
INTRODUCTION

Cognitive impairment is a fatal malady that limits active 
rehabilitation and functional recovery, in patients with 
traumatic brain injury (TBI). In severe cases, it is impos-
sible to assess cognitive function precisely. It is essential 
to assess cognitive function to establish the proper reha-
bilitation plan, as well as evaluate the course of rehabili-
tation.

The neural network related to cognition, has been ana-
lyzed using electroencephalography (EEG). In this case 
report, we used the global synchronization index (GSI) 
and low resolution brain electromagnetic tomography 
(LORETA) (http://www.uzh.ch/keyinst/loreta), for track-
ing cognitive function change in a TBI patient. The GSI 
proposed by Li et al. [1] is a novel EEG measure that can 
quantify global synchronization of multiple sites, by 
bringing together all relevant information. The GSI is de-
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rived from the largest eigenvalue of a correlation matrix, 
produced by an equal-time correlation method. Equal-
time correlation matrix is a method to measure synchro-
nization, when delay between two signals is very small. 
All elements of equal-time correlation matrix vary from 
−1 to 1, meaning perfect anti-correlation to perfect cor-
relation, between two series. This measure can delicately 
assess GSI between multiple time series. GSI can quantify 
correlations in multivariate data sets, and this can be ap-
plied to analysis of neurophysiological data, describing 
properties of synchronization of population neuronal 
activity recorded simultaneously from multiple sites. LO-
RETA is a practical brain imaging technique, represent-
ing reversely processed linear outcomes by demonstrat-
ing 3D distributions of EEG signals [2]. Cross-spectra of 
EEG segments were computed with LORETA software for 
seven frequency bands: delta (1.5–4 Hz), theta (4–8 Hz), 
alpha1 (8–10 Hz), alpha2 (10–13 Hz), beta1 (13–18 Hz), 
beta2 (18–21 Hz), and beta3 (21–30 Hz). EEG cross-spec-
tra matrices were then averaged, as input for LORETA 
source analyses.

In this case report, we report a case of the GSI and the 
LORETA as sensitive and precise measures of EEG used 

for evaluation of cognitive function change that was very 
difficult to assess with conventional tests, due to severe 
cognitive impairment in a 77-year-old male patient that 
experienced traumatic brain injury. The informed con-
sent was waived.

CASE REPORT

A 77-year old male patient with traumatic subdural 
hemorrhage (Fig. 1A) had emergent decompressive cra-
niectomy, and underwent cranioplasty 3 months later. On 
the brain magnetic resonance imaging taken at 8 months 
after traumatic subdural hemorrhage, the hematoma was 
completely absorbed, but revealed hyperintensity within 
the left prefrontal cortex and the right frontoparietal 
cortex (Fig. 1B). He had been receiving physical as well 
as cognitive therapy focused on deficits in arousal and 
attention, since management in the intensive care unit 
was finished. Cognitive therapy included environmental 
stimulation, sensory stimulation, and behavioral retrain-
ing of attention. The patient was also taking amantadine 
100 mg a day, donepezil 5 mg a day, escitalopram 10 mg a 
day for 5 months. However, the Rancho Los Amigos (RLA) 

Fig. 1. Experimental design. Brain computed tomography taken at emergency room revealed subdural hemorrhage 
(A) and brain magnetic resonance imaging (MRI) taken at 8 months after trauma revealed prefrontal contusion (B). 
The patient received cognitive rehabilitation including cognitive therapy, medications, and transcranial direct cur-
rent stimulation (tDCS). The cognitive function was assessed using Rancho Los Amigos (RLA) scale, Korean version of 
the Mini-Mental State Examination (K-MMSE), and electroencephalography (EEG) at the date that the brain MRI was 
taken and followed up after 20 days.
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scale and the Korean version of the Mini-Mental State 
Examination (K-MMSE) score still yielded a low score 
(RLA scale=5; K-MMSE score=3). The patient could give 
correct answers to only three questions on orientation. 
We started anodal transcranial direct current stimula-
tion (tDCS), applied continuously for 20 days using the 
Phoresor PM850 (IOMED, Salt Lake City, UT, USA) and a 
pair of 5 cm×5 cm water-soaked sponge electrodes. For 
anodal stimulation, the anode was placed over the left 
dorsolateral prefrontal cortex as determined by the Inter-
national 10/20 EEG System corresponding to F3, and the 
cathode was placed in the right supraorbital area. A con-
stant current of 2 mA was administered for 30 minutes 
per day. He received same cognitive therapy, and took 
same medications continuously as before DCS (Fig. 1).

Because, it had been difficult to track cognitive function 
changes sensitively with conventional cognitive func-
tion testing such as interview and paper tests due to the 
patient’s cognitive status, we used EEG. EEG data were 
gathered using a conventional 32-channel EEG system 
(Nicolet Biomedical Inc., Madison, WI, USA) in a dimly 
illuminated and sound-proof room. EEG recordings were 
conducted in a comfortable bed for 20 minutes from 18 
scalp areas (Fp1, F3, C3, P3, Fp2, F4, C4, P4, F7, T3, T5/
P7, O1, F8, T4, T6/P8, O2, T1, and T2) as determined by 
the International 10/20 EEG System. While collecting 
data, the eyes of the patient were covered for 10 minutes 

and uncovered for 10 minutes, respectively. Eye-blinking 
artifacts were ruled out by visual inspection. When the 
patient was suspected for drowsiness, he was awakened 
and told to keep his eyes open, and these signals expect-
ably appeared in EEG recordings.

EEG was performed before and after cognitive rehabili-
tation including cognitive therapy, medication, and tDCS 
for 20 days, and then analyzed using GSI and LORETA. 
The RLA scale and the K-MMSE were performed on the 
same day with EEG (Fig. 1). On the 20th day of cognitive 
rehabilitation, the RLA scale improved from 5 to 6, and 
the K-MMSE scale improved from 3 to 10 (Table 1). GSI 
analysis revealed decreased low frequency band (theta 
wave), and increased high frequency bands (alpha and 
beta waves) increased after tDCS. LORETA analysis re-
vealed differences of activities of each wave in the whole 
brain (Fig. 2).

DISCUSSION

EEG could offer precise knowledge of cortical informa-
tion concerning cognitive function. Previous studies ap-
plied GSI to analyze EEG signals in Alzheimer disease, at-
tention deficit hyperactivity disorder, and mild cognitive 
impairment [3-5]. They found that GSI acted as a biologi-
cal identifier, evaluating cognitive function of patients 
complaining of cognitive decline. LORETA is used to 
evaluate cortical activity and physiological changes. Ianof 
et al. [6] applied LORETA to the patients with Alzheimer 
disease and diffuse axonal injury revealed neurofunc-
tional differences compared with control.

In this case report, it gives major significance to GSI and 
LORETA for quantifiably evaluating cognitive function 
within the patients suffering from severe cognitive dam-
age after TBI, so that conventional assessment such as 
an interview cannot be applied. He was treated in terms 
of three aspects for improvement of cognitive function. 
First, he received conventional cognitive therapy focused 
on deficits in arousal and attention. Second, he was ad-
ministered three medications affecting brain activities 
such as amantadine, donepezil, and escitalopram. Three, 
he had tDCS to increase excitabilities of the prefrontal 
cortices and improve cognitive function. Comprehensive 
cognitive rehabilitation including conventional cognitive 
therapy, medications, and the tDCS over the left dorsolat-
eral prefrontal cortex with 2 mA intensity for 20 minutes 

Table 1. Cognitive function and GSI values

Before tDCS After tDCS
Cognitive function

   RLA scale 5 6

   K-MMSE 3 10

GSI

   Delta 0.3391 0.4083

   Theta 0.3770 0.3655

   Alpha 0.3101 0.3529

   Low beta 0.2830 0.4289

   Beta 0.3083 0.4289

   High beta 0.4660 0.5656

   Gamma 0.5805 0.6262

GSI, global synchronization index; tDCS, transcranial 
direct current stimulation; RLA, Rancho Los Amigos; K-
MMSE, Korean version of the Mini-Mental State Exami-
nation.
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and 20 days triggered the change of EEG spectrum that 
low frequency bands decreased high frequency bands in-
creased.

EEG power spectrum is composed of delta (approxi-
mately 3 Hz), theta (4–7 Hz), alpha (8–12 Hz), and beta 
(12–30 Hz) components. Connection between mutual re-
lationship of low and high-frequency oscillation is regu-

lated by the prefrontal cortex and this may consequently 
stimulate alpha-related cognitive performance, but re-
strain internal stimulus associated with delta and theta 
activity. Delta and theta waves belong to low frequency 
components. Alpha and beta waves are high frequency 
components, and manifest alertness and active working. 
Alpha system is relevant to inhibitory operations and is 
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Fig. 2. LORETA analysis compar-
ing the first and second EEG. 
Increased activities in the second 
EEG compared to the first EEG are 
highlighted in blue. Meanwhile, 
decreased activities between are 
highlighted in yellow-red. Each 
of the bands is composed of delta 
(1.5–4 Hz), theta (4–8 Hz), alpha1 
(8–10 Hz), alpha2 (10–13 Hz), 
beta1 (13–18 Hz), beta2 (18–21 
Hz), and beta3 (21–30 Hz) in rang-
es. LORETA, low resolution brain 
electromagnetic tomography; 
EEG, electroencephalography.
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responsible for cognitive performances associated with 
attention and memory. Deficient alpha activity gives rise 
to relative prevalence of low-frequency oscillations and 
secondary dis-inhibition over low frequency bands in-
duces altered behavioral patterns. Beta system becomes 
dominant in alert condition and active concentration [7]. 
EEG studies have revealed increasing propensity in the 
theta/alpha ratio following mild TBI, then normalizing to 
normal values within weeks to months [8].

However, the limitation is that we cannot argue tDCS 
brought effective change in EEG since conventional 
cognitive therapy and medications were administered 
simultaneously, though the tDCS was added finally fol-
lowing previous conventional cognitive therapy and 
medications. In addition, it is difficult to prove complete 
effectiveness of tDCS because this report was not based 
on the case-control study. Actually, tDCS studies on cog-
nitive function in TBI patients were insufficient to con-
clude its effectiveness presently. The first tDCS study was 
a sham-controlled study in that nine chronic TBI patients 
received anodal tDCS (2 mA for 20 minutes) on left dor-
solateral prefrontal cortex and found that reaction times 
were shortened by real tDCS [9]. In a sham-controlled 
study of Ulam et al. [10], delta decreased and alpha in-
creased for the real stimulation group after 10 tDCS ses-
sions in TBI patients.

The meaning of this case report is that we quantified 
neural activities using GSI as well as LORETA simultane-
ously in a TBI patient. We suggest alterations of cognitive 
functions could be effectively studied using GSI analysis 
with LORETA. We considered EEG can be effective as a 
promising modality that traces variation in brain activi-
ties during rehabilitation in patients with TBI.
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