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Abstract — Arousals are neural events during sleep 

represented as abrupt increases of high-frequency 

electroencephalogram (EEG) signals in polysomnography 

(PSG). In clinical practice, a human scorer uses visual 

detection to demarcate the starts and ends of arousals, 

whereas other properties of arousals are hardly ever 

studied. Here we characterized arousals by the statistical 

significance of arousal-associated changes in the EEG signal 

power. To evaluate the test-retest reliability, we used a 

database of 1026 men who completed two PSGs separated 

by several years. Ten-second segments of EEG signals that 

either contained or were without arousals were extracted. 

For each segment, the power of EEG signal filtered in delta, 

theta, alpha, beta or gamma frequency band was computed. 

Then for each PSG, statistical significance of the difference 

in power between the arousal-containing and the arousal-

absent group of EEG segments was computed. The 

statistical significance showed good test-retest reliability 

(intraclass correlation coefficient ICC > 0.40). In 

comparison, the numeric value of the difference in power 

showed generally poor test-retest reliability (ICC < 0.10). 

The statistical significance had higher test-retest reliability 

in theta band (4-8 Hz) than in other frequency bands, and 

higher reliability in Stage 2 sleep than in rapid eye 

movement (REM) sleep. Furthermore, the statistical 

significance in theta band was not influenced by the 

incidence rate of arousals. Thus, statistical significance of 

power change in the theta band is a robust metric of 

arousal-associated EEG signal changes, which may become 

useful in studying diseases associated with abnormal 

arousals. 

I. INTRODUCTION 

Polysomnography (PSG) is the cornerstone of 

diagnostics for a wide range of sleep disorders. A key 

component of PSG is electroencephalogram (EEG), 

which is used to determine the sleep stages and denote 

important neural events such as the arousals. Arousals 

during sleep are transient increases of neural activities in 

pathways that promote wakefulness, particularly the 

ascending reticular activating system that terminates 

diffusely in the cerebral cortex [1]. In PSG, arousal-

associated neural activities in the cerebral cortex are 

represented as transient increases of the high-frequency 

components of EEG signals [2]. Arousals are clinically 

important because many sleep disorders are accompanied 

with repetitive arousals, which lead to sleep 

fragmentation and excessive daytime sleepiness [3]. In 

obstructive sleep apnea (OSA), a very common disorder 

that impairs millions of Americans, arousals are critical 

to the termination of apneas and hypopneas, at least in 

part by resuming the neural inputs that control upper 

airway dilator muscles to the levels that resolve airway 

collapses [4][5]. Hence, an accurate characterization of 

arousals in PSG may improve our understanding and 

treatment of OSA and other sleep disorders [6]. 

In routine clinical practice, arousals are identified from 

the PSG by a human scorer’s visual examination of EEG 

signals, and only the beginnings and ends of arousals are 

denoted [2]. Other properties of arousals have only been 

studied by a few research groups. The arousal-associated 

increase of EEG power in high frequencies was described 

for groups of subjects [7], but has not been used as a 

measure of arousal intensity for each individual subject. 

Indeed, numeric changes in EEG power might not be 

reliable measures of arousals for individual subjects, in 

part because of the very large variations in the baseline 

EEG power values across individual normal subjects 

[8][9]. Alternatively, a measure of arousal intensity has 

been proposed using two analysis steps: first, a large 

training database of arousals was rated with an arousal 

intensity score between 0 and 9 based on the subjective 

opinion of a single scorer, then for each testing arousal 

segment, the best match from the training database was 

found based on 33 features from the wavelet analysis, and 

the arousal intensity score was assigned accordingly [10]. 

This arousal intensity measure had good test-retest 

reliability across two PSGs on different days [11], but is 

a subjective measure, cumbersome to employ, and does 

not clearly reflect the increase of high-frequency EEG 

signals. 

In this study, we propose a new measure of the arousal-

associated EEG power changes that not only has good 

test-retest reliability but is objective and easy to compute. 

Within each PSG, we computed the statistical 

significance of the EEG power differences between the 

group of time segments containing arousals, and the 

group of time segments without arousals (i.e. baseline). 

This measure essentially normalizes the arousal-

associated EEG power changes by the intrinsic variations 

of EEG power across the PSG (i.e. the entire night of 

sleep). The influence of large variations in the baseline 

EEG power values across subjects is minimized, 

consequently, good test-retest reliability is achieved even 



across PSG studies that are separated by years. Using this 

statistical significance measure, we characterized the 

arousal-associated EEG power changes in medium 

(theta) and low (delta) frequencies as reliable, 

individualized traits independent from the power changes 

in high frequencies. 

II. METHODS 

PSG data were obtained from the National Sleep 

Research Resource (NSRR) on the Internet 

(http://sleepdata.org) [12]. We focused on the 

osteoporotic fractures in men (MrOS) study because it 

contained two PSGs, suitable for our study of the test-

retest reliability. In MrOS study, in-home PSG was 

conducted on community-dwelling elderly men during 

the initial visit in year 2003-2005 and the return visit in 

year 2009-2012, and 1026 men completed PSG in both 

visits [13][14]. At the return visit, the age of this cohort 

was 81.0±4.4 years and the body mass index (BMI) was 

26.9±3.8 kg/m2, similar to that reported for the initial 

visit [15]. We then excluded 46 subjects who used CPAP 

or BiPAP during PSG (all at the return visit), and 6 

subjects whose PSG scoring data were missing or 

erroneous, resulting in 974 subjects for our analysis. The 

PSG data were read and scored by certified researchers 

during previous studies, and the scoring results were also 

available at the NSRR. The scoring result of each PSG 

included the timings of sleep stages, arousals (following 

the ASDA definition [2]), and respiratory events (sleep 

apnea or hypopnea). We limited analysis to the rapid eye 

movement (REM) sleep stage and the Stage 2 sleep, 

which is the most dominant non-REM sleep stage. The 

arousal index (ArI) was calculated as the number of 

scored arousal events divided by the total duration of 

sleep epochs during each sleep stage. Similarly, the 

apnea-hypopnea index (AHI) was the number of scored 

apnea and hypopnea events divided by the total duration. 

In each sleep stage of each PSG study, we demarcated 

10-second-long non-overlapping time segments that 

either contained arousal events or did not. Note that the 

segments not containing arousals might contain other 

events, such as respiratory apneas and hypopneas, 

periodic leg movements, and “unsure” events (defined by 

NSRR as hypopneas with a >50% decrease in flow). Each 

10-second segment was demarcated with the following 

rules: i) the segment was during a sleep stage that lasted 

90 seconds (three epochs) or longer, and started after 15 

seconds after the start of the stage and ended before 15 

seconds before the end of the stage; ii) each arousal-

containing segment contained at least three seconds of a 

time period scored as arousal (the minimum duration of 

an ASDA-defined arousal event [2]). Taking together, 

this demarcation procedure resulted in two groups of 10-

second segments (“arousal” and “control” groups) for 

each sleep stage. 

EEG signal in each PSG was derived by subtracting the 

sum of A1 and A2 channels from the sum of C3 and C4 

channels. The power of EEG signal within each 10-

second segment was computed for five conventional 

EEG frequency bands (delta: 1-4 Hz; theta: 4-8 Hz; 

alpha: 8-13 Hz; beta: 13-25 Hz; gamma: 25-45 Hz), using 

the periodogram function in Matlab (Mathworks, MA, 

USA). This computation yielded two groups of power 

values (“arousal” and “control” groups) for each 

frequency band in each sleep stage. 

Next, we tested the null hypothesis that the EEG power 

was the same between the group of arousal-containing 

time segments and the group of control segments. The 

null hypothesis was tested only if there were at least 10 

segments in each group, and the statistical significance 

(z-score) were computed using the Wilcoxon two-sided 

signed-rank test with normal approximation. The null 

hypothesis was rejected (arousal-associated power 

change was significant) if |z| > 2.576 (corresponding to P 

< 0.01). For comparison, we also computed the numeric 

ratio and the numeric difference between the median 

power values of the two groups. 

Test-retest reliability between the two PSG studies per 

subject was evaluated using the intraclass correlation 

coefficient (ICC), specifically the subtype of one-way 

random single measures [16]. ICC between the first and 

the second PSG across all subjects was computed for the 

statistical significance (z-score) as well as the numeric 

ratio and difference of the arousal-associated EEG power 

change. ICC below 0.40 was interpreted as poor test-

retest reliability, whereas ICC above 0.60 was interpreted 

as good [17]. 

We also studied the relationships between the statistical 

significance values (z-scores) of arousal-associated 

power change during REM sleep and during Stage 2 

sleep, using the Spearman’s rank correlation test. 

Similarly, the relationships between the z-scores and 

other PSG parameters (ArI, AHI) were studied. 

III. RESULTS 

Consistent with the definition of arousals, EEG power 

increased significantly in high-frequency (alpha, beta, 

gamma) bands during arousals compared to control time 

segments (Table 1). The statistical significance of this 

increase in high-frequency power was higher during 

Stage 2 sleep (Wilcoxon’s z-score was roughly 11±4, as 

mean ± standard deviation across PSG sessions), 

compared to during REM sleep (z-score roughly 6±2), 

though in both sleep stages, the increase was significant 

(z > 2.576) in more than 94% of the subjects. Meanwhile, 

EEG power in the theta band increased significantly in 

roughly half of the subjects (z-score: 2.8±4.9 in Stage 2, 

2.8±2.6 in REM), whereas EEG power in the delta band 

was essentially unchanged. In comparison, the arousal-



associated EEG power increases were often poorly 

reflected by the numeric ratio and the numeric difference 

of power, which had large standard deviations owing to 

the wide ranges of numeric values of EEG power across 

subjects (rows 4-7, Table 1). 

The statistical significance of arousal-associated EEG 

power change was much more consistent between two 

PSG sessions from the same subject, compared to how 

consistent the numeric ratio and the numeric difference 

of power were. Table 2 summarized the test-retest 

reliability between the two PSG sessions of each subject, 

which were separated by at least four years in our study. 

During Stage 2 sleep, test-retest reliability of the z-score 

of EEG power change was good (ICC: 0.66) for theta 

band and was fair (ICC: 0.35-0.52) for other bands. 

During REM sleep, the test-retest reliability of z-score 

was fair (ICC: 0.45) for theta band and was lower (ICC: 

0.19-0.33) for other bands. In comparison, the test-retest 

reliability of the numeric ratio, and that of the numeric 

difference of power, were in general very poor (ICC < 

0.15), and were slightly better in the alpha band (ICC: 

0.13-0.26) then in other bands. 

The arousal index (ArI), namely the incidence rate of 

arousals, was 29.0±15.8 and 25.0±13.3 during Stage 2 

and REM sleep, respectively. The test-retest reliability of 

ArI was almost fair (ICC: 0.37) during Stage 2 sleep, but 

much lower (ICC: 0.18) during REM sleep. The apnea-

hypopnea index (AHI) was 16.4±12.7 and 20.9±12.3 

during Stage 2 and REM sleep, respectively. The test-

retest reliability of AHI was poor (ICC: 0.25) during 

Stage 2 sleep, and very poor (ICC: 0.05) during REM 

sleep. Notably, the test-retest reliabilities of both ArI and 

AHI were generally lower than the reliabilities of z-score 

of power change at all frequencies. 

For both the EEG power changes and the ArI and AHI, 

there were strong correlations between Stage 2 sleep and 

REM sleep within the same PSG session. The 

Spearman’s rank correlation coefficients were 0.36, 0.47, 

0.22, 0.19, 0.21 for the z-score of EEG power increase in 

delta, theta, alpha, beta, gamma bands, and were 0.41 and 

0.43 for ArI and AHI, respectively (all with P < 10-8). 

Figure 1 showed the tight correlation between z-scores of 

the theta band in Stage 2 and REM sleep, and the weaker 

correlation between z-scores of the beta band. 

Last, we studied the relationships among z-scores in the 

five bands, ArI and AHI within the same sleep stage of a 

PSG session. In Stage 2 sleep (Figure 2A), arousal-

associated power changes in delta band were dissociated 

from the changes in beta and gamma bands (P > 0.10). 

ArI was strongly correlated with the z-scores of power 

changes in high-frequency (alpha, beta, gamma) bands 

(Spearman’s rank correlation coefficient: 0.44, 0.52, 0.39 

respectively), and was correlated with AHI (coefficient: 

0.38). However, ArI and AHI were not associated with 

the z-scores of power changes in delta and theta bands (P 

> 0.10). In REM sleep (Figure 2B), the dissociation 

between low- and high-frequency bands was less distinct, 

as the z-score of power change in delta band was 

Power 

Metric 
Delta Theta Alpha Beta Gamma 

Z-score, 

Stage 2 

-0.8 

± 3.9 

2.8 

± 4.9 

9.8 

± 4.2 

12.1 

± 4.0 

11.1 

± 3.9 

Z-score, 

REM 

0.3 

± 2.6 

2.8 

± 2.6 

5.8 

± 2.1 

6.7 

± 2.1 

6.1 

± 2.3 

Ratio, 

Stage 2 

1.0 

± 1.0 

1.2 

± 0.8 

1.8 

± 0.9 

2.2 

± 1.5 

4.0 

± 7.7 

Ratio, 

REM 

1.3 

± 2.1 

1.4 

± 0.8 

2.0 

± 0.8 

2.2 

± 1.4 

3.8 

± 8.0 

Diff., 

Stage 2 

1.8 

± 51.4 

0.9 

± 4.6 

1.4 

± 2.0 

0.4 

± 0.7 

0.2 

± 0.5 

Diff., 

REM 

-0.7 

± 75.2 

0.9 

± 4.8 

1.2 

± 2.3 

0.4 

± 0.6 

0.2 

± 0.5 

 

Table 1. Arousal-associated EEG power changes as measured 

by the statistical significance (Z-score), and the numeric ratio 

and numeric difference between power values during and 

without arousals. Mean ± standard deviation across PSG 

sessions for the two sleep stages (Stage 2, REM) in five 

frequency bands were shown. 

Power 

Metric 
Delta Theta Alpha Beta Gamma 

Z-score, 

Stage 2 
0.45 0.66 0.52 0.44 0.35 

Z-score, 

REM 
0.33 0.45 0.22 0.19 0.32 

Ratio, 

Stage 2 
0.03 0.05 0.15 0.07 0.10 

Ratio, 

REM 
0.00 0.08 0.26 0.12 0.09 

Diff., 

Stage 2 
0.00 0.03 0.25 0.03 0.05 

Diff., 

REM 
0.00 0.05 0.13 0.06 0.05 

 

Table 2. Test-retest reliability of arousal-associated EEG 

power changes as measured by the statistical significance (Z-

score), numeric ratio and numeric difference. Intraclass 

correlation coefficient (ICC) between two PSG sessions of 

the same subject was shown. Note that ICC were much higher 

for the Z-score than the ratio or the difference. 



correlated with that in beta and gamma bands 

(coefficient: 0.14, 0.18). ArI remained correlated with 

power changes in high-frequency (alpha, beta, gamma) 

bands, though the correlations were weaker than in Stage 

2 sleep. ArI and AHI remained dissociated from power 

changes in delta and theta bands. Thus, in both stages of 

sleep, arousal-associated EEG power changes in low- 

(delta) and medium-frequency (theta) bands were not 

influenced by the incidence rates of arousals or 

respiratory events. 

IV. DISCUSSION 

In this paper, we developed a new method to 

quantitatively characterize the arousal-associated 

changes in EEG power (signal amplitude). For each EEG 

frequency band in each sleep stage of each PSG, we 

computed the statistical significance of EEG power 

differences between arousal events and the baseline, 

when there were enough arousal events (in our study, ten 

or more). This statistical significance metric showed 

 

Figure 1. Correlations between the statistical significances (Z-scores) of the EEG power increases 

during Stage 2 sleep and REM sleep were (A) strong for the theta frequency band, and 

(B) weaker for the beta band. Each dot represents one PSG session. 

 

 

Figure 2. Relationships among the statistical significances (z-score) of EEG power increase in five frequency bands  

(: delta, : theta, : alpha, : beta, : gamma), and arousal index (ArI) and apnea-hypopnea index (AHI),  

during (A) Stage 2 sleep and (B) REM sleep. The correlation coefficient between each pair of parameters  

across all PSG sessions was shown in grayscale (black: zero correlation; white: total correlation). 



much better test-retest reliability than that of the numeric 

value changes of EEG power, likely because the 

influence of variations across human subjects was 

eliminated. Specifically, the ICC of the statistical 

significance of EEG power in alpha band (8-13 Hz) 

during Stage 2 sleep was 0.52, which was remarkable 

when considering the large number of subjects (near 

1000) and the long gap between test and retest (4-9 

years). In comparison, the arousal intensity metric based 

on subjective rating had an ICC of 0.72 in a cohort of 28 

subjects between test and retest on two consecutive 

nights [11]. Thus, the statistical significance of EEG 

power in alpha band may serve as a better metric of 

arousal intensity, in that it is easy to compute, not based 

on any subjective rating, and is directly correspondent to 

the definition of arousals as increases of EEG power in 

high frequencies. 

Our findings for the EEG power changes in the low and 

medium frequencies suggest that they are individualized 

traits that can be used to identify the subtypes of arousals. 

In non-rapid eye movement (NREM) sleep, which 

primarily consists of Stage 2 sleep, it has been well 

established that arousals occur not randomly, but rather 

in a cyclic alternating pattern (CAP) where short time 

segments of arousal-like EEG signals are separated by 

segments of baseline EEG signals [18]. Furthermore, the 

arousals can be categorized into three subtypes: A1, A2 

and A3, where the low- and medium-frequency EEG 

signals are relatively strong in A1, less in A2, and weak 

in A3. However, the scoring of these subtypes was quite 

subjective [18][19]. Here, the statistical significances of 

EEG power changes in delta and theta bands can serve as 

quantitative measures to distinguish the subtypes of 

arousals. In our study, only about half of subjects had 

significance arousal-associated increase of power in theta 

waves. Arousals in these subjects might correspond to the 

subtypes A1 and A2. 

Remarkably, the arousal-associated EEG power changes 

in delta and theta bands were largely uncorrelated to the 

changes in high-frequency (alpha, beta, gamma) bands, 

and uncorrelated to the occurrence rate of arousals (ArI). 

Whereas future studies are needed to elucidate the 

phenotype representations of such arousal-associated 

increases of slow EEG signals, they have been associated 

with protecting sleep stability and consolidation [18]. 

The independence from ArI suggests that such increases 

might represent certain stereotypical neuroprotective 

responses to every arousal event. In contrast, arousal-

associated EEG power changes in high-frequency bands 

were strongly correlated to ArI (second-to-last column, 

Figure 2A). High ArI is common at the age of our subject 

cohort and is closely correlated with frequent awakening 

[20]. Thus, we might speculate that individuals with 

larger arousal-associated increases of fast EEG signals 

have higher excitability of the cerebral cortex and are 

more prone to frequency awakening. Furthermore, in 

OSA, frequent arousals (high ArI) are associated with 

frequent respiratory apneas and hypopneas (high AHI). 

Because of this association, arousal-associated EEG 

power changes in high-frequency bands were also 

correlated to AHI, whereas arousal-associated EEG 

power changes in delta and theta bands were not 

correlated to AHI (last column, Figure 2A). Thus, the 

differential arousal-associated changes in different 

frequency bands may help distinguish the subtypes of 

OSA, some of which might be associated with the CAP 

and could be treated differently [21].  

During REM sleep, arousal-associated EEG power 

changes were generally less significant and less reliable 

in test-retest. These may be contributed by several 

factors, including the shorter total duration and the 

generally lower baseline EEG power during REM 

compared to non-REM sleep, and the ASDA requirement 

for concurrent electromyogram activity to score an 

arousal in REM (thus purely EEG-defined arousals may 

not be scored as arousals) [2]. During REM sleep, EEG 

power changes in delta and theta bands became 

somewhat correlated to EEG power changes in high-

frequency bands, (Figure 2B) possibly because the 

baseline EEG power is low. Remarkably, individuals 

with significant arousal-associated increases of slow 

EEG signals (delta and theta bands) during Stage 2 sleep 

also tend to have such increases during REM sleep 

(Figure 1A), suggesting that such increases are individual 

traits independent of the sleep stage, and may protect the 

individual’s sleep stability throughout the night. In 

contrast, the correlation between Stage 2 sleep and REM 

sleep was much lower for arousal-associated increases of 

fast EEG signals (Figure 1B), suggesting that such 

increases are dependent on the sleep stage. 

In summary, we developed a new method to measure 

arousal-associated EEG power changes by comparing 

short time segments with and without arousals within the 

same PSG. The statistical significance of arousal-

associated EEG power change is a metric with good test-

retest reliability and little impact from inter-subject 

variations. Using this metric, we found that arousal-

associated EEG power changes in low- and medium-

frequency are implicated for protecting sleep stability, 

and are largely independent from arousal-associated EEG 

power changes in high frequency, which are implicated 

for promoting awakening. Thus, quantitative 

characterization of arousals is incomplete without taking 

into account the differential changes of EEG power 

across the frequency spectrum.  
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