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Introduction
At least 10 million cases of severe traumatic brain injury 
(TBI) occur annually worldwide, so TBI is a major cause of 
morbidity (Manor et al., 2008; Kumaria et al., 2009). In the 
military, thousands of new brain injuries occur each year, 
further heightening public awareness of TBI (Duncan, 2011; 
Scheibel, 2012). Peoples’ working memory capacity, regu-
lative and evaluative components of cognitive function are 
damaged in mild and severe TBI (Perlstein et al., 2006; Lar-
son et al., 2009, 2011; Chen et al., 2010; Yu et al., 2010). TBI is 
a difficult-to-understand neurological disease, so the sequelae 
and treatment of TBI are the key foci of public concern and 
have attracted great scientific interest (Feng and Han, 2013; 
Wang, 2014). Mismatch negativity (MMN) is an event-relat-
ed potential component that measures preattentional sensory 
processing (Campanella et al., 2014) and is generated auto-

matically. Näätänen et al. (2007) found that MMN reflects an 
automatic measurement of perceptual detection, and is also 
an indicator of the sensory prerequisites of cognition. MMN 
deficits are generally accompanied by cognitive decline, no 
matter what disorders cause them (Näätänen et al., 2012), 
and MMN has been widely applied in the treatment of a va-
riety of diseases, including dyslexia, schizophrenia, memory 
disorders, Huntington’s disease, Fibromyalgia, TBI and coma 
(Kujala et al., 2007; Näätänen et al., 2007; Zarza-Lucianez, 
2007; Duncan et al., 2009; Kaipio, 2013; Beste et al., 2014; 
Choi et al., 2014; Baldeweg et al., 2015). Both the progression 
of disorders and premorbid neurocognitive impairment and 
functional abnormality are reflected by MMN abnormality in 
TBI cases without macroscopic lesions on conventional MRI 
(Umbricht et al., 2006; Kaipio et al., 2013). MMN can also 
be used to check for vegetative and minimally conscientious 
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state during the subacute phase of severe TBI (Zarza-Lu-
cianez et al., 2007; Pachalska et al., 2011), and cannot be 
affected by antipsychotic medication (Catts et al., 1995; 
Umbricht et al., 1998, 1999). MMN deficiency has been ob-
served in TBI patients (Jones et al., 2000); Kaipio et al. (2001, 
2013) have reported that MMN relates to global social func-
tioning in patients after TBI. In healthy participants, MMN 
and Global Assessment of Functioning scores also have a 
significant correlation (Light et al., 2007; Calcus et al., 2014). 
The correlation of MMN with social cognitive ability and 
functional outcomes has also been reported in American 
and Han Chinese schizophrenia patients (Wynn et al., 2010; 
Lin et al., 2012). However, little evidence has focused on the 
application of MMN to TBI.

In this study, we aimed to demonstrate the correlation 
of MMN with neurocognition and functional outcomes in 
patients after TBI and in healthy controls, and provide ev-
idence for a better understanding of MMN differences. We 
speculated that MMN amplitude, neurocognition and func-
tional outcomes would be higher in healthy controls than in 
TBI patients. MMN is particularly associated with functional 
outcomes in TBI patients, and could be used to predict neu-
ronal regeneration.

Subjects and Methods
Participants
The age of all participants ranged from 16 years to 59 years, 
with a mean of 34.9 ± 8.5 years. Participants’ education 
ranged from 5 years to 14 years, with a mean of 8.7 ± 3.2 
years. Twelve patients suffering TBI for over 6 months (8 
males and 4 females) and 12 healthy controls (8 males and 
4 females) were recruited from the Affiliated Hospital of 
Chifeng University, China. 

All participants’ hearing ability was confirmed by the 512-
Hz tuning fork test (Burkey et al., 1998). All participants had 
normal or corrected-to-normal visual acuity, and all were 
identified as right-handed. 

TBI patients were diagnosed according to the criteria 
in the Structured Clinical Interview for Diagnostics. All 
patients were in stable condition and taking no medicine. 
None of the patients had a history of central nervous sys-

Table 1  Comparison of mismatch negativity (MMN) amplitude (μv)
between traumatic brain injury (TBI) patients and healthy controls 

Site 
Patients after TBI 
(n = 12)

Healthy controls 
(n = 12) U P 

F3 –0.30±0.44 1.09±0.70 –2.829 0.005

Fz –0.50±0.47 –1.23±0.75 –2.540 0.011

F4 –0.32±0.38 1.22±0.97 –2.367 0.018

FC3 –0.46±0.79 –1.37±0.90 –2.540 0.011

FCz –0.57±0.69 –1.52±1.08 –2.425 0.015

FC4 –0.64±0.75 –1.62±1.44 –2.367 0.018

C3 –0.67±0.94 –1.14±1.04 –0.866 0.386

Cz –0.70±0.75 –0.94±0.93 –0.404 0.686

C4 –0.56±0.39 –1.16±1.36 –0.116 0.908

Data are expressed as the mean ± SD (n = 12; Mann-Whitney U test).

Table 2 Correlation of MMN amplitudes with neurocognition 
and functional outcomes through Spearman’s partial correlations 
analysis, taking the age, sex and education as the covariates 

Site r value of WAIS-RC r value of ADL r value of C-SSDS

F3 –0.585** 0.667** 0.643**
Fz –0.612** 0.630** 0.611**
F4 –0.663*** 0.526** 0.532**
FC3 –0.618** 0.637** 0.575**
FCz –0.583** 0.671*** 0.592**
FC4 –0.538** 0.511** 0.500**
C3 –0.309 0.477** 0.366

Cz –0.227 0.466** 0.350

C4 –0.395 0.343 0.300

**P < 0.01, ***P < 0.001. MMN: Mismatch negativity; WAIS-RC: 
Wechsler Adult Intelligence Scale-Revised China; ADL: Activity of Daily 
Living Scale; C-SSDS: China version of Social Disability Screening 
Schedule. 

tem disease, alcohol or drug abuse, or electroconvulsive 
therapy. 

Healthy controls were recruited through posters displayed 
in the hospital. They were healthy people on physical exam-
ination, and their mean age was 34.5 ± 8.8 years. An initial 
screening interview was conducted by a board-certified psy-
chiatrist, to exclude participants with identifiable psychiatric 
disorders, histories of head injury, or neurological disorders. 
All Structured Clinical Interviews and cognition impairment 
administrations were conducted by the same neurologists. 

All participants signed a written informed consent form 
prior to experimentation. This study was approved by the 
Institutional Review Board of the Affiliated Hospital of 
Chifeng University in China.

Neurocognition 
Neurocognition was evaluated according to the Wechsler 
Adult Intelligence Scale-Revised China (WAIS-RC) in pa-
tients at 6 months after TBI (Yao et al., 2007). The measure-
ment consisted of performance intelligence quotient (IQ), 
verbal IQ and full IQ. There are 13 subtests for the measures. 
There is an obvious functional obstacle when the total score 
is < 70 points; a lower score indicates worse performance. 

Functional outcome measures 
Activity of Daily Living (ADL) scale
The ADL scale was developed by Lawton and Brody in the 
United States in 1969. This scale evaluates participants’ func-
tioning in everyday life. It includes the Physical Self-main-
tenance Scale and the Instrumental Activities of Daily 
Living Scale. ADL is mainly used for the evaluation of daily 
life ability and includes 14 items, six items on the Physical 
Self-maintenance Scale and eight items on the Instrumental 
Activities of Daily Living Scale. Total scores on this scale 
range from 14 points to 56 points. There is an obvious func-
tional obstacle when the total score is ≥ 22 points; a higher 
score indicates worse performance. ADL evaluation was 
performed 6 months after TBI and every day after neurocog-
nition detection.
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Figure 1 Topographic maps of 
MMN (A) and MMN waves (B) 
at FCz in traumatic brain injury 
(TBI) patients and healthy 
control participants. 
The MMN wave was generat-
ed by subtracting the standard 
event-related potential wave from 
the deviant ones. MMN ampli-
tude was measured as the mean 
voltage between 100 ms and 300 
ms. Blue region indicates low 
voltage and red region indicates 
high voltage. MMN: Mismatch 
negativity. 

Figure 2 Scatter plots between MMN 
at the FCz electrode and ADL scores 
(A) and between MMN at the Fz 
electrode and C-SSDS scores (B) in 
patients after traumatic brain injury. 
MMN amplitude was extremely pos-
itively associated with ADL in FCz. 
MMN amplitudes were extremely 
positive associated with C-SSDS in Fz 
in TBI patients. MMN: Mismatch neg-
ativity; ADL: Activity of Daily Living 
Scale; C-SSDS: China version of Social 
Disability Screening Schedule.

China version of Social Disability Screening Schedule (C-SSDS)
The C-SSDS test was originally developed by the WHO 
Disability Assessment Schedule in 1988. The validity and re-
liability of the C-SSDS were confirmed by the China Mental 
Illness Epidemiological Work Group from twelve regions. 
This scale subjectively measures adults’ social, occupation-
al, and psychological functioning. It is suitable for cases 
aged from 15 years to 59 years. C-SSDS includes 10 items. 
Each score on this scale ranges from 0 to 2; 0 point refers to 
healthy or very minor defects, 1 point refers to a function-
al defect, and 2 points refers to a serious functional defect. 
There is an obvious social function obstacle when the total 
score is ≥ 2 points; a higher score indicates worse perfor-
mance. The C-SSDS test was performed 6 months after TBI 
and every day following the ADL test.

electroencephalogram (eeG) recording
After neurocognition and function assessment, EEG was 
recorded the next day. The participants were seated in a 
comfortable chair in a sound-attenuated room. Stimulus 
presentation and data synchronization with the EEG were 
accomplished using E-Prime (Psychology Software Tools, 

Pittsburgh, PA, USA). The EEG was continuously recorded 
(band pass 0.1–200 Hz, sampling rate 1,000 Hz) with Neu-
roscan Synamp Amplifier (Compumedics USA, El Paso, TX, 
USA), using an electrode cap with 32 Ag/AgCl electrodes 
(Fp1, Fp2, F7, F3, Fz, F4, F8, FT7, FC3, FCz, FT8, T3, C3, Cz, 
C4, T4, TP7, CP3, CP4, TP8, T5, P3, Pz, P4, T6, O1, Oz, O2 
and four electro-oculogram (EOG) electrodes) mounted ac-
cording to the extended international 10-20 system. Vertical 
electric orbital upper and vertical electric orbital lower were 
recorded above and below the left eyes. Horizontal EOG was 
recorded at the outer canthus of each eye. The ground elec-
trode was placed on the forehead, and the reference electrodes 
were located at the root of the nose. Electrode impedance was 
maintained below 5 kΩ throughout the experiment. 

The auditory stimuli consisted of sounds at 85 dB SPL and 
1,000 Hz. The standard and deviant tones lasted 200 ms (De-
viat and standard probabilities: 20% and 80%, respectively). 
The interstimulus interval was 600 ms. The participants were 
asked to watch a hexapod movie without paying attention 
to sound. The experimental procedure was 15 minutes long. 
Breaks were permitted only when the participants asked to 
rest.

TBI patients                                                           Healthy control subjects
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EOG artifacts were corrected using the method proposed 
by Semlitsch et al. (1986). The EEG was segmented in ep-
ochs of 600 ms, time-locked to face onset and included a 
200-ms pre-stimulus baseline. Averaging of the event-relat-
ed potential waves and related procedures was performed 
using the NeuroScan version 4.5 software (Compumedics 
U.S.A., Ltd., El Paso, TX, USA). Eye blinks were removed 
using the established mathematical procedures (Semlitsch et 
al., 1986). Trials contaminated by amplifier clipping, bursts 
of electromyographic activity, or peak-to-peak deflection 
exceeding ±100 μV were excluded from averaging. The av-
eraged event-related potentials were digitally filtered with 
a low-pass filter at 30 Hz (24 dB/Octave) and then divided 
into 1,000-ms epochs from –100-ms prestimulus to 400-ms 
poststimulus. The MMN wave was generated by subtracting 
the standard event-related potential wave from the deviant 
ones. The mean voltage of the MMN amplitude was mea-
sured between 100 ms and 300 ms. Larger MMN peaks have 
generally been seen at the frontal electrodes (Umbricht et 
al., 2006; Wynn et al., 2010; El et al., 2014). Based on the ob-
served scalp topography of the MMN in the control group 
and on electrode choice in previous MMN studies, the fol-
lowing fronto-central electrodes were chosen for analysis: 
F3, F4, Fz, C3, C4, Cz, FC3, FC4, FCz (Giard et al., 1990; Lin 
et al., 2012; Neuhoff et al., 2012; Xiying et al., 2012), and was 
performed using the NeuroScan version 4.5 software pack-
age (Compumedics, U.S.A., Ltd.). This fronto-central region 
is known to be of interest for auditory stimulus perception 
and processing (Giard et al., 1990) and these electrodes have 
also been used for group comparisons between TBI and con-
trols in former cognition studies (Sarno et al., 2006; Doi et 
al., 2007; Lew et al., 2007a, b; Kodama et al., 2010). 

Statistical analysis 
Statistical analysis was performed using SPSS version 16.0 
software manufactured by SPSS Inc. (IBM Corporation, 
Armonk, NY, USA). A chi-squared test was used to examine 
differences in demographic variables. The measurement data 
were not normally distributed as determined by the Kolmog-
orov-Smirnov test (Ks < 0.05). Comparisons between groups 
were made using the Mann-Whitney U test (Pereira et al., 
2015). A P value of less than 0.05 was considered statisti-
cally significant. A Mann-Whitney U test with 9 electrodes 
as within-participants variables and the two groups as the 
between-participants variable was applied to assess patterns 
of MMN activity (Lin et al., 2012). There was no significant 
difference in neurocognition, social cognitive ability, and 
functional outcome scores in the assumption of homogene-
ity of variance; thus, Spearman’s partial correlation analysis 
with age, sex and education as covariates was performed to 
analyze the relationships between MMN amplitudes and 
WAIS-RC, ADL, and C-SSDS scores (Seung et al., 2014). 

Results
MMN amplitudes between two groups
There were no significant differences between groups in age 
distribution (F = 6.53, P > 0.05) or education (F = 0.34, P > 

0.05). Comparisons in MMN amplitudes between groups 
showed a significant difference (U = –2.425, P < 0.05). 
Figure 1 shows the grand-averaged MMN waveforms and 
topographical maps for the two groups. The TBI patients 
displayed obviously reduced MMN amplitudes compared 
with normal controls at the FCz electrode. The fronto-cen-
tral electrodes (F3, Fz, F4, FC3, FCz, FC4) with significantly 
higher MMN amplitudes in healthy controls than in TBI 
patients are shown in Table 1 (P < 0.05). 

The relationship of MMN with neurocognition and 
functional outcome
There were significant positive correlations between MMN 
amplitudes, neurocognition, and functional outcome scores 
in F3, Fz, F4, FC3, FCz, FC4, C3, Cz, C4 (Table 2). The stron-
gest positive correlations were found between MMN at the 
FCz electrode and ADL (r = 0.671, P < 0.001). The scatter 
plots between MMN and ADL scores, and between MMN 
and C-SSDS scores in TBI patients, are revealed in Figure 2. 
MMN amplitude was extremely positively associated with 
ADL in FCz and was also extremely positively associated 
with C-SSDS in Fz in TBI patients (r = 0.502, P < 0.01). 

Discussion
Event-related potentials recorded in a healthy young group 
and a healthy elderly group have been documented for the 
early treatment of cognitive alterations and dementia, and 
can be used as an early discrimination between normal and 
pathological brain aging (Freigang et al., 2014). Schmidt et 
al. (2013) present a model-based investigation of mecha-
nisms underlying the reduction of MMN amplitudes under 
ketamine, and demonstrated the potential of modeling 
pharmacological modulation from EEG data. MMN can be 
used to confirm plastic neural damage, and can also predict 
the recovery of patients in a coma and in infants learning a 
language (Kujala and Naatanen, 2010). Kaipio et al. (2001) 
reported fast vigilance attenuation in closed head injury 
patients, and indicated that MMN amplitude for the pitch 
deviant declined in healthy controls less than in patients. 
MMN may have clinical utility in detecting deviations from 
normal cognitive processing (Lew et al., 2007; Paukkunen 
et al., 2011). The relationships of MMN to social cognitive 
ability or functional outcome have not been studied, so we 
compared the relevance of MMN, neurocognition, and daily 
and social functioning in patients after TBI and in healthy 
controls. In this study, we concluded that MMN amplitudes 
were lower in patients after TBI than in healthy controls. 

In terms of daily and social functioning in the study, 
MMN in healthy controls and patients after TBI was signifi-
cantly associated with the ADL and C-SSDS scores. MMN 
and neuropsychological test (WAIS-RC) scores in controls 
and TBI patients also have an obvious relationship. So, the 
main finding of this study is that MMN in the fronto-cen-
tral region was significantly negatively correlated with 
neurocognition and positively correlated with functional 
outcomes between two groups. The significant positive rel-
evancy of MMN and functional outcomes was emphasized. 
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MMN can be significantly predicted in patients after TBI.
Cognitive function is closely related to age (Lampit et al., 

2014; Roy et al., 2014; Shafto et al., 2014), and MMN am-
plitude is in a downward trend in the elderly (Kiang et al., 
2009). The C-SSDS asks for a restriction on age. So in this 
study, the age of participants is considered. Gender can also 
influence cognitive dysfunction after TBI. Gender, there-
fore, may be a factor affecting the degree of brain injury 
recovery (Garcia et al., 1999; Roof et al., 2000; Yune et al., 
2004). We put the gender factor in the reference system for 
research. Cognitive rehabilitation after TBI is associated with 
the number of years of education: the higher the education 
level, the better the cognitive function recovery (Schneider 
et al., 2014). In the present study, there were no significant 
differences between groups in aspects of age distribution or 
education.

As far as we know, this study is the first demonstration 
to explore the relationships of MMN with neurocognition, 
social cognitive ability, and daily and social functional out-
comes. In brief, MMN has significant relationships to neuro-
cognition, and daily and social functioning in TBI patients, 
to generalize the results. MMN is best predicted by function-
al outcome in Han Chinese TBI patients, and can predict 
neuronal regeneration. The present study has three limita-
tions. First, although the participants were asked to watch a 
hexapod movie without paying attention to sound, we could 
not completely rule out the possibility that they occasion-
ally paid attention to the sound. Second, the experimental 
procedure was 15 minutes long. Breaks were permitted only 
when the participants asked to rest. The rest times may have 
affected the EEG recording and may influence the results. 
Third, we performed our study with a limited number of 
participants, so further studies should be conducted involv-
ing a larger number of participants with regular breaks in 
the experimental procedure. In future, electrophysiological 
and neuropsychological studies combining biomarkers from 
different modalities should be investigated to predict the 
functional recovery of patients after traumatic brain injury 
earlier and more accurately. 
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