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 Although functional connectivity has received great attention in 

consciousness study area, only few studies have investigated 

functional connectivity limited to sedation state where 

consciousness is maintained but impaired. The aim of the present 

study was to investigate the changes in functional connectivity of 

parietal-frontal network resulting from nitrous oxide induced 



sedation state, and determine the neural correlates of cognitive 

impairment during transition states of consciousness. 

 Electroencephalography was acquired from healthy adult patients 

with nitrous oxide inhalation to induce cognitive impairment, and 

analyzed by using Granger Causality (GC). The periods of awake, 

sedation and recovery for GC between frontal and parietal areas in 

delta, theta, alpha, beta, gamma and time-domain frequency band 

were obtained. Kruskal-Wallis test with post-hoc analysis was 

conducted for GC values of each period for comparison.  

 As sedative state was induced by nitrous oxide inhalation, the 

power in low frequency band showed increased activity in frontal 

regions, which was reversed with discontinuation of nitrous oxide. 

The feedback and feedforward connections analyzed in spectral GC 

were differently changed in accordance with EEG frequency bands 

in sedative state by nitrous oxide administration. Calculated spectral 

GC of high frequency region in frontal to parietal direction was 

significantly decreased in sedative state while the spectral GC in 

reverse direction did not show significant change. 

 The frontal-parietal functional connectivity is significantly 

affected by nitrous oxide inhalation. It is suggested that the 



significantly decreased frontal to parietal interaction may induce 

sedative state which can be described as impaired consciousness in 

accordance with the same directional decrease of interaction in the 

loss of consciousness induced by anesthetics. 
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Fig. 1. Representatives of frontal and parietal spectrograms. 

Fig. 2. Spectral-GC at each sedative level and direction.
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I. Introduction 

Nitrous oxide inhalation sedation is widely used because it 

provides a reversible manipulation, and the sedative effect starts 

rapidly as well as the effect ceases and recovered quickly. For 

those reasons plus its non-invasive manner, it is especially favored 

for both children and handicapped children. However, the precise 

mechanism that induces sedation during nitrous oxide inhalation is 

still unclear and under debate. Recently, functional magnetic 

resonance imaging (fMRI) investigation has been used to reveal 

relationship of functional connectivity of brains at the certain 

consciousness and sedation state.1,2 Inducing alteration of 

consciousness has been told to have two main ways by suppressing 

the activity in relevant regions or by altering the brain 

communication mechanisms.3 Considering complex nature of 

consciousness and dispersed brain areas in regulating various 

functions, the interactions between different brain regions may play 

critical role in maintaining normal consciousness. 

Previously, general anesthetics was used and utilized to induce 

LOC for finding neural correlates. Among cerebral interactions 



2 

 

postulated to be related to conscious perception, the network 

between parietal and frontal area have received great attention as a 

critical neural correlate, especially, corti-cortical interactions play 

an important role in maintaining consciousness. As subjects under 

pharmacologically induced anesthesia also suggest the loss of 

frontal-parietal connectivity,4 the patients with impaired 

consciousness would have a disrupted connectivity pattern in 

frontal-parietal network compared to healthy subjects.5-7 

Therefore, cortical functional connectivity is critical in the range of 

consciousness. 

For investigating the role of the interactions between distant brain 

areas in conceptual perception, anesthesia has been instrumental in 

defining the differences of brain interaction between loss of 

consciousness (LOC) and awake state. Clinically, consciousness is 

maintained during sedative state, which means it can be regarded as 

an awake state, yet vulnerable to be lost without certain level of 

external stimuli in this state. Meanwhile, mild impairment of 

cognition is not exactly the same as the awake state, but a dynamic 

stage from the perspective of cognitive perception change. However, 

there have been few studies investigating changes of functional 
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connectivity limited to sedation state where consciousness is 

maintained but impaired. By investigating this sedation state which 

can be described as the state in between full consciousness and 

impaired cognitive states, giving information on how connections 

between different cortical areas are affected during the transition, it 

may give an insight to reveal neural correlates of consciousness 

more clearly.  

The aim of this study was to investigate changes of the functional 

connectivity of parietal-frontal network in nitrous oxide induced 

sedative state by using Granger Causality method, and to determine 

the neural correlates of cognitive impairment during transitional 

states of consciousness. The sedative state, that consciousness was 

impaired but not lost, was induced by nitrous oxide inhalation. 

 

 

II. Methods 

1. Participants (Patient Recruitment) 

 With the informed consent provided according to the institutional 

review board approval, 20~40 year-old healthy volunteers, 8 males 

and 7 females, were studied with 8-channel 
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electroencephalography (EEG). Before clinical trial, each volunteer 

fasted for at least 8 hours. Volunteers who had a significant medical 

disease and laboratory abnormalities were excluded from the study.  

 

2. Sedation Protocol & Data acquisition 

(Measurement of EEG signal) 

We used 8-channel EEG (WEEG-8®, Laxtha Inc., Daejeon, South 

Korea) with its electrodes placed on the montages (Fp1, Fp2, F3, 

F4, P3, P4, Cz; A2 electrode for reference) to investigate the effect 

of nitrous oxide on the brain overall the sedation procedure. The 

procedure was divided into four consecutive epochs; (i) patients 

began to close eyes, then five to ten minutes EEG recording with no 

external stimulus in order to record baseline. [wake up phase] (ii) 

30 vol% nitrous oxide inhalation for five minutes with the flow rate 

of 6.0liter per minute. (iii) 50 vol% nitrous oxide inhalation for five 

minutes with the same flow rate. [sedative phase] (iv) 100% 

oxygen inhalation for five minutes [recovery phase]. The nitrous 

oxide was inhaled by volunteers through facial mask under the 

control of flowmeter. Also, electrocardiogram and pulse oximetry 
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(SpO2) of each volunteer were continuously attached to monitor 

vital sign during nitrous oxide sedation. The EEG was continuously 

recorded during the whole phases until the volunteers were 

transferred to the post-anesthesia care unit. Data were recorded at 

a sampling rate of 256Hz with a customized software. 

 

3. EEG Data Preprocessing 

 The data acquired were converted to raw text files by using 

TeleScan software package (LAXTHA, Daejeon, South Korea), then 

loaded and analyzed by Matlab R2015a (Math Works Inc., Natick, 

MA, USA). The certain part of data was analyzed that each set of 

data consists three-minute spontaneous EEG recording during 

wake-up, sedation and recovery period from each subject. We 

selected the position to acquire EEG data manually which had the 

least artifact by researchers. The 64th order of finite impulse 

response (FIR) notch filters (59-61 Hz and 199-121Hz) was 

applied to EEG data to remove the 60Hz power-line noise as well 

as its harmonics at 120Hz using ‘firls’ function provided by 

Matlab. Notch filtering conducted in each EEG signal of frontal and 

parietal areas was calculated by averaging the EEG signals of brain 
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areas placed (frontal: FP1, FP2, F3, F4, parietal: Cz, P3, P4). The 

definition of awake(AW), sedation(SE) and recovery(RE) were 

defined as the period before nitrous oxide inhalation started, 

between nitrous oxide inhalation started and ended, and after 

nitrous oxide inhalation ended to the end of measurement, 

respectively. 

 

4. Granger Causality Analysis 

 The Granger Causality in the time and frequency domains, used in 

analyzing the result, is explained in this section. If there is two 

weakly stationary time X and Y which means that time series whose 

observations have constant means and autocorrelation, Granger 

Causality (  → ) is a measure of interactivity in which X is better 

able to predict by using available information Y than by only 

information apart from Y has been used.8  

 In vector autoregressive (VAR) model, stationary signal can be 

expressed like below: 

 
 ( )

 ( )
 = 	   ∙  

 ( −    )

 ( −    )
 

 

   

+	 
  ( )
  ( )

  (1) 
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 ( ) = 	   ∙  ( −    )

 

   

+	   ( ) (2) 

 where    and    are 2 by 2 and 1 by 1 matrices if  ( ) and  ( ) 

are one-dimensional signals,   is the order of models, 

	  ( ),   ( ),    ( )  are residuals for  ( )  with correlated  ( ) ,  ( ) 

with correlated  ( )	and  ( ) with uncorrelated  ( ), respectively. 

GC is defined by the log-ratio calculated by dividing the variance 

of the unrestricted regression (1) by that of the restricted 

regression (2). The formula is expressed like this: 

  → ≜    
        

   (  )
  (3) 

 

GC is decomposed by spectral form which could explain about 

causal influence to particular frequency bands.  Spectral GC can be 

thought of as measuring the proportion of power of X at the given 

frequency that derives from its interaction with Y. 

A( ) can be defined like below: 

A( ) ≔ 	 −	    ∙        =  −      	

 

   

	

 

   

 (4) 

where  = 	2 f  	(f: frequency,   :         	    ). 

When equation (4) is applied, unrestricted regression (1) is 
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changed like this: 

A( ) ∙ 	  
 ( )

 ( )
 = 	  

  ( )
  ( )

   (5) 

 

Let us also introduce the covariance matrix of residuals of the 

unrestricted regression (1) as 

Σ ≜ cov  
  ( )

  ( )
 =  

Σ
  

Σ
  

Σ
  

Σ
  

  (6) 

The autocovariance sequence   for a covariance-stationary 

stochastic process    is defined like this: 

Γ
 
≜ cov(  .     	)(k = ⋯ ,−2.−1. 0, 1, 2,⋯ ) (7) 

For a VAR process (1), the equation (7) could be expressed by 

VAR parameters used in (1) by the Yule-Walker equations 

Γ
 
=    ∙Γ   

 

   

+	δ
  

Σ	(k = ⋯ ,−2.−1. 0, 1, 2,⋯ ) (8) 

The cross-power spectral density (CPSD) is defined as the 

Fourier transform of the autocovariance sequence using (8): 

S( ) = 	  Γ
   

∙      

∞

   ∞

	(0 ≤  ≤ 2π) (9) 

For a VAR process, the CPSD admits a unique spectral 

factorization. 
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S( ) = 	 ( )Σ ∗( ) (10) 

where the transfer function  ( ) is defined as the inverse matrix 

of the Fourier transform of the regression coefficients: 

 ( ) ≜   −	        	

 

   

 

  

(0 ≤  ≤ 2π) (11) 

Then the spectral GC is given by  

f → ( ) ≜    
S  ( )

S  ( ) − 	   ( )Σ | 
   
∗ ( )

  (12) 

where ‘*’ denotes complex conjugation and Σ
 | 

=	Σ
  
−

	Σ
  

Σ
  

  
Σ

  
 

The ‘band-limited’ GC for a frequency band	[  , f ] is calculate 

by obtaining the mean spectral GC across the range like this (using 

  = 	2 f   ,   = 	2 f   	): 

F → (f , f ) = 	
1

  −   	
 f → ( )	  = 	

1

f − f 	
 f → (f)	 f
  

  

	
  

  

 (13) 

The total time-domain GC can be calculated by calculating mean of 

all frequencies: 

F → =	
1

f 
 f → ( )	  
  

 

 (14) 

where f  means Nyquist Frequency. 
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5. Granger Causality Implementation 

 To analyze the EEG data acquired from subjects, 90 consecutive 

epochs were selected in each analysis region of subjects. To avoid 

nonstationary problems, the data was divided into two-second 

segments, and removed the average value and applied linear 

detrend.9 After the pre-process, the EEG signal in each epoch was 

renormalized to have mean of zero standard deviation of one. 

 We chose epoch lengths of 2-second used in studies.10,11 90 

segments were selected for calculation with no epoch was 

overlapped. Next, we calculated the best model order as given by 

the Akaike information criterion (AIC) in each epoch using MVGC 

Multivariate Granger Causality Toolbox.12,13 The calculated model 

order was 25, and we used it to calculate GC value in each subject 

according to three different levels of consciousness (awake, 

sedation and recovery), direction and frequency band (delta (0.5-

4Hz), theta (4-8 Hz), alpha (8-12Hz), beta (12-25 Hz), gamma 

(25-40 Hz) and time-domain (0.5-40 Hz)).  

 To eliminate bias of GC in each epoch, permutation technique was 

used.14 For each case, one thousand random samples of each frontal 
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and parietal epoch were selected and pairs of frontal and parietal 

were mixed. After that, GC of each case was acquired in each 

frequency band. Because the GC of the mixed frontal-parietal is 

zero by definition of GC, GCs were adjusted by GCs which were 

calculated by mixed frontal-parietal EEG data. 

 To compare the differences of connectivity at different levels of 

consciousness, Friedman test followed by post-hoc analysis were 

performed in each case. A P value less than 0.05 was considered to 

be statistically significant. 

 

III. Result 

 As volunteers were sedated with nitrous oxide administration, the 

power in low frequency band tended to be increased in frontal 

regions, which was reversed with discontinuation of nitrous oxide. 

In parietal areas, however, the power at all frequency bands 

appeared to be significantly changed irrespective of nitrous oxide 

administration. 
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A 

 

B 

Figure 1. The spectorgrams and signal samples show that the 

overall frequency had been changed during the procedure. A and B 

are representatives of frontal and parietal region, respectively. 

 

Consciousness requires feedforward and feedback interactions 

between frontal and parietal cortex.15,16 GC, statistical analysis 
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methods for the estimation of the causality between two different 

time signals, has been widely used to investigate brain interaction 

between two different brain areas.17 Especially, spectral GC, a 

measure of estimating the causality carrying the information of the 

directions of interactions between two different signals in frequency 

domain, can be very useful to evaluate brain synchrony between 

two different brain areas at specific frequency bands. Therefore, to 

confirm the direction and strength of brain interactions associated 

with nitrous oxide induced sedation between frontal-parietal area, 

spectral-GC were calculated and averaged across the subjects in 

this study. As shown in Fig. 2, spectral-GC was changed variously 

at different sedative levels in the direction from parietal to frontal, 

and frontal to parietal, respectively. Spectral-GC in the direction 

from frontal to parietal was not significantly changed during nitrous 

oxide administration in all frequency bands. Interestingly, sedative 

states contributed to decrement in spectral GC except at delta 

frequency band. However, sedative state related changes in parietal 

to frontal spectral-GC were only significant in alpha band. 

Decrement of spectral GC at other frequency bands was observed 

in the direction from parietal to frontal bands although the amount 
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was statistically insignificant. These results suggest that feedback 

and feedforward connections were differently changed in 

accordance with EEG frequency bands in sedative state by nitrous 

oxide administration. 

 

A 
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B 

Figure 2. Spectral-GC has different values according to the states 

and direction. A: Except for the delta band, spectral-GC decreased 

gradually through the sedative states in feedback direction. B: In 

feedforward direction, only alpha band showed statistically 

significant change. * Shows statistically significant changes (P < 

0.05). 

 

IV. Discussion 

 Recent studies suspect that frontal-parietal interactions are key 

aspects in consciousness transition. The GC method was used to 

analyze interactions between frontal and parietal areas during 

* 
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nitrous oxide sedation. The result shows that frontal-parietal 

interactions were differently changed in accordance with the range 

of frequencies and directions. 

 There have been a number of methodologies to study interactions 

between different brain areas.18-20 Synchrony and correlation are 

those of traditional methods to identify functional connectivity 

without or with less about direction which is an important part of 

analysis. On the other hand, by using GC, deriving directionality 

information from data is possible and relatively simple that it does 

not require the constraint of the prior on underlying structural 

connectivity. However, implementing GC requires delicate 

interpretation procedures that the GC estimates may reflect 

substantial biased estimates of values from the violation of the 

assumption of the original data itself and data preprocessing steps 

such as band pass filtering. This misinterpretation might lead to a 

spurious relationship between two unrelated events. To avoid such 

limitations, a new algorithm to estimated ‘unbiased’ GC is here 

described. They subtract the mean of GC estimates after permuting 

original time series 1000 times from original GC estimates. 

Unbiased GC estimates reflect more accurate relationship between 
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two related events when applied to simulated time series data. The 

present study used unbiased GC estimates with algorithm proposed 

by Barnett et al to investigate the change of functional connectivity 

between frontal and parietal areas during the sedation phases.  

 Studies concerning on anesthetic induced unconsciousness 

proposed that frontal-parietal relationship is one of the key aspects 

of loss of consciousness. However, the analysis of frontal-parietal 

interactions in sedative states, which can be described as an 

impaired consciousness, was not conducted especially in uses of 

nitrous oxide inhalation. It is important to study the similarities and 

differences in the brain interactions of frontal-parietal area 

between impaired consciousness and fully unconsciousness to 

understand the underlying mechanism of consciousness. 

Nitrous oxide administration appears to weaken the strength of 

connections between frontal and parietal area. However, the 

communications between frontal to parietal connections and parietal 

to frontal connections are not related in proportional manner. Large 

scale frontoparietal network is believed to play a critical role in 

conscious perception.21 

In this regards, our finding seems contradictory to the hypothesis 
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that the frontoparietal network serves to maintain consciousness 

since the overall connectivity between frontal and parietal regions 

was not significantly affected during sedation. In accordance with 

our results, default mode network involving frontoparietal network, 

known to be activated at wakeful rest state,22 showed functional 

connectivity during light sedation similar to that of awake state. 

Taken together, sedative state may be induced although the overall 

frontoparietal network is not significantly disrupted. 

However, when we narrow and directly compare functional 

connectivity at different frequency bands according to 

consciousness level, there was a significant difference of functional 

connectivity at alpha band. In consistent with our finding, functional 

connectivity in the posterior cingulate cortex was significantly 

reduced during light sedation.23 Alpha power substantially 

decreases when nitrous oxide was administered during sevoflurane 

anesthesia.24 Alpha rhythm in the posterior brain regions disappears 

and emerges in the frontal area, called as anteriorization, during the 

transition of anesthesia by propofol.25 This anteriorization is 

understood as the disruption of thalamic nuclei projecting to the 

posterior cerebral cortex by anesthetic agents. Thalamocortical 
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connections are believed to be critical in maintaining 

consciousness.26 This synchronization is phase locked at the alpha 

frequency range (8-12Hz).27 Interestingly, nitrous oxide at high 

concentration suppresses the excitation of the thalamic relay 

nucleus induced by peripheral nociceptive inputs.28 Taken together, 

it can be speculated that nitrous oxide disrupts the excitability of 

posterior thalamic nuclei and suppresses the parietal regions, which 

is phase locked at alpha frequency range to the thalamus.  

The feedforward interaction was significantly decreased in alpha 

frequency band while the feedback interaction did not show 

significant changes in the sedative state. Since the synchronization 

of interactions of each brain area is the key for maintaining 

consciousness,29 this disruption of frontal-parietal connectivity 

balance can lead such impaired consciousness. In previous studies 

of frontal-parietal brain interactions during general anesthesia, 

decreased feedback connectivity has been associated with loss of 

consciousness.30 Contrary to previous finding, although nitrous 

oxide also decreases feedback connectivity at most frequency 

ranges, the decrement was not significant. Instead, feedforward 

connectivity was decreased especially at alpha frequency band 
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during nitrous oxide administration. Thus, it can be assumed that 

nitrous oxide impairs consciousness in a different way which other 

general anesthetics exert. It remains unclear whether the strength 

of connectivity in the direction from parietal to frontal area is 

significantly affected during nitrous oxide administration. It may be 

thought that nitrous oxide selectively disrupts the information 

projecting from the thalamus to the parietal area compared to the 

frontal area although a further study should explore to address the 

exact sedation mechanism. 

Although statistically insignificant, we have found that increased 

synchronization between the frontal and parietal regions was only 

observed at delta band in the direction from frontal to parietal area. 

Meanwhile, this increment was not observed at delta band in the 

reverse direction. Nitrous oxide at high concentration (> 50%) 

induces delta oscillation, presumably by blocking excitatory inputs 

from the brainstem to the cortex. A slow-delta power was 

substantially increased and delta oscillation was also induced at the 

transition to nitrous oxide during sevoflurane anesthesia.24 It is 

unclear how delta oscillation during nitrous oxide administration can 

be linked to impaired consciousness. Previous studies have shown 
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that synchronization between frontal and parietal cortical area in 

delta frequency range plays a critical role in decision making.31 The 

executive frontal area and the sensory processing area located in 

the parietal area is phase locked at delta frequency range, 

integrating information during attention and decision making task.32 

Increased delta oscillation during nitrous oxide administration 

seems to contradict with the findings in previous studies.33 This 

may be explained by compensatory synchronization increment from 

the executive regions toward parietal area with less activated 

during sedative state considering that brain interactions are 

reciprocally regulated, although this should be investigated in a 

future research.34  

However, there is some limitation in this study. Subjects were 

inhaled nitrous oxide at a fixed concentration. Since the effect of 

nitrous oxide varies across the subjects, there may be individual 

variations in the strength of frontoparietal network during nitrous 

oxide administration, which may confound the results. However, 

bispectral index (BIS) value remained above 80 for all subjects 

during the experiment although there were slight differences in 

response to verbal command during the administration of nitrous 
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oxide, indicating that all subjects were subject to conscious 

sedative state during the experiment.   

 

V. Conclusion 

In summary, frontoparietal network is affected by nitrous oxide 

inhalation although the overall effect is not significant. These 

results suggest that sedative state induced by nitrous oxide is 

related to the disruption of frontoparietal network in a similar way 

that anesthetics induce LOC. 
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아산 질소 입 진 법  심도 

차이에 른 식  변  분  

 진   연구 

Investigating the effect on whole brain 

functional connectivity at different sedation 

depth induced by nitrous oxide 
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 지  

 

식 역  연구에 있어  뇌  각 부분  능  연결 이 큰 

심  아 나 식이 존재하지만 손상  상태  식에 한 

능  연결에 한 연구는 알 진 가 드 다. 이 연구  목  

아산 질소  입에 해 도 는 진 상태에  뇌  -  

트워크에  변 하는 능  상 작용  분 하고, 식  변  



 

과 과 식  손상 상태에 있어  신경  상 계  알아보고자 

한다. 

건강한 인에  아산 질소  입  손상  식 상태가 

도 었고 뇌 를 하 다. 집  뇌  데이 는 향  가지는 

Granger Causality (GC) 법  통해 계산 었다. 각 , 진 , 

회복상태에    향  가지는 델타, 타, 알 , 베타, 

감마 뇌  GC 값이 계산 었 며, Kruskal-Wallis 스트  

사후검  법  통해 각 상태에  GC 값  하 다.  

아산 질소  입에 한 진 상태에   역  주  드  

강도가 증가하 며,  아산 질소  단  강도가 다시 

회복 는 것  찰할  있었다. GC  계산  진 상태에  -

 양 임과 임 뇌  상 작용이 아산 질소  입에 

라 변 하는 것  보 며, 에   가는 고주  역  

GC 값  델타 뇌 를 외하고 미하게 감소하지만, 에   

향  GC 값  알  뇌  미한 감소  증가 추 를 외하고는 

미한 향 과 변 를 가지지 않았다. 종합 , 아산 질소  

입에 라 -  능  연결  미한 변 가 찰 었다. 

에   가는 상 작용  미한 감소가 손상  식  

표 할  있는 진  상태를 도하는 것  생각 며, 이는 



 

신마취에    향  상 작용 감소에 한 식 소실과 

사한 향  가진다. 

                                                                         

주요어 : Sedation, Nitrous Oxide, Granger Causality, Consciousness, 

EEG 

학 번 : 2012-22181 
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