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a b s t r a c t

Previous studies implicated potential value of mismatch negativity (MMN) in predicting recovery of con-
sciousness in patients with disorders of consciousness (DOC). We have adopted a novel MMN evoked by
subject’s own name (SON), a self-referential stimulus thought to be powerful in evoking residual brain
activity, and examined the correlation between the MMN and recovery of consciousness in patients with
chronic (>1 month) DOC. Twelve patients and 12 age-matched healthy controls were investigated. The
patients were diagnosed as coma (n = 4), vegetative state (VS, n = 6), and minimally conscious state (MCS,
isorders of consciousness
egetative state
inimally conscious state
wn name

n = 2), mainly based on the JFK Coma Recovery Scale-Revised. The SON-evoked MMN (SON-MMN) was
present in seven patients. Critically, the presence of SON-MMN was significantly correlated with recovery
of consciousness. While four of the five patients (three VS and two coma) showing SON-MMN changed to
MCS 3 months later, the rest of the patients (three VS and two coma) without SON-MMN failed to show
any clinical improvement. Our study thus illustrates that the subject’s own name is effective in evoking
MMN in patients with DOC, and that SON-MMN has potential prognostic values in predicting recovery of
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consciousness.

elf-referential stimuli such as the subject’s own name (SON) are
hought to be more effective to induce brain activities in patients
ith disorders of consciousness (DOC) compared to other stim-
lation types [14]. The SON could evoke cognitive event-related
otential (ERP) waveforms [11,16,18,21] and induce activation in
idespread brain areas [4,15,22] in patients with DOC who remain

n coma, vegetative state (VS), and minimally conscious state (MCS).
n our recent fMRI study, we have showed that the SON-induced
rain activation seems to be highly correlated with the recovery
f consciousness in VS patients [4]. However, the availability and
easibility of fMRI is relatively poor as compared to ERP technique,
nother promising objective measure of residual brain function [3].
oreover, this technique can be used at the bedside, which is par-

icularly significant for clinical use on patients with severe brain

njury. Among the ERP components, mismatch negativity (MMN)
as been given special attention in the field. For example, MMN
voked by non-self-related stimuli is shown to be able to pre-
ict awakening in acute coma [5]. This MMN also seems to have

∗ Corresponding author. Tel.: +86 10 64854476; fax: +86 10 64872070.
E-mail address: wengxc@psych.ac.cn (X. Weng).
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otential value in predicting clinical improvement in patients with
hronic DOC [13,25]. Nonetheless, the prognostic value of MMN
voked by self-referential stimuli has not yet been properly evalu-
ted. Based on our previous study [4] and those of others [8], we
redict that the presence of SON-evoked MMN (SON-MMN) will

ndicate potentially better clinical outcome in patients with chronic
OC.

MMN is regarded as an indicator of pre-attentive sensory mem-
ry processes. The conventional MMN is obtained by subtracting
RPs to standard stimuli from ERPs to deviant stimuli (standard and
eviant stimuli in the same Oddball procedure) [17]. Since this type
f MMN is prone to both physical properties and neural refractori-
ess, in the present study we have employed a protocol designed
o minimize the effects of these factors similar to Jacobsen and
chroger [10]. In the protocol, the brain response to a deviant stim-
lus in the Oddball block (consisting standard and deviant stimuli)

s compared with the brain response to the same stimulus in the
ontrol blocks (i.e., the stimulus has the same probability as the

eviant in the Oddball block).

We studied 12 patients with chronic (>1 month) DOC (Table 1)
nd 12 age-matched healthy controls (mean ± S.D., 42 ± 10 years;
ange 28–58). The patients were first assessed by conventional neu-
ological examinations and the Glasgow-Liège Scale (GLS) [2] (i.e.,

http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
mailto:wengxc@psych.ac.cn
dx.doi.org/10.1016/j.neulet.2008.10.029
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he Glasgow Coma Scale [24] and standardized evaluation of brain-
tem reflexes). Clinical diagnoses of VS and MCS were based on
he JFK Coma Recovery Scale-Revised (CRS-R), which comprises
ix subscales addressing auditory, visual, motor, oromotor, com-
unication, and arousal functions, respectively [6]. Accordingly,

he patients were diagnosed as coma (n = 4), VS (n = 6), and MCS
n = 2), at the time of ERP recording. Informed written consents
ere obtained from the healthy participants and the families of the
atients, and the study was approved by the local Ethics Commit-
ees of the Institute of Psychology at Chinese Academy of Sciences
nd Zhejiang University School of Medicine.

There were two block conditions in the ERP recording: the Odd-
all block and the Control block. In the Oddball block, SONs, called
y the same female voice, served as deviant stimuli (12.5% of all
timuli), and tones of 800 Hz as standard stimuli. The mean dura-
ion of SONs was 637 ± 71 ms, while tones of 800 Hz had a duration
f 30 ms. The tones were presented binaurally at an 85 dB and the
ONs at an 80 dB sound pressure level maximal intensity. The Con-
rol block included SONs and seven control stimuli (three names of
ther persons and four sine tones in different frequencies, 12.5% for
ach type of stimuli). There were 720 events in each block. Stim-
lus onset asynchrony (SOA) was randomized between 1100 and
300 ms. In the Oddball block, deviants occurred in a pseudoran-
omized fashion with a constraint that two SONs could not be called

n immediate successions, and stimuli in the Control block were
resented without repetitions [10]. The order of the two blocks was
ounter-balanced across the subjects.

Healthy controls sat in a comfortable chair and were instructed
o watch a self-selected silent movie on a computer during the
xperiment. For patients, data was acquired at the bedside. ERPs
ere recorded at Fz, Cz, and Pz (according to the International

en-Twenty System) (a reference was put on the nose) using
Neuroscan NuAmps Amplifier with Ag/AgCl electrodes. Data
as sampled at 1000 Hz with an analog bandpass of 0.1–100 Hz.

mpedance of each electrode was kept below 5 k� and 50 Hz was
otched. The electro-oculogram was recorded from two pairs of
lectrodes, one above and below the right eye and the other on the
uter canthi of the two eyes. A ground electrode was placed on the
iddle of the forehead.
EOG artifacts were corrected using the method proposed by

emlitsch et al. [20]. All continuous EEG data was digitally filtered
ith a low pass filter at 30 Hz for N100. All continuous EEG data
as digitally filtered with a bandpass of 3–30 Hz for MMN [5]. The

EG data were segmented in epochs of 600 ms, time-locked to stim-
li onset, and included a pre-stimulus period of 100 ms. All epochs

ncluding voltage changes exceeding ±50 �V were automatically
ejected and were averaged according to same stimuli type.

We identified two ERP components: N100 evoked by each stim-
lus type and the mismatch negativity evoked by subject’s own
ame (denoted as SON-MMN), which was computed by subtract-

ng averaged ERPs to SON in the Control block from averaged ERPs to
ON in the Oddball block. The time window appropriate for N100
as defined on the basis of inspection of the average waveform

with peak within 100–200 ms after stimulus onset), and the mean
mplitude in this window was measured in each single trial, sep-
rately at Fz and Cz [13]. One sample t-test then was used. If the
ean amplitude was significantly different from zero (p < 0.05, with

onferroni correction), N100 was judged as being present. For the
ON-MMN, the mean amplitude in each trial of SON in both blocks
as measured in an appropriate time window, which was defined

n the basis of inspection of the difference waveform (with peak
ithin 100–400 ms after stimulus onset), respectively, at Fz and Cz.

he amplitude difference of the Oddball block and Control block
t Fz or Cz was tested with an independent sample t-test. If the
ean amplitude of the Oddball block was significantly different
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ig. 1. Grand average event-related potentials at three midline electrodes. ERPs to
roup (n = 12).

rom the Control block and the polarity of the between-block differ-
nce corresponded to the conventional MMN, then the SON-MMN
as judged as being present. The significance level was set at 0.05

without Bonferroni correction). As the latency of MMN in patients
as more delayed than in controls [5], an extended time window
as adopted.

In order to assess the power for predicting recovery of conscious-
ess of the two ERP components, the patients’ conscious state was
ssessed again by CRS-R 3 months after ERP recording (6 months
fter acute brain injury), and correlation between the transition of
onscious state and the presence of the ERP components was deter-
ined using Fisher’s tests. Specifically, one variable was whether

he patients emerged from VS (or coma) to MCS 3 months after ERP
ecording, and the other was whether the presence or absence of
he ERP components. The data were analyzed using SPSS version

3.0 (SPSS Inc., Chicago, IL).

We found that N100 and SON-MMN were present in each of the
2 healthy controls (Fig. 1). The latency and amplitude of SON-MMN
as 186 ± 30 ms (mean ± S.D.) and −3.06 ± 0.88 �V (mean ± S.D.)

Cz), respectively.

o
c
N

o

ig. 2. Individual event-related potentials: ERPs to SON in the Oddball block, ERPs to SON
f significant (p < 0.05).
n the Oddball block and in the Control block, and MMN differences in the control

In contrast, SON-MMN was present only in seven (two coma,
hree VS and two MCS) out of the 12 patients (Fig. 2). The ampli-
ude and latency of SON-MMN in the patients were 216 ± 67 ms
mean ± S.D.) and −2.80 ± 1.23 �V (mean ± S.D.) (Cz), and they
ere not significantly different from those in healthy controls. N100
as present in nine patients (three coma, four VS and two MCS)

Table 2). All of the seven patients with SON-MMN also showed
100, so did other two patients (patient 4 and patient 10) without
ON-MMN.

Three months after the ERP recording, we re-assessed patients’
onscious state. The data showed that six out of the seven patients
ith the presence of SON-MMN were diagnosed as MCS (four

hanged from coma or VS). None of the remaining five patients
ithout SON-MMN (three VS, two coma) showed any clinical

mprovement in the 3 month follow-up (Table 2). The presence

f SON-MMN was significantly correlated with the transition from
oma/VS to MCS (p < 0.05), while no correlation was found between
100 and such transition (p = 0.20).

In this study, we obtained a reasonably high presence ratio
f both SON-MMN and N100 in the patients with DOC (SON-

in the Control block and MMN differences are shown at Cz. SON-MMN is indicated
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Table 2
Patient diagnosis and JFK CRS-R scores at the time of ERP recording and 3 months later, presence of ERPs.

Patients Time of ERP recording N100 SON-MMN Three month after ERP recording

Clinical diagnosis JFK CRS-R score Clinical diagnosis JFK CRS-R score

11 MCS 1-1-3-1-0-2 + + MCS 1-1-3-1-0-2
12 MCS 0-1-1-0-1-2 + + MCS 0-2-2-2-1-2
1 VS 1-1-2-2-0-2 + + MCS 1-1-3-2-0-2
2 VS 1-1-2-1-0-2 + + MCS 2-3-2-1-0-2
5 VS 1-0-2-0-0-2 + + MCS 1-1-3-1-0-2
9 coma 1-0-2-0-0-0 + + MCS 1-3-2-1-0-2
8 coma 1-0-2-0-0-0 + + VS 1-1-1-1-0-2

10 coma 0-0-1-0-0-0 + − VS 0-0-1-0-0-0
4 VS 1-1-2-1-0-2 + − VS 1-1-2-1-0-2
7 coma 0-0-1-1-0-0 − − VS 2-1-1-1-0-2
3 VS 0-0-1-1-0-2 − − VS 0-0-1-1-0-2
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6 VS 0-0-1-0-0-2 −
FK Coma Recovery Scale-Revised (CRS-R) subscales: auditory function; visual funct
t 0.05 level, “−”, not significant at 0.05 level.

MN in 7/12, N100 in 9/12). Only SON-MMN showed a significant
rognostic value. Four out of five unconscious patients showing
SON-MMN response subsequently recovered to be in MCS 3
onths after ERP recording, while none of the five patients with-

ut SON-MMN regained consciousness. The SON-MMN thus was
ignificantly correlated with transition from VS to MCS. In contrast,
100 was a poor indicator of the recovery of consciousness. Four
ut of the seven unconscious patients with N100 changed to MCS,
hile the other three did not show any clinical improvement. One

ecent review also suggested that N100 tended to be an inferior pre-
ictor than MMN [3]. Our current ERP results were in line with our
revious fMRI study showing that brain activation evoked by SON
ould predict the outcome of patients with DOC [4]. In our previous
tudy, subsequent recovery of consciousness was only correlated
ith the SON-induced activation in the secondary auditory cortex

ut not that in the primary auditory cortex.
The prognostic value of SON-MMN shown in the current study

as also consistent with previous studies adopting non-self-related
timulus-evoked MMN. However, the previous studies showed a
ow presence ratio of MMN among patients. For example, Fischer
t al. recorded MMN evoked by sine tone in 25% of the patients
ith DOC [5], whereas Kotchoubey et al. detected MMN in 16%

nd 31% of their patients (evoked by sine tone and complex tone,
espectively) [12]. The detection power was high in the present
tudy—SON-MMN was detected in 7 of 12 patients. Several rea-
ons might explain why SON is effective to evoke an MMN response
n patients with DOC. First, SON is known to be a more potent
nd attention-grabbing stimulus as illustrated by the own-name-
ffect (for recent review see [14]). Second, the physical properties
f SON (deviant stimuli) and sine tones (standard stimuli) differ
n many aspects (such as duration and frequency) probably result-
ng in a comparatively larger amplitude of SON-MMN [23]. Third,
amiliarity of the SON could enhance the SON-MMN [1]. Maybe so
ould emotion [7]. Future studies based on a larger sample size
re needed in order to directly compare SON-MMN with MMN
voked by non-self-related stimuli for verifying such superiority
f SON-MMN statistically.

Our study was the first to adopt MMN evoked by SON in patients
ith DOC. The presence of SON-MMN in the present study is likely

o indicate that the patients retain the brain function that is impor-
ant for cognitive processing. The protocol in this study employed
ne Control block to minimize the effects of physical properties

nd refractoriness factors. However, such a Control condition might
ave a contextual effect [9] as compared to the targeted Oddball
ondition. Compared with the vast number of different stimulation
eatures in the Oddball condition, the contextual effect during the
ontrol condition is negligible for SON-MMN since just a minimal

[

[

− VS 0-0-1-0-0-2

otor function; oromotor/verbal function; communication; arousal. “+”, significant

nfluence may be induced on the brain response to SON. This could
e verified by the results from our healthy subjects who showed
ignificant SON-MMN.

In conclusion, our study illustrates that the subject’s own name,
n emotion relevant self-referential stimulus, is effective to evoke
RP MMN. The small sample size used in the present study pre-
ented us from making general claims about SON-MMN being a
eliable marker of self-consciousness, but our empirical data did
how potential prognostic values of this novel ERP waveform. Fur-
her studies on a larger cohort of patients are warranted to confirm
he predictive value of SON-MMN in chronic DOC. Although the
resent protocol was not designed to detect the special ERPs reflect-

ng self-related processing like Roye et al. [19], future studies in this
irection would be valuable for the study of patients with DOC.
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