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Abstract
Treating prolonged disorders of consciousness (pDoC) is challenging. Thus, accurate assessment of residual 
consciousness in patients with pDoC is important for the management and recovery of patients. Functional near-
infrared spectroscopy (fNIRS) can be used to detect brain activity through changes of oxygenated hemoglobin/
deoxygenated hemoglobin (HbO/HbR) concentrations changes and has recently gained increasing attention for its 
potential applications in assessing residual consciousness. However, the number of fNIRS studies assessing residual 
awareness in patients with pDoC is still limited. In this study, fNIRS was used to evaluate the brain function in 18 
patients with pDoC, including 14 vegetative states (VS) and 4 minimally conscious states (MCS), and 15 healthy 
controls (HC). All participants accepted two types of external stimuli, i.e., active stimulation (motor imagery, MI) 
and passive stimulation (subject’s own name, SON). The results showed that the mean concentrations of HbO/
HbR in the prefrontal cortex of the HC during the passive stimulation were significantly lower than those of the 
active stimulation, and the fitting slope was high. However, the hemodynamic responses of the patients with pDoC 
were opposite to those of the HC. Additionally, the mean concentrations of HbO/HbR increased as the level of 
consciousness decreased during passive stimulation. Our findings suggest that the residual level of consciousness 
in pDoC patients can be assessed by measuring brain responses to different stimulations using fNIRS. The present 
study further demonstrates the feasibility and reliability of fNIRS in assessing residual consciousness in patients with 
pDoC, providing a basis for its expanded clinical application.
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Introduction
Disorders of consciousness (DoC) arise from severe 
acquired brain injuries, which cause a continuity of dis-
ruption in the arousal and awareness systems of the 
brain. Common causes of DoC include cerebrovascu-
lar disease, craniocerebral trauma, hypoxia, encephali-
tis, and poisoning. Prolonged disorder of consciousness 
(pDoC), defined as consciousness impairment lasting 
for more than 28 days, mainly including vegetative state 
(VS)/unresponsive wakefulness syndrome (UWS) and 
minimally conscious state (MCS) [1–3]. Unlike coma 
(unresponsiveness from which the patient cannot be 
aroused and in which the patient’s eyes remain closed), 
patients in VS or MCS are awake. Patients in VS open 
their eyes spontaneously or in response to stimulation 
and present preserved autonomic functions, but they 
are not conscious and show only reflexive behaviors. By 
contrast, patients in MCS present some repeatable or 
intentional behaviors but cannot establish functional 
communication or demonstrate functional object use 
[4]. A misdiagnosis may lead to mistreatment and cause 
serious consequences in terms of therapy, prognosis, 
resource allocation, and ethic issues. Therefore, accurate 
assessment of residual consciousness is important for 
managing patients with pDoC.

At present, several evaluation scales, such as the coma 
recovery scale-revised (CRS-R) [5], the full outline of 
unresponsiveness (FOUR) [6, 7], music therapy assess-
ment tool for awareness in disorders of consciousness 
(MATADOC) [8], and sensory modality assessment and 
rehabilitation techniques (SMART) [8, 9] are commonly 
used to assess the residual consciousness in patients with 
pDoC in clinical environment. Nevertheless, it is difficult 
to obtain appropriate signs/biomarkers from the patients 
by these scales because some patients with pDoC are in 
a state of cognitive-motor dissociation (CMD), i.e., com-
mand following during functional magnetic resonance 
imaging (fMRI) and electroencephalogram (EEG) despite 
being unresponsive at the bedside [3, 10]. Neuroimaging 
and electrophysiological techniques have significantly 
facilitated the studies on the evaluation of residual aware-
ness in patients with pDoC [11, 12]. Some studies have 
shown that fMRI may provide specific cortical features 
of loss of consciousness, and various dynamic features of 
EEG signals, and the level of consciousness can be indi-
cated by amplitude and latency through auditory evoked 
responses, spectral power and signal complexity, and 
functional connectivity [13]. However, metal implants, 
critical conditions, the use of anesthetics and the high 
expense greatly limit the application of fMRI [14]. EEG 
allows for bedside measurements, but low spatial reso-
lution and craniotomies resulting in highly abnormal 
recordings, which limit its accessibility [15]. Moreover, 
in some patients, specific cognitive abilities may be 

preserved, meaning different approaches and stimuli 
might elicit more covert awareness. At last, patients with 
pDoC may fluctuate in alertness, awareness, and atten-
tion over time, one test may not reflect the objective 
state. Therefore, based on the above mentioned issues, 
accurate assessment of residual consciousness has always 
been a difficult clinical problem and the misdiagnosis 
rate was approximately 40% [16–18]. Therefore, various 
reliable and stable methods are urgently needed to assess 
residual consciousness in pDoC patients [13, 19, 20].

fNIRS, known as mobile fMRI, is a non-invasive opti-
cal neuroimaging tool that can reflect brain activity 
through responding to the activity of the cerebral cortex 
by detecting the changes of HbO/HbR concentrations. 
With the advantages such as portability, compatibility, 
repeat assessment friendly, movement tolerability, and 
higher safety, fNIRS has recently gained attention for its 
potential applications in assessing residual consciousness 
[21–25]. Though there are some difficulties in improving 
contact between the probes and the scalp, and getting 
high quality signal acquisition, fNIRS can play a vital role 
in identifying in pDoC patients by assessing command-
driven brain activity. However, at present, there is lack 
of applicable and reliable clinic paradigms for evaluating 
residual cognition of patients with pDoC.

The evaluation of consciousness level is based on the 
patient’s response to external stimuli. Several studies 
showed that patients with pDoC respond differently to 
stimuli, suggesting that the stimulus selection is decisive 
for accurately evaluating pDoC patient status [13, 14, 25]. 
Therefore, we hypothesized that the different levels of 
auditory stimulation may help detect residual conscious-
ness more accurately. In the present study, fNIRS was 
used to compare the differences in hemodynamics over 
the prefrontal cortex in response to SON and MI stimuli 
in pDoC patients as well as HC, to further demonstrate 
the feasibility and reliability of fNIRS in assessing resid-
ual consciousness and to provide an objective bedside 
assessment for patients with pDoC.

Materials and methods
Participants
The participants were recruited from the Department 
of Neurological Rehabilitation, China Rehabilitation 
Research Center (Beijing, China) from June 2018 to 
December 2020. The inclusion criteria were: (1) 18–65 
years of age; (2) etiology of stroke, traumatic brain injury 
(TBI), and anoxic, with a duration of more than one 
month; (3) normal sleep-wake cycle; (4) diagnosed as 
VS/UWS or MCS according to the CRS-R scale [26]; (5) 
intact I-V waves of auditory evoked potentials on at least 
one side; (6) right-handed; (7) informed consent signed 
by the legal guardian.
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The exclusion criteria were: (1) subjects who have 
changed their names; (2) epilepsy, sympathetic hyper-
excitability, or spasticity without effective control; (3) 
treatment with hypnotics, antiepileptics, and/or antipsy-
chotics for 2 weeks before the study starts; (4) patients 
with local skull defects who could not wear the fNIRS cap 
or could not cooperate with the examination for other 
reasons.

The CRS-R used to evaluate patients were quality con-
trolled. Two clinicians (with 8 years experienced in the 
treatment of pDoC) were trained in formal CRS-R evalu-
ation assessed the patients three times and compared the 
mean scores. If the two scores differ, the two clinicians 
would jointly perform another test to obtain a uniform 
CRS-R score.

A total of 18 patients with pDoC (14 males and 4 
females, aged 47.83 ± 12.88 years) who met the strict cri-
teria were finally selected to complete the experiment. 
The causes of pDoC include stroke, traumatic brain 
injury and anoxic encephalopathy, and the duration of 
consciousness impairment ranges from 1.7 months to 
25.2 months. The clinical characteristics of the patients 
are illustrated in Table 1. In parallel, HC (7 males and 8 
females, aged 25.93 ± 6.62 years) with normal hearing, no 
neurological disease, and no history of brain injury were 
selected as the control group.

Written informed consent was obtained from each 
healthy subject or the patient’s legal guardian for each 
patient in this study. This study was approved by the Eth-
ics Committee of the China Rehabilitation Research Cen-
ter (Ethics Number CRRC-IEC-RF-SC-005-01).

Study design
Each subject was given two different stimuli: the SON 
command (“hello, name of the subject”) and the MI com-
mand (imagine raising his/her right hand). The stimuli 
were presented using auditory commands through head-
phones. For the sound stimuli, words for dubbing were 
synthesized using iFlytek dubbing software, standard 
Mandarin male speech, medium speed, 60–70 decibel 
(dB). The sound was stored in MP3 format, and the stim-
ulation program was presented using EPRIME2.0 soft-
ware (Psychology Software Tools, Inc., Pittsburgh, PA, 
USA). The experimental protocol was block-designed. 
Specifically, the experimental paradigm for each kind of 
stimulation was consisted of an initial baseline (60 s) fol-
lowed by 8 blocks. Each block comprised a task period 
(30 s) and a recovery period (40 s) [27]. The same audi-
tory instructions were repeated 5 times during the SON 
and MI task period. The 2 stimuli were randomly pre-
sented at 60 s intervals. The experimental protocol of this 
study is shown in Fig. 1.

Data acquisition and analysis
The fNIRS signals of the left prefrontal cortex with 5 
channels were measured by the Oxymon MK III (Arti-
nis Medical Systems BV, Nijmegen, The Netherlands) at 
760 and 830 nm with a sampling rate of 10 Hz. The fNIRS 
signals were acquired using three light sources and two 
receivers, and the optodes were arranged above the pre-
frontal along the FP1-FP2 line guided by the international 
10–20 EEG electrode positions, as shown in Fig.  2. The 
midpoint between the light sources and the light detec-
tors was placed 3 cm above the center of the upper edge 

Table 1  Clinical features of patients with pDoC
Diagnosis Gender Age

(years)
Duration of DoC (months) Etiology CRS-R

Patient 1 VS M 57 2.8 Stroke 6

Patient 2 VS M 55 3.4 TBI 6

Patient 3 VS M 60 2.3 Anoxic 6

Patient 4 VS M 64 2.2 Stroke 5

Patient 5 VS M 47 2.8 Stroke 4

Patient 6 VS M 41 19.9 Stroke 5

Patient 7 VS M 60 2.8 Anoxic 5

Patient 8 VS M 31 25.2 Anoxic 7

Patient 9 VS F 45 15.5 Anoxic 7

Patient 10 MCS M 65 4.0 TBI 16

Patient 11 MCS M 48 1.7 Stroke 14

Patient 12 VS F 23 7.6 TBI 7

Patient 13 MCS F 45 6.4 TBI 14

Patient 14 VS M 44 3.1 TBI 6

Patient 15 VS M 59 8.2 Stroke 7

Patient 16 VS F 50 2.3 Stroke 7

Patient 17 VS M 46 4.1 TBI 5

Patient 18 MCS M 21 14.2 Anoxic 11
VS, vegetative state; MCS, minimally conscious state; CRS-R, coma recovery scale-revised; TBI, traumatic brain injury
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of the left orbital fossa; the distance between the source 
and the detector pairs was 3 cm.

Data processing was conducted using Homer 2 soft-
ware and the MATLAB 2017 (The Math Works Inc., 
Natick, MA, USA). Firstly, the original raw optical data 
were converted to the relative concentration changes of 
HbO/HbR based on the modified Beer-Lambert law. 
Then, the data were band pass filtered between 0.01 
and 0.2  Hz to remove cardiac and respiratory interfer-
ences. Next, to eliminate motion artifacts in the signal, 
correlation-based signal improvement (CBSI) was used. 
CBSI method is a channel-by-channel method used to 
filter motion artifacts, which is proposed and confirmed 
by Cui, et al. and Brigadoi, et al. [28, 29], and the trials 
were rejected by detecting serious motion artifacts which 
couldn’t be corrected. The data were normalized using 
the z-score method after pre-processing of HbO/HbR 
signals [30]. Then, the data of the trials were segmented 
into epochs, starting 5 s before the stimulation onset and 
ending 45  s after the audio stimulation. The block-aver-
aged hemodynamic concentration responses and fitting 
slope of epoch were calculated. The block-averaged mean 
value of the HbO/HbR concentration reflects the signal 
amplitude, while the fitting slope indicates the changing 
rate of the HbO/HbR concentration [31, 32]. Then, the 
baseline values were subtracted from the data between 
3 s before stimulation and 40 s after stimulation, and the 
brain functional response curves of HbO/HbR signals 
in the task interval were obtained. The mean concentra-
tion was the mean value of the brain functional response 
curve of HbO/HbR signals from 2 to 20 s after the onset 
of the task. For the fitting slope of a line of best fit, the 
linear fitting method was used to obtain the best estimate 
of the slope of a signal segment, calculated as the fitting 
slope of the brain functional response curve of HbO/HbR 
signals from 5 to 15 s after the onset of the task [31].

Fig. 2  Schematic representing positioning of sources and detectors on 
the scalp. Three sources (red) and two detectors (blue) optodes were 
placed on 5 points according to the international 10–20 EEG system. Large 
orange dots represent reference points of the 10–20 system, whereas 
small orange dots represent reference points of the extended 10–10 EEG 
system. The red lines represent source-detector pairs (each forming an 
fNIRS channel). Image created using NIRSite software

 

Fig. 1  Experimental protocols of participants. BLOCK stimulation was performed for 30 s with an interval of 40 s and repeated 8 times. The two stimuli 
were presented randomly at an interval of 60 s
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Statistical analysis
All data were statistically analyzed using SPSS 22.0 at 
α = 0.05 significance level. GraphPad Prism 8.0 software 
was used for statistical charts. The mean ± standard 
error (SEM) was used for measurement data. The hemo-
dynamic data was divided into three groups (HC, MCS 
and VS) and were not normally distributed by the Kol-
mogorov-Smirnov test, so the rank-sum test was used for 
statistical analysis. The comparisons of the two groups 
were analyzed by means of the nonparametric Mann-
Whitney U test. The comparisons of the three groups 
were analyzed by means of the Kruskal-Wallis test. A 
p-value < 0.05 was considered statistically significant.

Results
The time course of the hemodynamic responses during the 
SON and MI tasks
As shown in Fig.  3A and B, the group-averaged hemo-
dynamic responses of the HC presented the “inverted” 
pattern (that is negative hemodynamic response) char-
acterized by a decrease in HbO and HbR concentrations. 
Specifically, for both SON and MI tasks, the hemody-
namic responses over the prefrontal cortex were rela-
tively stable during the baseline period. At the task onset, 
the HbO and HbR concentrations over the prefrontal 
cortex were decreased.

The group-averaged hemodynamic responses of the 
pDoC patients were presented different distribution pat-
tern in compared with the HC. Specifically, for both the 
SON and MI tasks, the hemodynamic responses over 
the prefrontal cortex were relatively stable during the 
baseline period. However, after the onset of the task, 
the changes of the hemodynamic responses of the SON 
and MI tasks were different from each other. As shown 
in Fig.  3C, the group-averaged hemodynamic responses 
of the pDoC patients showed the “typical” hemodynamic 
response, characterized by an increase in HbO concen-
tration accomplished by a small increase in HbR con-
centration during the SON task. As shown in Fig.  3D, 
the hemodynamic responses of group-averaged pDoC 
patient are characterized by a slightly increase in HbO 
and HbR concentrations during the MI task.

Differences in hemodynamic responses between SON and 
MI stimuli in HC
As shown in Fig. 4, the mean HbO/HbR concentrations 
over the prefrontal cortex of the HC during the MI con-
dition were much higher than after SON stimulation 
(HbO, Z = -4.345, p = 0.000; HbR, Z = -2.241, p = 0.025) 
(Fig. 4A, C). Interestingly, the HbO and HbR concentra-
tions were negative at the group level. In addition, the 
rates of change in HbO concentrations, namely the fit-
ting slope, were much lower for the MI condition than 
the SON stimulation (Z = -5.687, p = 0.000) (Fig. 4B). In 

Fig. 3  The time course of the group-averaged hemodynamic responses 
in healthy control and pDoC patients during SON and MI tasks. The time 
course of mean HbO/HbR in healthy control during SON stimuli (A) and 
MI stimuli (B). The time course of mean HbO/HbR in pDoC patients during 
SON stimuli (C) and MI stimuli (D)
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consistent with the trend of HbO, the HbR fitting slope of 
MI stimulation was much lower than that of SON stimu-
lation, but there was no significant difference (Z = -0.196, 
p = 0.845) (Fig. 4D).

For the pDoC patients, the changes in the hemody-
namic responses were different from those of the HC. 
Specifically, as shown in Fig.  5, the mean values of the 
HbO/HbR concentration during the MI condition were 
significantly lower than after SON stimulation for the 
pDoC patients. Unlike the HC, the HbO and HbR con-
centrations of pDoC were positive during the SON tasks 
(HbO, Z = -0.712, p = 0.477; HbR, Z = -1.210, p = 0.223) 
(Fig. 5A, C). The differences in the fitting slopes of HbO/
HbR between the two stimuli were not statistically sig-
nificant (HbO, Z = -1.497, p = 0.134; HbR, Z = -0.132, 
p = 0.895) (Fig.  5B, D). Thus, these results indicate that 
HC and the pDoC patients might present different pat-
terns of hemodynamic responses to the SON and MI 
stimuli. In addition, the response patterns of pDoC 

patients were opposed to those of the HC when subjected 
to SON and MI stimulations.

The HC and pDoC patients responded differently to the 
SON stimulation
To further determine the differences in the hemodynamic 
response of the HC and pDoC patients when subjected 
to the same stimulation, we analyzed the mean HbO/
HbR concentrations between the controls and patients. 
As shown in Fig.  6, the HbO/HbR concentrations of 
pDoC patients were significantly higher than that of the 
controls under the SON stimulation (HbO, Z = -8.025 
p = 0.000; HbR, Z = -3.954, p = 0.000) (Fig. 6A, B). The fit-
ting slope of HbO was significantly lower in patients than 
that of HC (Z = -3.895, p = 0.000) (Fig. 6E), whereas the 
fitting slope of HbR was much higher in patients than in 
HC (Z = -2.132, p = 0.036) (Fig. 6F).

When stimulated by MI, the HbR concentration 
was significantly higher in pDoC patients (Z = -2.261, 
p = 0.024) (Fig.  6D), and the HbO concentration had 

Fig. 4  The hemodynamic changes in the healthy control group during SON and MI tasks. The health controls received SON and MI tasks as indicated. The 
concentrations of HbO (A) and HbR (C) were recorded. The fitting slope of HbO and HbR are presented in B and D, respectively. *p < 0.05, ****p < 0.0001
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the same trend, but it was not significant (Z = -1.934, 
p = 0.052) (Fig. 6C). The fitting slope of HbO in patients 
was much higher than that of the HC (Z = -3.172 
p = 0.000) (Fig.  6G). No significant differences were 
observed in the fitting slope of HbR (Z = -1.559, p = 0.119) 
(Fig.  6H). These data suggested that the task-evoked 
hemodynamic responses of the pDoC patients were 
positive activation, while the task-evoked hemodynamic 
responses of HC were negative activation. Under the 
MI condition, a strong trend was observed where the 
concentrations and fitting slope in pDoC patients were 
higher than in the controls. The results indicate that the 
pDoC patients have different responses during SON.

Differences in the hemodynamic responses among the 
MCS patients, VS patients, and the HC under the SON 
stimulation
In order to further investigate the differences in hemo-
dynamic responses under the SON and MI tasks, the 

mean values and the fitting slope of the HbO/HbR con-
centrations were quantitatively compared among the 
MCS, VS, and HC. As shown in Fig.  7, under the SON 
stimulation, the HbO/HbR concentrations of the VS 
patients were higher than those of the MCS patients. 
The HbO/HbR concentrations of the MCS patients were 
higher than those of the HC (HbO, H = 65.38, p = 0.000; 
HbR, H = 30.025, p = 0.000) (Fig.  7A, B). The HbO/HbR 
concentration in HC, MCS, and VS patients went from 
negative to positive after SON stimulation. The HbO/
HbR fitting slope of the MCS patients was higher than 
that of the other two groups (HbO, H = 40.773, p = 0.000; 
HbR, H = 38.281, p = 0.000) (Fig.  7E, F). Under the MI 
condition, there was a trend that the HbO/HbR concen-
trations of the VS patients were higher than that of the 
other groups (HbO, H = 6.018, p = 0.052; HbR, H = 6.249, 
p = 0.043) (Fig. 7C, D). The HbO/HbR fitting slope of the 
MCS was significantly higher than that of the VS patients 
and the controls (HbO, H = 26.572, p = 0.000; HbR, 

Fig. 5  The hemodynamic changes in pDoC patients during SON and MI tasks. pDoC patients, including MCS and VS patients, received SON and MI tasks 
as indicated. The concentrations of HbO (A) and HbR (C) were recorded. The fitting slope of HbO and HbR are presented in B and D, respectively
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Fig. 6  The comparison of hemodynamic changes between the HC and the pDoC patients during SON/MI tasks. The health controls and the patients 
received SON/MI stimulations as indicated. The HbO/HbR concentrations during SON (A and B) and MI (C and D) were recorded. The fitting slopes of 
HbO/HbR are presented during SON (E and F) and MI (G and H). *p < 0.05, ***p < 0.001, ****p < 0.0001
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Fig. 7  The comparison of hemodynamic changes among HC and the MCS and the VS patients during SON/MI tasks. The health controls and the pDoC 
patients received SON/MI stimulations as indicated. The HbO/HbR concentrations during SON (A and B) and MI (C and D) were recorded. The fitting 
slopes of HbO/HbR are presented during SON (E and F) and MI (G and H). **p < 0.01, ***p < 0.001, ****p < 0.0001
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H = 33.648, p = 0.000) (Fig. 7G, H). These results may sug-
gest that the VS patients, the MCS patients, and the con-
trols respond differently to SON and MI stimuli.

Discussion
In the present study, the fNIRS was used to compare the 
hemodynamic changes of the prefrontal lobe in patients 
with pDoC and HC in response to different auditory 
stimuli, including active stimulation (MI) and passive 
stimulation (SON). The results showed that the hemo-
dynamic responses of the HC group presented negative 
activations over the prefrontal cortex during both MI 
and SON conditions at the group level; additionally, the 
negative activations were more pronounced under SON 
stimulation. However, the hemodynamic responses of the 
pDoC patients with different levels showed different dis-
tribution patterns during the SON and the MI conditions 
stimulations compared to HC. Interestingly, the HbO/
HbR concentration over the prefrontal cortex changed 
gradually from negative to positive activation as the level 
of consciousness decreased.

Active paradigm studies have suggested that although 
patients with severe brain injury may not have any signs 
of awareness at the bedside, some of them can even mod-
ulate their own brain activity according to commands 
and occasionally answer yes/no questions by performing 
MI tasks [32]. EEG and/or fMRI can detect brain activity 
in approximately 15% of VS patients when stimulated by 
an active consciousness paradigm, which is indicative of 
covert cognitive ability [33, 34]. As a complex advanced 
auditory stimulus, the active stimulation paradigm often 
employed by DoC patients is MI, which shares a com-
mon neural network with motor execution and requires a 
higher level of consciousness to complete [25]. Increased 
HbO characterizes a typical MI-evoked hemodynamic 
response in movement-related regions [35], such as pri-
mary motor area, supplementary motor area, and pre-
motor area, no study about prefrontal lobe. However, 
the sensitivity of detecting covert awareness with active 
paradigms is low [3], which limits their usefulness. In 
contrast, SON stimulation causes a more intense clinic 
response and brain activation in patients because it 
attaches emotion or some kind of familiarity [36, 37]. 
Therefore, SON is commonly used as a stimulation mode 
for detecting residual consciousness in patients with 
pDoC [38]. Accumulating studies based on neuroimag-
ing and electrophysiological techniques have found that 
the response to the SON task is evident in the temporo-
parietal occipital lobe in patients with DoC [19, 38], but 
no evidence in prefrontal lobe. Therefore, combining the 
two stimulation modes (SON and MI) and observing 
the patient’s response pattern to cerebral hemodynam-
ics with two different stimulation levels can improve the 
accuracy of residual consciousness’s evaluation. Peng 

Gui et al. [13]. used EEG to detect residual conscious-
ness in DoC patients by auditory hierarchical language 
processing, and the results showed that the difference 
in the “residual awareness index” between the MCS and 
UWS groups progressively increased as the level of lan-
guage hierarchy increased from rest to words, phrase and 
sentence conditions. This sets the stage for us to detect 
residual awareness using different auditory stimuli. The 
prefrontal cortex, which is an important component of 
the conscious system, has a causal relationship with con-
scious perception [27, 39, 40]. In addition, the prefrontal 
skeleton is relatively intact in most patients with pDoC, 
and all subjects’ prefrontal skeletons are complete in our 
study, increasing the study reliability. Moreover, acquir-
ing the hemodynamics over the prefrontal cortex is 
relatively easy as it is not disturbed by hair and patient’s 
head/neck position. Therefore, in order to facilitate the 
clinical application of this experimental paradigm, we 
examined hemodynamic changes in the prefrontal cortex 
of subjects.

HbO is an effective physiologic index to describe the 
oxyhemoglobin content and oxygen molecular energy 
supply in the brain region, which can indirectly indicate 
the cerebral cortex’s metabolic and functional activ-
ity intensity [41, 42]. In the current study, we found that 
the prefrontal HbO/HbR was negative in HC under two 
stimuli (Figs. 3 and 4), which is consistent with previous 
findings [25, 43]. Holper et al., [43] identified this phe-
nomenon as a decrease in HbO and⁄or an increase in HbR 
as “inverse oxygenation responses” or “negative activa-
tion”, which is often observed during MI tasks or other 
mental tasks and may be associated with specific tasks 
or with inhibition of activation in other brain regions. 
Kempny et al. [25] used motor movement and motor 
imagery tasks to evaluate consciousness in patients with 
pDoC and HC. Also, the results showed that negative 
activations were observed in both groups and tasks in 
supplementary motor area and primary motor cortex. 
This result is broadly consistent with our study, although 
our area of interest is the prefrontal lobe. Eva-Maria, et 
al. [44] using fNIRS recordings of mental arithmetic got 
similar results to the present study, i.e. HbO concentra-
tion of negative values in HC, while smaller negative 
values or positive values over anterior prefrontal cor-
tex in the DoC patient. The reasons could be the BOLD 
response in MRI responding to active inhibition of corti-
cal areas or normal transcallosal inhibition [45]. We also 
proposed that the lateral areas involved in the tasks might 
have led to the decrease in the other areas, as the avail-
able HbO was delivered to the lateral regions. There may 
be other reasons we don’t know about until now. So, we 
plan to add fNIRS optical channels and/or fMRI BOLD 
signal to explore whole brain responds to get the truth.
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Combined with the higher absolute value and slope 
of HbO concentration change during SON stimulation 
than MI stimulation, it is inferred that the normal brain 
responds more strongly to SON stimulation. The pres-
ent study firstly reported that the absolute values of the 
hemodynamic activation in HC was significantly higher 
than those of the pDoC patients during SON stimula-
tion (Fig. 6A and B), and the degree of negative activation 
decreased or even turned positive with the decrease of 
the degree of residual consciousness(Fig. 7A and B). The 
possible reason is that the SON stimulation of normal 
subjects recruits a certain number of neurons for activa-
tion, producing a neurovascular coupling response. Yet, 
with the decrease in consciousness level, the destruction 
of consciousness-related neurons and neural networks 
can only cause a small number of brain responses. Even 
negative activation is a manifestation of brain activation 
responses.

However, there are some confusing results in the study. 
First, we found that when the three groups (HC, MCS, 
and VS) were compared, the slope of the hemodynamic 
responses in the MCS group was higher than in the other 
groups (Fig. 7E and H).In the previous fNIRS studies on 
pDoC, the mean value of the HbO/HbR concentration is 
commonly used index, but the fitting slope index is rarely 
used [31]. Therefore, the number of patients in MCS 
should be increased for further exploring the reliability of 
the slope. Second, it is found that for patients with pDoC, 
the HbO concentration changes in response to SON task 
were positive, whereas the HbO concentration changes in 
response to MI task were negative (Figs. 3, 5 and 6). We 
inferred that the “steal phenomenon” attenuated because 
of the distance between prefrontal lobe and areas that 
may be activated, or MI stimulation is more difficult to 
induce a real response in patients with pDoC. Unfortu-
nately, we cannot conclude whether the measured acti-
vation derives from instruction based task performance. 
So, more homogenous subjects, multiple tasks, repeated 
examinations, and neuroimaging modalities increase the 
likelihood of detecting covert awareness in patients with 
DoC in the future. As an optical tool, fNIRS cannot pre-
cisely localize brain regions as fMRI, but this study lays 
the foundation for further exploration of residual levels 
of consciousness.

Limitations and future directions
There are some limitations in the present study. First, 
the small sample size of subjects may limit the general-
izability of the results. Strict inclusion criteria for pDoC 
patients, such as stable vital signs, minimal head and 
body movements, and normal cardiopulmonary func-
tion, limit the expansion of the sample size in a short 
term. Because age impacts estimates of hemodynamic 
responses and optical properties, strict age matching 

of subjects should be fully considered in future studies. 
Whether damage and loss of brain structures as well eti-
ology may cause inaccurate results needs to be further 
clarified. Second, the available optical channels used in 
this study were limited, and so only the hemodynamics 
over the left prefrontal cortex was investigated. In fur-
ther studies, the advanced study design and the improved 
fNIRS equipment with more optical channels should be 
used to investigate, so as to accurately evaluate the resid-
ual consciousness of patients with pDoC. Moreover, the 
possible causes of the negative activation should also be 
explored. In further explorative study, advanced experi-
mental design and improved techniques should be used 
to comprehensively investigate the residual awareness of 
the patient with DoC. We hope that, with the accumu-
lation of patients, and the development of neuroimaging 
techniques and health care, the current findings will be 
tested soon.

As a pilot fNIRS study, we hope our study could pro-
vide useful insights into evaluating residual cognitive 
ability in this challenging patient population. Addition-
ally, the experimental protocol used in this study has 
promising clinical utility in the field of DoC.

Conclusions
The present findings demonstrate that pDoC patients 
with different residual consciousness present different 
patterns in hemodynamic response to different audi-
tory stimuli. In addition, the active command-following 
task and the passive task based on fNIRS provide useful 
insights for assessing residual awareness in patients with 
pDoC. In further clinical practice this method could be 
applied to assist in the identification of patients with 
locked-in syndrome and DoC. This will further validate 
the conclusions of this study and await the generation of 
new findings.

Acknowledgements
Thanks to all the subjects who participated in the experiments.

Authors’ contributions
Haitao Lu and Jin Jiang conceptualized and designed the research 
experiment; Haitao Lu wrote the original/revised drafts; Jin Jiang, Juanning Si, 
and Yizheng Wang designed and verified data analysis; Haitao Lu, Juanning 
Si, and Fubiao Huang guided the direction of the work and collected data. All 
authors have reviewed and agreed to the published version of the manuscript.

Funding
This work was supported by the Capital Special Project for Featured Clinical 
Application (Z181100001718066), Beijing Natural Science Foundation 
(Grant No. 4214080), and the R&D Program of Beijing Municipal Education 
Commission (Grant No. KM202011232008).

Data Availability
The raw data used to support the findings of this study are available at https://
www.jianguoyun.com/p/DWpZLSsQ_ZWgChiRhKwE (Access Password, 
fQnKaq) or contact from the corresponding author upon request.

https://www.jianguoyun.com/p/DWpZLSsQ_ZWgChiRhKwE
https://www.jianguoyun.com/p/DWpZLSsQ_ZWgChiRhKwE


Page 12 of 13Lu et al. BMC Neurology          (2023) 23:242 

Declarations

Ethics approval and consent to participate
The study was conducted according to the guidelines of the Declaration of 
Helsinki and approved by the Ethics Committee of the China Rehabilitation 
Research Center (Ethics Number CRRC-IEC-RF-SC-005-01) that informed 
consent was obtained from all subjects and their legal guardian(s).

Consent for publication
Not Applicable.

Competing interests
The authors declare no competing interests.

Received: 21 February 2023 / Accepted: 19 June 2023

References
1.	 Giacino JT, Katz DI, Schiff ND, Whyte J, Ashman EJ, Ashwal S, Barbano R, 

Hammond FM, Laureys S, Ling GSF, et al. Practice guideline update recom-
mendations summary: Disorders of consciousness: report of the Guideline 
Development, Dissemination, and implementation Subcommittee of the 
American Academy of Neurology; the American Congress of Rehabilitation 
Medicine; and the National Institute on Disability, Independent Living, and 
Rehabilitation Research. Neurology. 2018;91:450–60. https://doi.org/10.1212/
wnl.0000000000005926.

2.	 King A, Lee HY, Park JH, Kim AR, Park M, Kim TW. Neurobehavioral recovery 
in patients who emerged from prolonged disorder of consciousness: a 
retrospective study. Clin Rehabil. 2020;20:198. https://doi.org/10.1186/
s12883-020-01758-5.

3.	 Kondziella D, Bender A, Diserens K, van Erp W, Estraneo A, Formisano R, Lau-
reys S, Naccache L, Ozturk S, Rohaut B, et al. European Academy of Neurology 
guideline on the diagnosis of coma and other disorders of consciousness. Eur 
J Neurol. 2020;27:741–56. https://doi.org/10.1111/ene.14151.

4.	 Schnakers C. Update on diagnosis in disorders of consciousness. Expert Rev 
Neurother. 2020;20:997–1004. https://doi.org/10.1080/14737175.2020.17966
41.

5.	 Lucca LF, Lofaro D, Pignolo L, Leto E, Ursino M, Cortese MD, Conforti D, 
Tonin P, Cerasa A. Outcome prediction in disorders of consciousness: the 
role of coma recovery scale revised. BMC Neurol. 2019;19:68. https://doi.
org/10.1186/s12883-019-1293-7.

6.	 Bordini AL, Luiz TF, Fernandes M, Arruda WO, Teive HA. Coma scales: a 
historical review. Arq Neuropsiquiatr. 2010;68:930–7. https://doi.org/10.1590/
s0004-282x2010000600019.

7.	 Anestis DM, Tsitsopoulos PP, Tsonidis CA, Foroglou N. The current significance 
of the FOUR score: a systematic review and critical analysis of the literature. J 
Neurol Sci 2020, 409, 116600. https://doi.org/10.1016/j.jns.2019.116600.

8.	 Magee WL, Siegert RJ, Taylor SM, Daveson BA, Lenton-Smith G. Music Therapy 
Assessment Tool for Awareness in Disorders of consciousness (MATADOC): 
reliability and validity of a measure to assess awareness in patients with Dis-
orders of consciousness. J Music Ther. 2016;53:1–26. https://doi.org/10.1093/
jmt/thv017.

9.	 Shiel A, Gill-Thwaites H, Elliott KE, Munday R. SMART - recognising the value 
of existing practice and introducing recent developments: leaving no stone 
unturned in the assessment and treatment of the PDOC patient. Neuropsy-
chological rehabilitation. 2018;28:1242–53. https://doi.org/10.1080/09602011
.2017.1354769.

10.	 Schiff ND. Cognitive Motor Dissociation following severe brain injuries. JAMA 
Neurol. 2015;72:1413–5. https://doi.org/10.1001/jamaneurol.2015.2899.

11.	 Cao B, Guo Y, Guo Y, Xie Q, Chen L, Huang H, Yu R, Huang R. Time-delay 
structure predicts clinical scores for patients with disorders of conscious-
ness using resting-state fMRI. NeuroImage Clin. 2021;32:102797. https://doi.
org/10.1016/j.nicl.2021.102797.

12.	 Meiron O, Barron J, David J, Jaul E. Neural reactivity parameters of awareness 
predetermine one-year survival in patients with disorders of consciousness. 
Brain Injury. 2021;1–7. https://doi.org/10.1080/02699052.2021.1879398.

13.	 Gui P, Jiang Y, Zang D, Qi Z, Tan J, Tanigawa H, Jiang J, Wen Y, Xu L, Zhao J et 
al. Assessing the depth of language processing in patients with disorders 

of consciousness. 20.071 2020, 23, 761–70. https://doi.org/10.1038/
s41593-020-0639-1.

14.	 Kirsch M, Guldenmund P, Ali Bahri M, Demertzi A, Baquero K, Heine L, Char-
land-Verville V, Vanhaudenhuyse A, Bruno MA, Gosseries O, et al. Sedation of 
Patients with Disorders of consciousness during neuroimaging: Effects on 
resting state functional brain connectivity. Anesth Analg. 2017;124:588–98. 
https://doi.org/10.1213/ane.0000000000001721.

15.	 Gibson RM, Fernandez-Espejo D, Gonzalez-Lara LE, Kwan BY, Lee DH, 
Owen AM, Cruse D. Multiple tasks and neuroimaging modalities increase 
the likelihood of detecting covert awareness in patients with disorders of 
consciousness. Front Hum Neurosci. 2014;8:950. https://doi.org/10.3389/
fnhum.2014.00950. Epub 2014/12/17.

16.	 Perrin F, Castro M, Tillmann B, Luaute J. Promoting the use of personally rel-
evant stimuli for investigating patients with disorders of consciousness. Front 
Psychol. 2015;6:1102. https://doi.org/10.3389/fpsyg.2015.01102.

17.	 Fernandez-Espejo D, Owen AM. Detecting awareness after severe brain 
injury. Nat Rev Neurosci. 2013;14:801–9. https://doi.org/10.1038/nrn3608.

18.	 Stender J, Gosseries O, Bruno MA, Charland-Verville V, Vanhaudenhuyse A, 
Demertzi A, Chatelle C, Thonnard M, Thibaut A, Heine L, et al. Diagnostic 
precision of PET imaging and functional MRI in disorders of consciousness: a 
clinical validation study. Lancet (London England). 2014;384:514–22. https://
doi.org/10.1016/s0140-6736(14)60042-8.

19.	 Jain R, Ramakrishnan AG. Electrophysiological and Neuroimaging Studies-
During resting state and sensory Stimulation in Disorders of conscious-
ness: a review. Front NeuroSci. 2020;14:555093. https://doi.org/10.3389/
fnins.2020.555093.

20.	 Barttfeld P, Uhrig L, Sitt JD, Sigman M, Jarraya B. Signature of conscious-
ness in the dynamics of resting-state brain activity. Proc Natl Acad Sci USA. 
2015;112:887–92. https://doi.org/10.1073/pnas.1418031112.

21.	 Rupawala M, Dehghani H, Lucas SJE, Tino P, Cruse D. Shining a light on 
awareness: a review of Functional Near-Infrared spectroscopy for prolonged 
Disorders of consciousness. Front Neurol. 2018;9:350. https://doi.org/10.3389/
fneur.2018.00350.

22.	 Li M, Yang Y, Zhang Y, Gao Y, Jing R, Dang Y, Chen X, He J, Si J. Detecting 
residual awareness in patients with prolonged Disorders of consciousness: an 
fNIRS Study. Frontiers in neurology 2021, 12, 618055. https://doi.org/10.3389/
fneur.2021.618055.

23.	 Abdalmalak A, Milej D, Norton L, Debicki DB, Owen AM, Lawrence KS. The 
potential role of fNIRS in evaluating levels of consciousness. Front Hum 
Neurosci. 2021;15:703405. https://doi.org/10.3389/fnhum.2021.703405.

24.	 Liu Y, Kang XG, Chen BB, Song CG, Liu Y, Hao JM, Yuan F, Jiang W. Detect-
ing residual brain networks in disorders of consciousness: a resting-state 
fNIRS study. Brain Res. 2023. https://doi.org/10.1016/j.brainres.2022.148162. 
,1798,148162.

25.	 Kempny AM, James L, Yelden K, Duport S, Farmer S, Playford ED, Leff AP. 
Functional near infrared spectroscopy as a probe of brain function in people 
with prolonged disorders of consciousness. NeuroImage Clin. 2016;12:312–9. 
https://doi.org/10.1016/j.nicl.2016.07.013.

26.	 Giacino JT, Kalmar K, Whyte J. The JFK Coma Recovery Scale-Revised: 
measurement characteristics and diagnostic utility. Arch Phys Med Rehabil. 
2004;85:2020–9. https://doi.org/10.1016/j.apmr.2004.02.033.

27.	 Zhang Y, Yang Y, Si J, Xia X, He J, Jiang T. Influence of inter-stimulus interval of 
spinal cord stimulation in patients with disorders of consciousness: a prelimi-
nary functional near-infrared spectroscopy study. Neurosci Bull. 2018;17:1–9. 
https://doi.org/10.1007/s12264-018-0252-4.

28.	 Cui X, Bray S, Reiss AL. Functional near infrared spectroscopy (NIRS) signal 
improvement based on negative correlation between oxygenated and 
deoxygenated hemoglobin dynamics. NeuroImage. 2010;49:3039–46. 
https://doi.org/10.1016/j.neuroimage.2009.11.050.

29.	 Brigadoi S, Ceccherini L, Cutini S, Scarpa F, Scatturin P, Selb J, Gagnon L, Boas 
DA, Cooper RJ. Motion artifacts in functional near-infrared spectroscopy: 
a comparison of motion correction techniques applied to real cogni-
tive data. NeuroImage. 2014;85(Pt 1):181–91. https://doi.org/10.1016/j.
neuroimage.2013.04.082.

30.	 Huang F, Hirano D, Shi Y, Taniguchi T. Comparison of cortical activation in 
an upper limb added-purpose task versus a single-purpose task: a near-
infrared spectroscopy study. J Phys therapy Sci 2015, 27, 3891–4. https://doi.
org/10.1589/jpts.27.3891.

31.	 Naseer N, Hong KS. Classification of functional near-infrared spectroscopy 
signals corresponding to the right- and left-wrist motor imagery for develop-
ment of a brain-computer interface. Neurosci Lett. 2013;553:84–9. https://doi.
org/10.1016/j.neulet.2013.08.021.

http://dx.doi.org/10.1212/wnl.0000000000005926
http://dx.doi.org/10.1212/wnl.0000000000005926
http://dx.doi.org/10.1186/s12883-020-01758-5
http://dx.doi.org/10.1186/s12883-020-01758-5
http://dx.doi.org/10.1111/ene.14151
http://dx.doi.org/10.1080/14737175.2020.1796641
http://dx.doi.org/10.1080/14737175.2020.1796641
http://dx.doi.org/10.1186/s12883-019-1293-7
http://dx.doi.org/10.1186/s12883-019-1293-7
http://dx.doi.org/10.1590/s0004-282x2010000600019
http://dx.doi.org/10.1590/s0004-282x2010000600019
http://dx.doi.org/10.1016/j.jns.2019.116600
http://dx.doi.org/10.1093/jmt/thv017
http://dx.doi.org/10.1093/jmt/thv017
http://dx.doi.org/10.1080/09602011.2017.1354769
http://dx.doi.org/10.1080/09602011.2017.1354769
http://dx.doi.org/10.1001/jamaneurol.2015.2899
http://dx.doi.org/10.1016/j.nicl.2021.102797
http://dx.doi.org/10.1016/j.nicl.2021.102797
http://dx.doi.org/10.1080/02699052.2021.1879398
http://dx.doi.org/10.1038/s41593-020-0639-1
http://dx.doi.org/10.1038/s41593-020-0639-1
http://dx.doi.org/10.1213/ane.0000000000001721
http://dx.doi.org/10.3389/fnhum.2014.00950
http://dx.doi.org/10.3389/fnhum.2014.00950
http://dx.doi.org/10.3389/fpsyg.2015.01102
http://dx.doi.org/10.1038/nrn3608
http://dx.doi.org/10.1016/s0140-6736(14)60042-8
http://dx.doi.org/10.1016/s0140-6736(14)60042-8
http://dx.doi.org/10.3389/fnins.2020.555093
http://dx.doi.org/10.3389/fnins.2020.555093
http://dx.doi.org/10.1073/pnas.1418031112
http://dx.doi.org/10.3389/fneur.2018.00350
http://dx.doi.org/10.3389/fneur.2018.00350
http://dx.doi.org/10.3389/fneur.2021.618055
http://dx.doi.org/10.3389/fneur.2021.618055
http://dx.doi.org/10.3389/fnhum.2021.703405
http://dx.doi.org/10.1016/j.brainres.2022.148162
http://dx.doi.org/10.1016/j.nicl.2016.07.013
http://dx.doi.org/10.1016/j.apmr.2004.02.033
http://dx.doi.org/10.1007/s12264-018-0252-4
http://dx.doi.org/10.1016/j.neuroimage.2009.11.050
http://dx.doi.org/10.1016/j.neuroimage.2013.04.082
http://dx.doi.org/10.1016/j.neuroimage.2013.04.082
http://dx.doi.org/10.1589/jpts.27.3891
http://dx.doi.org/10.1589/jpts.27.3891
http://dx.doi.org/10.1016/j.neulet.2013.08.021
http://dx.doi.org/10.1016/j.neulet.2013.08.021


Page 13 of 13Lu et al. BMC Neurology          (2023) 23:242 

32.	 Lulé D, Noirhomme Q, Kleih SC, Chatelle C, Halder S, Demertzi A, Bruno MA, 
Gosseries O, Vanhaudenhuyse A, Schnakers C, et al. Probing command fol-
lowing in patients with disorders of consciousness using a brain-computer 
interface. Clin neurophysiology: official J Int Federation Clin Neurophysiol. 
2013;124:101–6. https://doi.org/10.1016/j.clinph.2012.04.030.

33.	 Kondziella D, Friberg CK, Frokjaer VG, Fabricius M, Møller K. Preserved 
consciousness in vegetative and minimal conscious states: systematic review 
and meta-analysis. J Neurol Neurosurg Psychiatry. 2016;87:485–92. https://
doi.org/10.1136/jnnp-2015-310958.

34.	 Owen AM, Coleman MR, Boly M, Davis MH, Laureys S, Pickard JD. Detecting 
awareness in the vegetative state. Volume 313. Science; 2006. p. 1402. (New 
York, N.Y.). https://doi.org/10.1126/science.1130197.

35.	 Sato T, Ito M, Suto T, Kameyama M, Suda M, Yamagishi Y, Ohshima A, Uehara 
T, Fukuda M, Mikuni M. Time courses of brain activation and their implica-
tions for function: a multichannel near-infrared spectroscopy study during 
finger tapping. Neurosci Res. 2007;58:297–304. https://doi.org/10.1016/j.
neures.2007.03.014.

36.	 Qin P, Di H, Liu Y, Yu S, Gong Q, Duncan N, Weng X, Laureys S, Northoff G. 
Anterior cingulate activity and the self in disorders of consciousness. Hum 
Brain Mapp. 2010;31:1993–2002. https://doi.org/10.1002/hbm.20989.

37.	 Sharon H, Pasternak Y, Ben Simon E, Gruberger M, Giladi N, Krimchanski BZ, 
Hassin D, Hendler T. Emotional processing of personally familiar faces in the 
vegetative state. PLoS ONE. 2013;8:e74711. https://doi.org/10.1371/journal.
pone.0074711.

38.	 Kempny AM, James L, Yelden K, Duport S, Farmer SF, Diane Playford E, Leff 
AP. Patients with a severe prolonged disorder of consciousness can show 
classical EEG responses to their own name compared with others’ names. 
NeuroImage Clin. 2018;19:311–9. https://doi.org/10.1016/j.nicl.2018.04.027.

39.	 Dehaene S, Changeux JP. Experimental and theoretical approaches to 
conscious processing. Neuron. 2011;70:200–27. https://doi.org/10.1016/j.
neuron.2011.03.018.

40.	 Naghavi HR, Nyberg L. Common fronto-parietal activity in attention, memory, 
and consciousness: shared demands on integration? Consciousness and 
cognition 2005, 14, 390–425. https://doi.org/10.1016/j.concog.2004.10.003.

41.	 Kim J, Lee G, Lee J. Changes in cortical activity during Preferred and fast 
speed walking under single- and dual-tasks in the Young-Old and Old-Old 
Elderly. Brain Sci. 2021;11. https://doi.org/10.3390/brainsci11121551.

42.	 Piper SK, Krueger A, Koch SP, Mehnert J, Habermehl C, Steinbrink J, Obrig 
H, Schmitz CH. A wearable multi-channel fNIRS system for brain imaging 
in freely moving subjects. NeuroImage. 2014;85 Pt 1:64–71. https://doi.
org/10.1016/j.neuroimage.2013.06.062.

43.	 Holper L, Shalom DE, Wolf M, Sigman M. Understanding inverse oxy-
genation responses during motor imagery: a functional near-infrared 
spectroscopy study. Eur J Neurosci. 2011;33:2318–28. https://doi.
org/10.1111/j.1460-9568.2011.07720.x.

44.	 Kurz EM, Wood G, Kober SE, Schippinger W, Pichler G, Muller-Putz G, 
Bauernfeind G. Towards using fNIRS recordings of mental arithmetic for 
the detection of residual cognitive activity in patients with disorders of 
consciousness (DOC). Brain Cogn. 2018;125:78–87. https://doi.org/10.1016/j.
bandc.2018.06.002.

45.	 McGregor KM, Sudhyadhom A, Nocera J, Seff A, Crosson B, Butler AJ. Reli-
ability of negative BOLD in ipsilateral sensorimotor areas during unimanual 
task activity. Brain Imaging Behav 2015, 9, 245–54. https://doi.org/10.1007/
s11682-014-9302-3.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 

http://dx.doi.org/10.1016/j.clinph.2012.04.030
http://dx.doi.org/10.1136/jnnp-2015-310958
http://dx.doi.org/10.1136/jnnp-2015-310958
http://dx.doi.org/10.1126/science.1130197
http://dx.doi.org/10.1016/j.neures.2007.03.014
http://dx.doi.org/10.1016/j.neures.2007.03.014
http://dx.doi.org/10.1002/hbm.20989
http://dx.doi.org/10.1371/journal.pone.0074711
http://dx.doi.org/10.1371/journal.pone.0074711
http://dx.doi.org/10.1016/j.nicl.2018.04.027
http://dx.doi.org/10.1016/j.neuron.2011.03.018
http://dx.doi.org/10.1016/j.neuron.2011.03.018
http://dx.doi.org/10.1016/j.concog.2004.10.003
http://dx.doi.org/10.3390/brainsci11121551
http://dx.doi.org/10.1016/j.neuroimage.2013.06.062
http://dx.doi.org/10.1016/j.neuroimage.2013.06.062
http://dx.doi.org/10.1111/j.1460-9568.2011.07720.x
http://dx.doi.org/10.1111/j.1460-9568.2011.07720.x
http://dx.doi.org/10.1016/j.bandc.2018.06.002
http://dx.doi.org/10.1016/j.bandc.2018.06.002
http://dx.doi.org/10.1007/s11682-014-9302-3
http://dx.doi.org/10.1007/s11682-014-9302-3

	﻿A functional near-infrared spectroscopy study on hemodynamic changes of patients with prolonged disorders of consciousness responding to different auditory stimuli
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Participants
	﻿Study design
	﻿Data acquisition and analysis
	﻿Statistical analysis

	﻿Results
	﻿The time course of the hemodynamic responses during the SON and MI tasks
	﻿Differences in hemodynamic responses between SON and MI stimuli in HC
	﻿The HC and pDoC patients responded differently to the SON stimulation
	﻿Differences in the hemodynamic responses among the MCS patients, VS patients, and the HC under the SON stimulation

	﻿Discussion
	﻿Limitations and future directions

	﻿Conclusions
	﻿References


