trauma Left temporal, parietal lobe 

lesions 

3.2 1 2 3 0 0 2 8 

09 MCS F/67 Trauma Bilateral frontal lobe and 

left parietal lobe lesions 

2.5 1 0 2 1 0 2 6 

10 MCS F/68 Hemorrhage Left basal ganglia lesions 2.2 2 2 3 0 0 3 10 

11 MCS M/60 Hemorrhage SAH 2.2 4 4 5 2 1 3 19 

12 MCS M/61 Hemorrhage Right basal ganglia lesions 2.5 2 3 2 0 0 2 9 

13 MCS M/45 Trauma Bilateral frontal lobe and 

left parietal lobe lesions 

2.7 2 3 2 0 0 2 9 

14 MCS F/48 Trauma Bilateral frontal lobe and 

left parietal lobe lesions 

6.3 2 2 3 0 0 2 9 

15 VS M/44 Anoxia Diffuse demyelination 7.3 1 0 1 0 0 2 4 

16 VS M/42 Anoxia Diffuse demyelination 7.1 0 0 1 1 0 2 4 

17 VS M/65 Trauma Left frontal and parietal 

lobe lesions 

3.0 0 1 0 0 0 2 3 

18 VS M/34 Hemorrhage Right temporal, parietal 
and occipital lobe and left 

frontal lobe lesions 

0.7 0 0 1 0 0 2 3 

19 VS F/26 Trauma Bilateral frontal and 
temporal lesions 

2.1 2 1 2 0 0 2 7 

20 VS M/33 Trauma Diffuse demyelination 6.1 0 0 1 0 0 2 3 

21 VS M/59 Trauma Left frontal and temporal 

lobe, basal ganglia lesions 

2.2 0 1 1 0 0 2 4 

22 VS M/62 Trauma Right frontal and temporal 

lobe lesions 

4.4 0 0 2 0 0 2 4 

23 VS M/52 Trauma SAH, right temporal lobe 

lesions 

2.5 1 1 2 0 0 2 6 

24 VS F/55 Hemorrhage left frontal and temporal 

lesion  

1.6 1 1 2 0 0 2 6 

25 VS M/35 Hemorrhage Brain stem lesion  6.0 0 0 2 0 0 2 4 

26 VS F/49 Hemorrhage Brain stem lesion  3.2 0 0 2 0 0 2 4 

27 VS M/54 Trauma SAH 1.7 2 1 2 0 0 2 7 

28 VS F/67 Trauma Right temporal lobe 

lesions 

5.9 0 1 1 0 0 2 4 

29 VS F/53 Hemorrhage SAH 1.4 2 1 2 0 0 3 8 

30 VS M/69 Hemorrhage Brain stem lesion  2.0 0 1 2 1 0 2 6 

31 VS F/63 Trauma  Right temporal lobe lesions 4.0 0 1 2 0 0 2 5 

32 VS M/75 Trauma Left frontal and temporal 

lobe lesions  

2.4 2 1 2 2 0 2 9 

 

CRS-R = Coma Recovery Scale-Revised; Six subscales score of CRS-R indicating the assessment of auditory, visual, motor, verbal, 

communication functions and arousal. SAH: subarachnoid hemorrhage 

ERP paradigm 

The vocal stimuli were binaurally delivered to the 

participants at a maximum intensity of 90 dB using a 

passive auditory oddball paradigm. The standard stimulus 

was a meaningless neutral sound (namely, the interjection 

“ah”), while the deviant stimulus was the same sound with 
positive or negative affective prosody. These stimuli, 

uttered by four different voices, were chosen from the 

validated battery of vocal emotional expressions [19]. 
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Each stimulus lasted 700 ms and was followed by an inter-

stimulus interval of 1500 ms. Each of the 4 blocks 

contained a total of 110 stimuli in the same voice, with 86 

standards, 12 happy deviants and 12 sad deviants in each 

of the 4 blocks. These deviant sounds were presented in a 

randomly permuted order, ensuring that the same sound 

was not presented multiple times in quick succession. 

EEG recording 

The EEG was recorded using a 64-channel BrainCap 

(Brain Products GmbH, Munich, Germany) in the 

standard 10–20 system. All EEG electrodes were 

referenced online to FCz. A vertical electro-oculogram 

(EOG) was recorded supra-orbitally from the left eye, and 

a horizontal EOG was recorded from the right orbital rim. 

The impedance of all electrodes was kept below 10 kΩ, 

and 50 Hz was notched. The EEG and EOG signals were 

amplified using a DC 1000 Hz bandpass filter and were 

continuously sampled at 500 Hz/channel. 

 

 

Figure 1. The spatial locations of the selected electrodes. (A) The electrodes used for dynamic network 

analysis. (B-D) The spatial locations of the electrodes: (B) back, (C) upper, and (D) right. 

EEG data processing 

The continuous EEG was re-referenced to the average of 

the bilateral mastoid electrodes TP9 and TP10. A basic 

finite impulse response (FIR) filter between 0.1 and 30 Hz 

was used to block the DC offset and reject high-frequency 

noise. Independent component analysis (ICA) was 

performed to remove electro-oculogram artefacts, and the 

EEG signals were then reconstructed from the remaining 

components. We extracted trials spanning from -200 to 

1000 ms, with the stimulus onset defined as zero, and we 

baseline corrected all trials to their mean voltage from -

200 to 0 ms. We also excluded trials with amplitudes more 

than 3 standard deviations from the mean.  

To lower the effect of volume conduction, we 

selected a sparse array of 27 electrodes and used them in 

a time-varying network analysis (Fig. 1) [20, 21]. For each 

subject, all of the remaining artefact-free trials during 

emotional processing were further used to construct time-
varying networks with the trial-by-trial ADTF. The 

ADTF, as an extension of the directed transfer function 
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(DTF), is used to extract the directional information flow 

between brain structures and is considered as a type of 

multivariate Granger causality. The ADTF is derived 

from the time-varying coefficients obtained from a 

multivariate adaptive autoregressive (MVAAR) model 

with the Kalman filter algorithm. In the current study, to 

quantitatively evaluate the directed information flow 

between each pair of electrodes, we applied the ADTF to 

all of the remaining artefact-free trials for each patient, 

and we averaged the constructed ADTF networks trial by 

trial across all trials, resulting in a final time-varying 

network for each patient [21, 22]. Trial-by-trial ADTF 

averaging can remove unstable patterns caused by noise 

while conserving the intrinsic time variation [15]. The 

details of the time-varying multivariate adaptive 

autoregressive (TV-MVAAR) model and ADTF method 

are provided in the supplementary methods. 

Network properties 

The clustering coefficient (C), global efficiency (Ge), 

local efficiency (Le), and characteristic path length (L) are 

four commonly used network properties. C and Le 

indicate the local connectedness of a graph; L and Ge 
index the global connectedness. Higher values of C, Ge, 

and Le indicate stronger connectivity, while L has the 

opposite relationship with connectivity strength. The 

specific definitions of these properties are as follows: 
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Here, wij and ijd →

 represent the connectivity strength 

and shortest directed path length between nodes i and j, 
respectively; n denotes the number of network nodes; and 

N denotes the set of network nodes. 

Statistical analyses 

Mass univariate analysis with a t-test at each time point 

for each condition was used within the EEGLAB study 

framework to capture the precise moments in which 

different neural responses emerge [23]. In our current 

research, a two-tailed t-test was performed at each time 

point from 0 ms to 1000 ms. This type of mass univariate 

analysis, consisting of thousands of statistical tests, is one 

of the most useful analyses for tracking subtle differences 

in rapidly changing EEG signals. In contrast to the 

commonly used ANOVA, which requires investigators to 

know beforehand approximately when an effect will 

occur, this approach can not only detect the expected 

effects with sufficient temporal resolution but also reveal 

several unexpected ERP components; therefore, mass 

univariate analysis is a useful method for a novel protocol 

in which the timing of effects is unknown beforehand [23, 

24].  

For time-variant network analysis, two-tailed t-tests 

were performed. The edges with significantly strong 

connections (P < 0.05) between two groups were retained 

to construct the time-varying network. Furthermore, to 

assess the relationships between patients’ behavioural 

presentations and cortical activity patterns, we calculated 

Pearson’s correlation coefficients between CRS-R scores 

and network properties. 

 

RESULTS 

 

ERP results 

Figure 2 and Supplementary Figure 1 show the ERP 

waveforms at different latencies in the emotional 

paradigm: the N1 waveforms (a negative dip between 100 

and 200 ms at electrode Fz), the P3a waveforms (a 

positive deflection peaking approximately 300 ms after 

the stimulus at electrode Fz), and the late positive 

potential (LPP, a long positive elevation between 400 and 

1000 ms in the centroparietal area, as shown in Figure S1). 

Many previous ERP studies specifically assessing 

emotional processing have focused on the LPP, a midline 

ERP that lasts for several hundred milliseconds [25]. The 

grey bars show the regions with significant differences 

between conditions (P < 0.05, FDR corrected). The results 

from healthy controls are presented in the supplementary 

materials (Supplementary Fig. 1). 

As for DOC patients, the N1 component (and no 

LPP) was observed in both UWS and MCS patients. An 

emotion-evoked P3a was present in the MCS group 

(Figure 2A). However, in the UWS groups, none of the 

middle to late ERP components (P3a and LPP) 

significantly differed between the neutral and emotional 

settings, whereas the amplitude of N1 was increased 

during emotion processing (Fig. 2B). 
Since the patients showed a detectable brain 

response to emotional stimulation, as indicated by the P3a 

in MCS and N1 in UWS patients, the following sections 
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focus on exploring the neural mechanisms using emotion-

inducing protocols, which involve more complex 

networks and plasticity mechanisms. 

When the role of brain injury aetiology was 

considered, nontraumatic MCS patients had a P3a that 

peaked in the frontal and temporal lobes with the 

presentation of emotional stimuli (Fig. 3A, C). 

Additionally, P3a was similarly implicated in 

nontraumatic UWS subjects (Fig. 3A). There was also a 

significant difference in P3a amplitudes between 

nontraumatic MCS and UWS participants. 

In contrast, traumatic brain injury patients presented 

no peak P3a (Figure 3A). Moreover, the difference in P3a 

amplitude between the traumatic and nontraumatic groups 

was statistically significant (Fig. 3B). 

 

 

 

 
Figure 2. Grand average ERP to target stimuli at electrodes Fz, Cz, and Pz. (A) An obvious N1 and P3a 

evoked by emotional sound in MCS patients. (B) A significant emotion-evoked N1 in UWS subjects (P<0.05, 

FDR corrected). 
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Figure 3. Grand average ERP waveforms at electrode Fz. (A) Both traumatic and nontraumatic MCS patients 

had increased P3a amplitudes at the frontal-central electrode. (B) The waveform difference between traumatic and 

nontraumatic groups with the same diagnosis. P3a amplitudes were enhanced in the nontraumatic participants 

compared with the traumatic participants. The grey bars indicate regions of significant difference between 

conditions (P <0.05, FDR corrected). (C) The scalp topography of P3a. Positive activation was detected between 

280 ms and 320 ms in frontoparietal electrodes for nontraumatic MCS and UWS. NT=nontraumatic, T=traumatic. 

 

Time-varying networks 

 

The above analysis of ERPs provided a background 

understanding of the timing of different stages during 

emotion stimulus processing. Given this background, we 

investigated the time course of varying network patterns 

across a 1000 ms period. 
In traumatic MCS patients, emotional sounds resulted 

in increased flow from the occipital region to the temporal 

and parietal regions between 100 and 200 ms; at 300 ms, 

occipital cortex activation and enhanced flow from the left 

frontal region to the parieto-occipital region were 

observed, lasting until 1000 ms (Fig. 4A). For 

nontraumatic MCS, no significantly increased 

information flow was detected at the early processing 

stage. From 200 to 1000 ms, differences were observed in 
the retrograde connections from the frontal region to the 

superior temporal and parietal regions. pecifically, 
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nontraumatic MCS patients showed preserved top-down 

connectivity (Fig. 4B). In general, MCS patients exhibited 

increased top-down connectivity compared with UWS 

patients during the middle to late periods of emotional 

stimulus processing. In comparison, there was no 

significantly increased information flow in traumatic 

UWS patients (Fig. 4C), and information flow was altered 

only in the right occipital area in nontraumatic UWS 

patients (Fig. 4D). 

 

 

 
 

Figure 4. Significantly different network patterns in four conditions (rows) and for five time points 

(columns). Red lines illustrate increased connectivity in MCS compared to UWS, and blue lines illustrate 

decreased connectivity in MCS. The arrows indicate the direction of information flow. From 300 ms to 1000 

ms, both traumatic MCS (A) and nontraumatic MCS (B) showed increased frontoparietal connectivity. (C) 

and (D) denote networks with stronger connectivity in UWS than MCS patients; the results from trauma 

patients are presented in the upper row (C), and those from nontraumatic UWS patients with occipital 

activation are in the bottom row (D). 

 

Next, we assessed the differences between patients 

with traumatic and nontraumatic conditions. Strengthened 

temporal activation in the early stage and increased 

expression of top-down influences from frontal regions to 

temporoparietal regions between 300 and 1000 ms were 

observed in nontraumatic MCS participants, especially 

after 600 ms, as illustrated by the thick lines (Figure 5A). 

In Figure 5B, increased activation was evident in the right 

primary motor cortex as well as between the frontoparietal 

lobes in nontraumatic UWS patients throughout 
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emotional processing. In contrast, traumatic MCS patients 

exhibited increased activity only in the posterior areas, 

i.e., the occipital and parieto-occipital cortices (Fig. 5C), 

whereas no increase in information flow was detected in 

traumatic UWS patients (Fig. 5D). 

 

 

 
 
Figure 5. Time-varying network comparisons between traumatic and nontraumatic patients. Red lines 

illustrate increased connectivity in nontraumatic patients, and blue lines illustrate decreased connectivity. 

Increased connection from frontal regions to temporoparietal regions between 300 and 1000 ms was observed 

in nontraumatic MCS (A) and nontraumatic UWS (B). (C) Significant activation in the occipital area in 

traumatic MCS. (D) No significant increased network connectivity in traumatic UWS. 

 

Correlation of network properties and CRS-R scores 

 

Here, four representative network properties, including 

the clustering coefficient (C), characteristic path length 

(L), global efficiency (Ge), and local efficiency (Le), were 

used to describe the strength of network connectivity. 

Among trauma patients, these network properties had 

significant linear correlations with CRS-R scores (C: r = 

0.535, P = 0.033; L: r = -0.494, P = 0.052; Ge: r = 0.490, 

P = 0.054; Le: r = 0.523, P = 0.038; Fig. 6). However, 

there was no linear correlation between CRS-R scores and 

network properties in the nontraumatic group (C: r 

=0.081, P = 0.767; L: r = -0.121, P = 0.654; Ge: r = 0.120, 

P = 0.658; Le: r = 0.091, P = 0.738; Supplementary Fig. 

2). 
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Figure 6. Traumatic patients showed a strong correlation between brain network properties and total 

CRS-R scores. 

 

DISCUSSION 

 

In this study, we identified essential differences in both 

ERPs and dynamic network activation between MCS and 

UWS participants. Patients with UWS had impaired top-

down processing compared with MCS patients, and the 

impaired frontoparietal connectivity in these individuals 

was usually accompanied by impairment of the higher-

level cognitive abilities as assessed by middle to late ERP 

components. Specifically, such failures were evident in 

unconscious patients with traumatic brain injury. 

 

Distinct brain responses: ERP 

 

The N1 component is thought to be an index of the pre-

emotional perception of physical parameters of a stimulus 

(e.g., pitch, volume) [26]. Therefore, the evocation of N1 

may suggest early automatic sensory identification among 

DOC patients. Another intriguing phenomenon was the 

prominent frontal P3a in nontraumatic MCS patients. It is 

generally hypothesized that P3a is a biomarker of 

exogenous attention and is triggered by “bottom-up” 

stimuli [27, 28]. In the present study, we found that 
involuntary, bottom-up attentional orientation may be 

preserved in DOC patients. However, some researchers 

have proposed that P3a may reflect the level of function 

of top-down attention switching, auditory attention, and 

an individual’s cognitive capability [29, 30]. Collectively, 

our results and the conclusions drawn by others 

consistently suggest that P3a reflects frontal attention. 

On the basis of neuropharmacological and 

neurogenetic research, P3a has been described as a 

primarily dopaminergic ERP [31, 32]. Converging 

evidence from studies involving animals and humans has 

demonstrated that traumatic brain injury increases 

dopaminergic neurodegeneration [33]. Given this 

background, we hypothesized that the effect of traumatic 

brain injury on the dopaminergic system might account 

for the adverse interactions of the P3a waveform with 

cognition. 

In addition to having connections with dopaminergic 

signalling, P3a is related to the uncertainty of an event 

[34]. A potential explanation is that increased attention is 

directed towards an infrequent stimulus to facilitate the 

modification of a behavioural response [35-37]. In healthy 

controls with intact feedback and regulatory systems, as 

in the present study, the experimental design, wherein 

deviant stimuli followed neutral prosody, allowed 
prediction and may thus have attenuated the amplitude of 

P3a or eliminated it entirely. Conversely, additional 
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attentional resources were allocated to the higher-level 

cognitive tasks (as evidenced by evoked LPPs) [38, 39]. 

However, in MCS patients, as the infrequently presented 

emotional sounds can be regarded as a specific class of 

motivationally significant and attention-capturing stimuli, 

the additional attention increased the amplitude of the P3a 

component. 

Additionally, various lines of evidence indicate that 

the frontoparietal junction affects the production of P3a 

and that frontal lobe engagement is therefore necessary 

for its appearance [40-42]. Hence, the present research 

explored the neural pathology of different patient groups 

in relation to P3a. Our work explored the brain network 

differences between those with and without a history of 

trauma exposure. The reduced frontoparietal activation in 

trauma-exposed patients may be related to degeneration 

of P3a. This topic is elaborated in further detail below in 

the discussion of network analysis. 

LPP has been shown to increase significantly in 

response to emotional images and sounds. Thus, this 

component is established to be an index of emotion 

regulation processes [25, 43]. Available data suggest that 

LPP requires conscious recognition and sustained 

attention [43]. Specifically, this component is an index of 

high-level cognitive demands, such as memory encoding 

and storage [43, 44]. Hence, it is reasonable to speculate 

that high-level cognitive ability is greatly attenuated in 

DOC patients. 

 

Distinct brain network architecture 

 

The present study demonstrated that the frontoparietal 

networks of patients with UWS were generally 

suppressed. Similar findings have been reported by Boly 

et al., who reported selective disruption of top-down 

processes from frontal to parietal regions in UWS patients 

using dynamic causal modelling [14]. Other single-

modality studies consistently demonstrated that in 

patients with UWS, metabolic activity, along with 

functional and structural connectivity, is greatly reduced 

across widespread regions in the frontoparietal networks 

[11, 45-47]. These findings, in combination with our 

results showing an obvious dynamic reduction in 

frontoparietal connectivity during affective processing in 

patients with UWS, indicate that structural integrity may 

be linked to effective functional connectivity [48]. Further 

evidence of this link should be provided with multimodal 

studies that involve assessments of white matter structural 

integrity, metabolic function, and dynamic, temporally 

varying networks. 

The present study explored brain network 

differences according to DOC aetiology. The disrupted 

functional connectivity of brain network architecture in 

trauma-exposed patients was significant here. On this 

basis, it is reasonable to suspect that the disrupted 

networks are associated with discrepant mechanisms of 

brain impairment. Diffuse axonal injury is the main 

mechanism underlying the effects of traumatic brain 

injury (TBI). Several studies have suggested that TBI may 

trigger persistent neurodegenerative processes [49]. 

Disruptions of functional connectivity in these individuals 

may be related to deficits in structural integrity [50], 

which also account for the decreased top-down 

processing. Another interesting finding is the obvious 

activation of the occipital lobes in trauma-exposed 

participants, supporting the compensatory role of the 

occipital areas in frontal- and parietal-lobe-driven 

cognitive processes. Occipital cortical activity is thought 

to indicate automatic or controlled cognitive processes, 

even in the absence of visual stimulation [51, 52]. This 

activity is believed to have a major influence on the 

processing of bottom-up input while being a suitable 

candidate for top-down processes [53, 54]. That is, top-

down processing could act as a “gate”, controlling 

occipital cortical processing [55].  

Importantly, no strong relationship between CRS-R 

scores and network properties existed in nontraumatic 

DOC patients. Considering this observation, we assert 

that the value of this behavioural assessment in patients 

without trauma needs to be re-evaluated, and additional 

criteria should be developed for the more accurate 

assessment of consciousness in these individuals. From 

another perspective, the network properties were not 

effective in identifying the remaining consciousness in 

nontraumatic DOC patients, whereas in the traumatic 

groups, these properties could reveal the levels of 

consciousness and further synergize with CRS-R 

evaluation. 

There are some limitations to the present study. First, 

positive and negative affective stimuli were not analysed 

separately, a possible concern given the innate negativity 

bias [56]. In addition, diagnoses of MCS and UWS in this 

study cohort were based on the CRS-R scores, which may 

not accurately assess an individual’s state of 

consciousness. Diagnostic errors are worth considering, 

even if two clinicians performed these assessments daily 

for a week before participant enrolment to assess 

condition authenticity and stability. Moreover, in the 

present study, we did not localize brain injuries. Because 

of the confines of the bony ridges of the inner skull, focal 

cortical contusions resulting from inertial forces 

frequently cause damage localized in frontal and anterior 

temporal areas [57]. Additionally, structural brain images 

for all patients were obtained beforehand to exclude 

patients with significant brain tissue defects involving 

more than 30% of the total brain volume. It would be 

highly meaningful to divide the study groups according to 

lesion location; however, such stratification in our study 
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would lead to inaccurate results because of the limited 

number of individuals in each group. In the future, studies 

with large sample sizes should be conducted to yield 

conclusive findings. Due to the inferior spatial resolution 

of the EEG method, developing a multidomain method 

combining EEG and MRI appears to be promising, since 

neuroimaging studies provide excellent spatial resolution 

to detect specific cortical areas associated with 

consciousness and emotional processing. Notably, we did 

not pay attention to the differences between DOC patients 

and healthy controls. Compared to healthy controls, DOC 

patients had conspicuous abnormalities in functional 

connectivity; nevertheless, the contrast between MCS and 

UWS was subtle and not observable. Specifically, the 

evoked LPP in healthy controls proved that such a simple 

emotional paradigm was associated with significant 

affective valence. Hence, in light of the failure to gaze in 

DOC, a novel sound stimulus or even a multi-modal 

stimulus is recommended, considering the perceptual 

enhancement that results from presenting stimuli in 

different modalities [58]. 

Acknowledgements 

The authors thank all the patients and their families. The 

authors express appreciation to Professor Sun Yu in 

Zhejiang University for the helpful comments on revised 

versions of this manuscript. This work was supported by 

the Fundamental Research Funds for the Central 

Universities (2019-XZZX-001-01-02) and the National 

Natural Science Foundation of China (81870817). 

Competing interests 

None declared. 

 

Supplementary Materials  

  

The Supplemenantry data can be found online at: 

www.aginganddisease.org/EN/10.14336/AD.2019.0606.     

 

References 

 
[1] Laureys S, Celesia GG, Cohadon F, Lavrijsen J, Leon-

Carrion J, Sannita WG, et al (2010). Unresponsive 

wakefulness syndrome: a new name for the vegetative 

state or apallic syndrome. BMC Med, 8: 68. 

[2] Machado C (2002). The minimally conscious state: 

definition and diagnostic criteria. Neurology, 59: 1473, 

1473-1474. 

[3] Morlet D, Fischer C (2014). MMN and novelty P3 in 

coma and other altered states of consciousness: A 

review. Brain Topogr, 27:467-479. 

[4] Di HB, Yu SM, Weng XC, Laureys S, Yu D, Li JQ, et al 

(2007). Cerebral response to patient's own name in the 

vegetative and minimally conscious states. Neurology, 

68:895-899. 

[5] Fischer C, Luaute J, Morlet D (2010). Event-related 

potentials (MMN and novelty P3) in permanent 

vegetative or minimally conscious states. Clin 

Neurophysiol, 121: 1032-1042. 

[6] Panksepp J (2005). Affective consciousness: Core 

emotional feelings in animals and humans. Conscious 

Cogn, 14: 30-80. 

[7] Dennis TA, Hajcak G (2009). The late positive potential: 

a neurophysiological marker for emotion regulation in 

children. J Child Psychol Psychiatry, 50: 1373-1383. 

[8] Vanhaudenhuyse A, Laureys S, Perrin F (2008). 

Cognitive event-related potentials in comatose and post-

comatose states. Neurocrit Care, 8: 262-270. 

[9] Demertzi A, Gomez F, Crone JS, Vanhaudenhuyse A, 

Tshibanda L, Noirhomme Q, et al (2014). Multiple fMRI 

system-level baseline connectivity is disrupted in 

patients with consciousness alterations. Cortex, 52: 35-

46. 

[10] Huang Z, Dai R, Wu X, Yang Z, Liu D, Hu J, et al (2014). 

The self and its resting state in consciousness: an 

investigation of the vegetative state. Hum Brain Mapp, 

35: 1997-2008. 

[11] Demertzi A, Antonopoulos G, Heine L, Voss HU, Crone 

JS, de Los AC, et al (2015). Intrinsic functional 

connectivity differentiates minimally conscious from 

unresponsive patients. Brain, 138: 2619-2631. 

[12] Allen EA, Damaraju E, Plis SM, Erhardt EB, Eichele T, 

Calhoun VD (2014). Tracking whole-brain connectivity 

dynamics in the resting state. Cereb Cortex, 24: 663-676. 

[13] Hutchison RM, Womelsdorf T, Allen EA, Bandettini 

PA, Calhoun VD, Corbetta M, et al (2013). Dynamic 

functional connectivity: promise, issues, and 

interpretations. Neuroimage, 80: 360-378. 

[14] Boly M, Garrido MI, Gosseries O, Bruno MA, Boveroux 

P, Schnakers C, et al (2011). Preserved feedforward but 

impaired top-down processes in the vegetative state. 

Science, 332: 858-862. 

[15] Wilke C, Ding L, He B (2008). Estimation of time-

varying connectivity patterns through the use of an 

adaptive directed transfer function. IEEE Trans Biomed 

Eng, 55: 2557-2564. 

[16] Omidvarnia A, Azemi G, Boashash B, O'Toole JM, 

Colditz PB, Vanhatalo S (2014). Measuring time-

varying information flow in scalp EEG signals: 

orthogonalized partial directed coherence. IEEE Trans 

Biomed Eng, 61: 680-693. 

[17] Giacino JT, Kalmar K, Whyte J (2004). The JFK Coma 

Recovery Scale-Revised: measurement characteristics 

and diagnostic utility. Arch Phys Med Rehabil, 85: 2020-

2029. 

[18] Song M, Yang Y, He J, Yang Z, Yu S, Xie Q, et al 

(2018). Prognostication of chronic disorders of 

consciousness using brain functional networks and 

clinical characteristics. Elife,7. pii: e36173. 

[19] Morneau-Sevigny F, Pouliot J, Presseau S, Ratte M, 

Tremblay M, Macoir J, et al (2014). Validation of 

emotional prosodic stimuli in Quebec-French for 50-80 

years. Can J Aging, 33: 111-122. 

[20] Si Y, Wu X, Li F, Zhang L, Duan K, Li P, et al (2018). 

Different Decision-Making Responses Occupy Different 

http://www.aginganddisease.org/EN/10.14336/AD.2019.0606


Wu M., et al                                                                                          Impaired top-down processes in traumatic DOC 

Aging and Disease • Volume 11, Number 2, April 2020                                                                              313 

 

Brain Networks for Information Processing: A Study 

Based on EEG and TMS. Cereb Cortex, doi: 

10.1093/cercor/bhy294 

[21] Li F, Chen B, Li H, Zhang T, Wang F, Jiang Y, et al 

(2016). The Time-Varying Networks in P300: A Task-

Evoked EEG Study. IEEE Trans Neural Syst Rehabil 

Eng, 24: 725-733. 

[22] Wilke C, Ding L, He B (2007). An adaptive directed 

transfer function approach for detecting dynamic causal 

interactions. Conf Proc IEEE Eng Med Biol Soc, 2007: 

4949-4952. 

[23] Groppe DM, Urbach TP, Kutas M (2011). Mass 

univariate analysis of event-related brain 

potentials/fields I: a critical tutorial review. 

Psychophysiology, 48: 1711-1725. 

[24] Sanchez-Carmona AJ, Albert J, Hinojosa JA (2016). 

Neural and behavioral correlates of selective stopping: 

Evidence for a different strategy adoption. Neuroimage, 

139: 279-293. 

[25] Ochsner KN, Ray RR, Hughes B, McRae K, Cooper JC, 

Weber J, et al (2009). Bottom-up and top-down 

processes in emotion generation: common and distinct 

neural mechanisms. Psychol Sci, 20: 1322-1331. 

[26] Iredale JM, Rushby JA, McDonald S, Dimoska-Di MA, 

Swift J (2013). Emotion in voice matters: neural 

correlates of emotional prosody perception. Int J 

Psychophysiol, 89: 483-490. 

[27] Chennu S, Finoia P, Kamau E, Monti MM, Allanson J, 

Pickard JD, et al (2013). Dissociable endogenous and 

exogenous attention in disorders of consciousness. 

Neuroimage-Clin, 3: 450-461. 

[28] Chennu S, Bekinschtein TA (2012). Arousal modulates 

auditory attention and awareness: insights from sleep, 

sedation, and disorders of consciousness. Front Psychol, 

3: 65. 

[29] Dien J, Spencer KM, Donchin E (2001). Parsing the late 

positive complex: mental chronometry and the ERP 

components that inhabit the neighborhood of the P300. 

Psychophysiology, 41: 665-678. 

[30] Law SP, Fung R, Kung C (2013). An ERP study of good 

production vis-a-vis poor perception of tones in 

Cantonese: implications for top-down speech 

processing. Plos One, 8: e54396. 

[31] Heitland I, Kenemans JL, Oosting RS, Baas JM, Bocker 

KB (2013). Auditory event-related potentials (P3a, P3b) 

and genetic variants within the dopamine and serotonin 

system in healthy females. Behav Brain Res, 249: 55-64. 

[32] Lee P, Bordelon Y, Bronstein J, Ritz B (2012). 

Traumatic brain injury, paraquat exposure, and their 

relationship to Parkinson disease. Neurology, 79: 2061-

2066. 

[33] Jenkins PO, De Simoni S, Bourke NJ, Fleminger J, Scott 

G, Towey DJ, et al (2018). Dopaminergic abnormalities 

following traumatic brain injury. Brain. 141: 797-810. 

[34] Sutton S, Braren M, Zubin J, John ER (1965). Evoked-

potential correlates of stimulus uncertainty. Science, 

150: 1187-1188. 

[35] Campanella S, Gaspard C, Debatisse D, Bruyer R, 

Crommelinck M, Guerit JM (2002). Discrimination of 

emotional facial expressions in a visual oddball task: an 

ERP study. Biol Psychol, 59: 171-186. 

[36] Willis ML, Palermo R, Burke D, Atkinson CM, 

McArthur G (2010). Switching associations between 

facial identity and emotional expression: a behavioural 

and ERP study. Neuroimage, 50: 329-339. 

[37] Nieuwenhuis S, De Geus EJ, Aston-Jones G (2011). The 

anatomical and functional relationship between the P3 

and autonomic components of the orienting response. 

Psychophysiology, 48: 162-175. 

[38] Desatnik A, Bel-Bahar T, Nolte T, Crowley M, Fonagy 

P, Fearon P (2017). Emotion regulation in adolescents: 

An ERP study. Biol Psychol, 129: 52-61. 

[39] Schupp HT, Flaisch T, Stockburger J, Junghofer M 

(2006). Emotion and attention: event-related brain 

potential studies. Prog Brain Res, 156: 31-51. 

[40] Polich J, Criado JR (2006). Neuropsychology and 

neuropharmacology of P3a and P3b. Int J Psychophysiol, 

60: 172-185. 

[41] Knight RT (1984). Decreased response to novel stimuli 

after prefrontal lesions in man. Electroencephalogr Clin 

Neurophysiol, 59: 9-20. 

[42] Knight RT (1997). Distributed cortical network for 

visual attention. J Cogn Neurosci, 9: 75-91. 

[43] Hajcak G, MacNamara A, Olvet DM (2010). Event-

related potentials, emotion, and emotion regulation: an 

integrative review. Dev Neuropsychol, 35: 129-155. 

[44] MacNamara A, Rabinak CA, Kennedy AE, Phan KL 

(2018). Convergence of fMRI and ERP measures of 

emotional face processing in combat-exposed U. S. 

military veterans. Psychophysiology, 55. 

[45] Laureys S, Goldman S, Phillips C, Van Bogaert P, Aerts 

J, Luxen A, et al (1999). Impaired effective cortical 

connectivity in vegetative state: preliminary 

investigation using PET. Neuroimage, 9: 377-382. 

[46] Boly M, Tshibanda L, Vanhaudenhuyse A, Noirhomme 

Q, Schnakers C, Ledoux D, et al (2009). Functional 

connectivity in the default network during resting state is 

preserved in a vegetative but not in a brain dead patient. 

Hum Brain Mapp, 30: 2393-2400. 

[47] Tan X, Zhou Z, Gao J, Meng F, Yu Y, Zhang J, et al 

(2019). Structural connectome alterations in patients 

with disorders of consciousness revealed by 7-tesla 

magnetic resonance imaging. Neuroimage Clin, 22: 

101702. 

[48] Bodart O, Amico E, Gomez F, Casali AG, Wannez S, 

Heine L, et al (2018). Global structural integrity and 

effective connectivity in patients with disorders of 

consciousness. Brain Stimul, 11: 358-365. 

[49] Bagnato S, Grimaldi L, Di Raimondo G, Sant'Angelo A, 

Boccagni C, Virgilio V, et al (2017). Prolonged 

Cerebrospinal Fluid Neurofilament Light Chain Increase 

in Patients with Post-Traumatic Disorders of 

Consciousness. J Neurotrauma, 34: 2475-2479. 

[50] Wang Z, Zhang M, Sun C, Wang S, Cao J, Wang K, et 

al (2019). Single mild traumatic brain injury deteriorates 

progressive inter-hemispheric functional and structural 

connectivity. J Neurotrauma, 1557-9042 



Wu M., et al                                                                                          Impaired top-down processes in traumatic DOC 

Aging and Disease • Volume 11, Number 2, April 2020                                                                              314 

 

[51] Moritz CH, Black SL (2005). fMRI reveals large-scale 

network activation in minimally conscious patients. 

Neurology, 65: 1843. 

[52] Kosslyn SM, Pascual-Leone A, Felician O, Camposano 

S, Keenan JP, Thompson WL, et al (1999). The role of 

area 17 in visual imagery: convergent evidence from 

PET and rTMS. Science, 284: 167-170. 

[53] von Stein A, Chiang C, Konig P (2000). Top-down 

processing mediated by interareal synchronization. Proc 

Natl Acad Sci U S A, 97: 14748-14753. 

[54] Arieli A, Sterkin A, Grinvald A, Aertsen A (1996). 

Dynamics of ongoing activity: explanation of the large 

variability in evoked cortical responses. Science, 273: 

1868-1871. 

[55] Bayer M, Rubens MT, Johnstone T (2018). 

Simultaneous EEG-fMRI reveals attention-dependent 

coupling of early face processing with a distributed 

cortical network. Biol Psychol, 132: 133-142. 

[56] Carretie L, Albert J, Lopez-Martin S, Tapia M (2009). 

Negative brain: an integrative review on the neural 

processes activated by unpleasant stimuli. Int J 

Psychophysiol, 71: 57-63. 

[57] Levine B, Fujiwara E, O'Connor C, Richard N, 

Kovacevic N, Mandic M, et al (2006). In vivo 

characterization of traumatic brain injury 

neuropathology with structural and functional 

neuroimaging. J Neurotrauma, 23: 1396-1411. 

[58] Campanella S, Belin P (2007). Integrating face and voice 

in person perception. Trends Cogn Sci, 11: 535-43. 

 


