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Abstract

BONNET, M.H. AND ARAND, D.L. Impact of Activity and Arousal upon Spectral EEG Parameters. PHYSIOL BEHAV - Objective: Increased high frequency EEG activity in patients with insomnia has been posited to reflect increased physiological activation, increased mental content, or increased muscle artifact.  In the current study, the impact of several manipulations including physiological arousal and EMG activation upon spectral EEG measures was examined.

Methods: Thirteen normal young adults (age 25) performed eyes open and eyes closed maneuvers in the following conditions: 1) Initial (performed immediately after calibrations); 2) Following sitting up and lying down (SIT); 3) Following standing up and lying down (STAND); 4) Following a 5-min. walk around the building (WALK); 5) During a 5-min. mental subtraction task (MATH); 6) During 1-min. of gritting teeth (GRIT); and 7) During 1-min. of clenching fists (CLENCH). Observations were performed during or immediately after manipulations (AROUSED) and repeated about 10 min. later (RELAXED).

Results:  Significant increases in high frequency spectral power were found in AROUSED versus RELAXED conditions (significant at 26, 33, 36,40-42, 44, 46, and 48-49 Hz). Larger significant increases in spectral power were seen in the GRIT condition in the range from 24 - 50 Hz and to a lesser extent in the CLENCH condition. Spectral activity during the MATH condition was similar to that in the AROUSED condition. Heart rate was significantly increased during the GRIT and CLENCH conditions.

Conclusions: In this study, gritting teeth produced large changes in spectral high frequency power in the same range as produced by the other manipulations. The most parsimonious explanation for such data is that the increased high frequency activity associated with various forms of arousal is not a specific cortical activity. However, because heart rate was also elevated during the GRIT condition, it implies that high frequency spectral EEG power may still be a sign of increased central nervous system arousal, although the mechanism may be through increased muscle tension. 
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Many studies have shown that patients with insomnia have increased levels of physiological arousal as compared to normal sleepers as measured by heart rate, metabolic rate or body temperature (2).  In an initial study of spectral EEG characteristics, Freedman (5) performed spectral analysis of EEG in patients with insomnia and normal controls during wakefulness and several sleep stages. It was found that insomnia patients had increased spectral power in occipital and central EEG derivations primarily in the range of 26 - 30 Hz (data were analyzed from 1-30 Hz). Similar differences were also found during stage 1 and REM sleep in the 16 - 30 Hz range from the same derivations. Insomnia patients also had significantly less power in the 9 Hz (alpha range) than normals. In the years that followed, several studies replicated this finding (7, 8, 6). One of these studies (6) actually found decreases in beta (13-31 Hz) frequency spectral EEG activity in insomnia patients after therapy. In this experiment, patients had baseline sleep studies prior to mulitmodal therapy including sleep hygiene, sleep restriction, modified stimulus control, and muscle relaxation. 

Freedman concluded that the differential increase in higher frequency EEG was related to increased physiological activation. More recently, Perlis (9) has speculated that this increase in higher frequency may be related to increased mental content or lack of perception of sleep in patients with insomnia. However, another explanation of the finding of increased high frequency EEG activity in patients with insomnia is that the patients are more tense and therefore have increased muscle activity. It may be that it is EMG artifact that is being reflected in the higher frequency EEG spectral analysis data.

In the current study, the impact of several different manipulations including several levels of physiological arousal and EMG activation upon spectral EEG measures was examined with the hypothesis that increased physiological activation would increase higher frequency EEG and that the pattern of high frequency increase would be different in conditions producing increased EMG activity. Heart rate was recorded and analyzed as an independent indicator of arousal level.

Methods

Subjects: Potential subjects were solicited from the university environment and completed an extensive sleep and medical questionnaire. Selected subjects were required to be healthy, 18- to 35-year-old males or females without significant history of shift work or benzodiazepine use. Potential subjects using more than 250 mg of caffeine were excluded. Selected subjects denied problems with their sleep. Specifically, they reported that their sleep latency was less than 30 min. and that frequent awakenings or early morning awakening did not bother them. They reported that they usually did not take naps on weekdays. They reported that their usual time in bed on weekdays was between 7 and 9 hours. Individuals meeting these criteria and expressing an interest in participating in the study were invited to the laboratory to complete a practice session on study tests before being scheduled for the study.

Time: All protocol times cited in this paper were specified for a subject who normally went to bed at 2300 and arose at 0700. For subjects who normally went to bed somewhat later (or earlier), bed time and wake up time were adjusted to approximate normal weekday times. Testing was correspondingly moved to maintain similar circadian timing for all Ss. 

Design:  Subjects spent two nights in the laboratory. The initial night was an adaptation night. These data are not included in this report. On the following morning, subjects were allowed to leave the laboratory. The second night was a baseline night of normal sleep. During the following day, Ss remained in the laboratory and completed a protocol that included a series of Multiple Sleep Latency Tests (MSLT). Ss were provided with standard meals at the laboratory. Caffeinated beverages were not available. Following dinner, Ss had a break until 19:00, when the 75-min data collection protocol began. The data collection protocol is summarized in Table 1.

All subjects were assigned their own room for the course of the study. Each room contained a standard hospital bed and furniture including a desk with an Apple IIGS computer. Subjects participated in the study in groups of 1-2 individuals. Subjects completed questionnaires at their individual computer workstation under technician observation. Meals and breaks were scheduled in another area of the laboratory, which was also within technician observation. 

Sleep recordings (LE - A2, RE - A2, C3 - A2, OZ - A1, chin EMG, V5 - right clavicle, and time code) were made during nocturnal sleep periods and daytime evaluations. On the first night in the laboratory, airflow, chest movements (2 channels), oxygen saturation, and leg EMG were also measured so that any subject found to have sleep apnea or periodic leg movements could be excluded from the study. No subjects were excluded for these reasons. 

Waking EEG data collection: Ss were placed in bed and asked to remain awake with minimal movement during the 75-min waking data collection period. After standard MSLT calibrations (4), Ss performed eyes open and eyes closed maneuvers in the following conditions: 

1) Initial baseline (performed immediately after calibrations);

2) Following instructions to sit up in bed for a count of 10 and then lying down (SIT);

3) Following instructions to stand up beside the bed, do 3 knee bends, and then lying down (STAND);

4) Following a 5-min walk around the building (WALK);

5) During a 5-min mental subtraction task (MATH);

6) During a 1-min grit teeth and clench fist task (GRIT);

7) During a 1-min clench fist task (CLENCH).

The eyes closed and open data observations were repeated about 10 min after each task, when Ss had been given a chance to relax after the manipulations described above. For each condition, Ss were told to open their eyes for 30 sec and to close their eyes for 30 sec. Ss relaxed with their eyes open between manipulations. Complete condition counterbalancing was not done. For six Ss, the MATH condition was done second and the SIT condition was done sixth (and this order was reversed for the remaining Ss). No differences were found in these conditions based upon order. The WALK condition was always done last (the only condition out of order in the list above).

All EEG/EOG channels and heart rate were digitized at a sampling rate of 500 Hz by Grass Braintree systems running Gamma software (Version 2.02) and stored for later analysis. Data samples for the current study consisted of 5-sec samples from the occipital EEG channel. Low and high pass digital filters were set at 1.0 and 75 Hz respectively, and the FFT analysis function from the Gamma software was used to perform the spectral analysis. A Hann window was used. A collection rate of 500 samples per second produced a frequency sensitivity of .12 Hz. However, for this report, data falling within each 1 Hz frequency were averaged to give a single value for each 1-hz bin prior to statistical analysis. EEG samples were chosen about midway within the sample windows with the constraint that they did not contain movement or other artifacts. The samples taken in the GRIT condition were an exception to this rule as they typically and consistently contained noticeable EMG artifact throughout the sampling period. The samples from GRIT condition therefore invariably contained EMG artifact. The occipital channel was chosen for analysis because 1) Freedman had found similar changes in both central and occipital areas in his study (5); 2) an eyes open versus eyes closed comparison was planned for the study as a means of validating the spectral analysis and establishing a relative magnitude comparison for the hypothesized arousal effects; and 3) less EMG artifact is typically found in occipital as compared to frontal or central leads. For the EKG analyses, the raw voltage data were output from the Gamma program and entered into a separate peak detection program, which used timing information supplied by the Gamma software to construct a tachogram for the entire data collection period. Intervals between the individual beats during the 30-sec manipulation blocks were identified by the time code. The mean interbeat interval in these blocks was calculated.

Analyses: Data were analyzed by two sets of repeated measures ANOVA. The first set of analyses compared EEG spectral power at each averaged 1-Hz frequency between 1 and 50 Hz from the four conditions which contained a manipulation which was terminated prior to the spectral sample (conditions 1 - 4 above). This ANOVA had terms for arousal level (immediately after manipulation or 10 min later), eye status (open or closed), Condition (4 levels) and interactions. A second ANOVA included all 7 groups and allowed assessment of the additional impact given by the conditions that continued during the initial spectral analyses. Pairwise comparisons were performed with the Newman-Keuls test at the .05 significance level using the Huynh-Feldt corrected degrees of freedom. All reported results in the text will refer to statistically significant differences (p < .05) except where noted otherwise.

Results

As expected, significant main effects were found for eye closure. Table 2 lists the significant differences, which were in the 6-32 Hz range.

The major spectral analysis data are plotted in Figures 1 (frequencies 1- 24 Hz) and 2 (frequencies 25 - 50 Hz). A summary of significant ANOVA main effects by condition is shown in Table 2. Figures 1 and 2 contain mean data (across conditions 1-4) for AROUSED and RELAXED and mean data for the MATH, CLENCH, and GRIT conditions. Significant differences as a function of arousal level are noted in Table 2 and graphically in Figures 1 and  2. In both the 4 and 7 condition ANOVAs, power was significantly increased primarily at higher frequencies (24 - 50 Hz) after AROUSED as compared to RELAXED conditions. Power was increased significantly at 12 Hz but was significantly decreased at 8 and 10 Hz frequencies in the AROUSED as compared to RELAXED conditions. This latter finding may reflect a peak shift in alpha frequency with arousal from about 10 Hz after relaxation to 11 Hz after arousal.

Condition effects are most notable in Figure 2. A large increase in power is clear in the GRIT condition. As indicated in the figure, however, changes associated with the other active conditions appear more subtle. In the analysis of variance, significant effects for Condition were found at several frequencies (see Table 2). For several variables, there were also significant Condition by Arousal level interactions. These interactions all occurred because there was very little difference across conditions when observations were made 8-10 min after Ss were allowed to relax but there were differential changes related to the specific arousal. In the text and figures, these interactions are not differentiated from main condition effects. With one exception, all of the significant condition differences for both the 4 and 7 condition ANOVAs were in the 24-50 Hz range. More significant differences were seen in the 7 Condition ANOVA due to the inclusion of the activities (GRIT, CLENCH, or MATH) during data collection. Spectral activity was significantly increased throughout the 29-50 Hz range during the GRIT compared to all other conditions. CLENCH produced increased spectral activity compared to the baseline period that followed for frequencies between 33-50 Hz. The other activities produced significant increases in spectral power compared to their baselines at more isolated points: MATH at 40 Hz; post-WALK at 41, 43, 44, and 48 Hz; Initial baseline at 33, 34, 44, 47, and 49; post-SIT at 41 Hz. In the 4-condition post-activity ANOVA, significant differences were primarily found between the post-WALK and Initial Baseline conditions, which generally had greater spectral power, and the post-SIT and post-STAND conditions, which generally had decreased higher frequency power at the frequencies of 33, 36, 40-42, 44, 45, 48, and 49 Hz. These data are plotted in Figure 3. 

Heart rate analyses

Digitized heart period was examined during each 30-sec interval around EEG spectral window. The mean heart period during each interval was calculated so that a single heart period value was available corresponding to each EEG segment analyzed. An ANOVA corresponding to the 7-condition ANOVA for the EEG data was performed (main effects for open vs. closed eyes; AROUSED vs. RELAXED; the seven conditions, and interactions). The 3-way interaction was statistically significant (F6,65 = 5.76, P <.001). These data were converted to heart rates and are plotted in Figure 4. It can be seen from Figure 4 that the significant 3-way interaction was based upon the fact that there was little change across manipulations in the Initial Condition while heart rate was elevated during the active conditions (GRIT, CLENCH, and MATH) but decreased below baseline levels during relaxation. Heart rate was variable following the conclusion of the SIT, STAND, and WALK conditions but fell below baseline with eye closure and returned to baseline with relaxation. Neuman-Keuls comparisons revealed the following significant differences within each condition: Initial – none; GRIT, CLENCH, MATH – active observations equal and both greater than both RELAXED observations (except for GRIT where the AROUSED OPEN condition was also greater than the AROUSED CLOSED condition); SIT – AROUSED CLOSED less than RELAXED OPEN; STAND – AROUSED OPEN greater than all and AROUSED CLOSED less than the RELAXED values; WALK – AROUSED OPEN greater than AROUSED CLOSED.

Discussion

High frequency spectral power was increased during conditions producing physiological arousal in the current study. The wide band of changes found primarily when subjects were gritting their teeth or clenching their fists are consistent with the previous literature that suggests a) decreasing peak alpha frequency as individuals relax (10) and b) increases in higher frequencies associated with increased arousal. For example, Freedman (5) showed increased higher frequency activity in the 26 - 30 Hz range (he did not analyze above 30 Hz) in patients who had insomnia, who typically have increased heart rate, body temperature, and metabolic rate, as compared to normal sleepers. Freedman concluded that the increased high frequency activity was probably associated with increased physiological arousal.

It initially seemed surprising that high frequency spectral activity was as great or greater during the Initial Baseline period as it was after subjects had walked for 5 minutes. However, the initial baseline was recorded after a dinner break and restroom break followed by walking to the subject room to initiate the recording. This activity and the stress of a new test may have produced the noted elevations.

The data from the MATH condition (see Figure 2) generally showed mildly elevated spectral power which was similar in magnitude to that seen following the completion of discrete physical actions such as standing up or walking. Spectral power during MATH was significantly elevated compared to its baseline only at 40 Hz. However, as analyses were done at 50 frequencies, this individual significant result could be a chance finding. In comparison, spectral activity was increased at 41, 43, 44, and 48 Hz as Ss laid down and relaxed following a walk in comparison to a baseline which followed several minutes later. These spectral elevations could be secondary to the increased physiological activity associated with the walk. A similar walk in recent studies produced significant decreases in sleep tendency (i.e., longer MSLT latencies) in both normal sleepers and patients with insomnia (3, 1). Those results were interpreted as secondary to increased physiological arousal associated with the walk. However, as can be seen by the general pattern of mild physiological arousal increasing spectral power significantly in the broad range of frequencies from 26-49 Hz, concluding that a walk or mental math has specific effects at given frequencies is unlikely to be fruitful.

Spectral analysis of EEG in higher frequencies is always open to the criticism that differences shown are not really related to EEG changes at all but rather may be an artifact of increased muscle tension. In the current study, the impact of muscle tension on the spectral EEG parameters was specifically examined. Mild physiological activation following standing or a walk produced a broad range of mild increases in spectral power across the 26-49 Hz range. Specifically produced muscle tension during the recording period produced by clenching the fists or gritting the teeth produced large changes in spectral power across the same general range of frequencies. Gritting teeth is a standard maneuver to produce EMG artifact in ongoing EEG recordings. In this study, gritting teeth produced both typical changes in visualized EEG and also large changes in spectral high frequency power in the same general frequency range as produced by the other manipulations. The most parsimonious explanation for such data is that the increased high frequency activity associated with various forms of physiological arousal following or during discrete physical activity is not a specific cortical activity. 

It is well known that patients with insomnia have increased physiological activation, as measured by heart rate, body temperature, or metabolic rate, as they attempt to fall asleep at night. Patients are often described as ‘tense’, and various forms of muscle relaxation are used in the treatment of psychophysiological insomnia. Jacobs et al (6) found that a multimodal treatment for psychophysiological insomnia which included muscle relaxation therapy but no form of specific cognitive therapy was effective in both improving sleep and in decreasing beta frequency prior to sleep onset. The current data show that the mild residual physiological stimulation following a 5-min walk has an impact upon high frequency spectral activity which is similar to that produced by mental math. The implication of such findings is that there is not a unique spectral signature related to cognitive processes. Cortical spectral changes can just as easily be related to simple physiological activation following physical activity. Such data mediate against the hypothesis presented by Perlis (9) that increased higher frequency EEG power is specifically associated with cognitive processes during the night. Studies which wish to relate cognitive processes to higher frequency spectral parameters need to control for differences in physiological activation in groups or conditions.

The heart rate analyses in the current study showed that heart rate was significantly increased during the active GRIT and CLENCH conditions. Following the conclusion of the activities (in the initial eye close for the SIT, STAND, and WALK conditions and in the RELAXED section for the GRIT, CLENCH, and MATH conditions) heart rate decreased below baseline levels and then (with sufficient time) returned toward baseline in the SIT, STAND, and WALK conditions.

The initial pattern of heart rate elevations in the GRIT and CLENCH conditions is similar to the pattern seen for the high frequency EEG spectral power analyses. Therefore, when the heart rate and spectral EEG data are considered together, the implication is that while increased high frequency spectral EEG power is not necessarily a sign of increased cortical activity, it may still be a sign of increased central nervous system arousal, although this may actually operate through increased muscle tension. The data support earlier reports of the association of increased spectral EEG power to increased physiological activation in patients with insomnia (5), although inference to cortical activity cannot be supported.
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Table 1 Study Protocol

Time

19:00
Calibrations

19:05

Eyes open 
45 sec




Close eyes for 45 seconds




Open eyes for 10 minutes




Close eyes for 45 seconds

19:18
Open eyes, sit up and count to ten, lie back down 




Open eyes for 45 seconds




Close eyes for 45 seconds




Open eyes for 8 minutes




Close eyes for 45 seconds

19:28
Open eyes, stand up, do three knee bends, lie down




Open eyes for 45 seconds




Close eyes for 45 seconds




Open eyes for 8 minutes




Close eyes for 45 seconds

19:38
Open eyes, metal math for 5 minutes while doing the following




Open eyes for 45 seconds




Close eyes for 45 seconds




Open eyes for 8 minutes




Close eyes for 45 seconds

19:48
Clench teeth and fist for 30 seconds with eyes open



Clench teeth and fist for 30 seconds with eyes close



Clench fist for 30 seconds with eyes open



Clench fist for 30 seconds with eyes closed




Relax for 8 minutes with eyes open




Close eyes for 45 seconds

19:59
Open eyes, take a 5 minute walk




Open eyes for 45 seconds




Close eyes for 45 seconds




Open eyes for 10 minutes




Close eyes for 45 seconds





Table 2  Significant Anova Main Effects by Frequency (Freq) for Eyes Open versus Closed, Aroused versus Relaxed, and Condition from the  4 condition and 7 condition Anovas. Numbers in the table are the significant F-values. Abbreviations: B = Initial baseline condition; S = Sit condition; D = Stand condition; W = Walk condition; M = Math condition; C = Clench hand condition; G = Grit teeth condition. Individual letters without directional markers in the Condition 7 column refer to conditions in which the manipulation value is significantly greater than the following baseline relaxation value.

	Freq.
	Open/Close 4
	Open/Close 7
	Arousal 4
	Arousal 7
	Condition 4
	Condition 7

	1 Hz
	
	
	
	
	
	

	2
	
	
	
	
	
	

	3
	
	
	5.92
	
	
	

	4
	
	
	
	
	
	

	5
	
	
	
	
	
	

	6
	5.62
	
	
	6.03
	
	

	7
	11.36
	6.26
	
	
	
	

	8
	8.04
	6.88
	7.00
	
	
	

	9
	14.82
	10.42
	
	
	
	

	10
	13.72
	11.86
	10.99
	9.78
	
	

	11
	31.10
	37.27
	
	
	
	

	12
	14.76
	14.77
	5.43
	4.72
	
	

	13
	13.17
	15.80
	
	
	
	

	14
	15.96
	16.33
	
	
	
	

	15
	5.67
	9.76
	
	
	
	

	16
	16.52
	16.30
	
	
	
	

	17
	22.73
	25.49
	
	
	6.27 D=W>B=S
	3.00 G>All

	18
	13.54
	17.58
	
	
	
	

	19
	7.60
	10.44
	
	
	
	

	20
	10.66
	11.38
	
	7.63
	
	

	21
	12.01
	13.75
	
	
	
	

	22
	19.29
	22.05
	
	
	
	

	23
	17.70
	21.03
	
	
	
	

	24
	21.83
	34.76
	5.45
	22.18
	
	3.87 G>All

	25
	22.07
	23.15
	
	12.53
	
	

	26
	13.66
	22.71
	5.43
	11.67
	2.93 None
	

	27
	7.03
	6.34
	6.31
	7.94
	
	

	28
	7.52
	10.07
	
	
	
	

	29
	
	
	
	10.67
	
	4.36 G>All

	30
	5.22
	7.09
	
	6.54
	
	11.94 G>All C>S,W,M

	31
	12.63
	9.74
	6.00
	12.18
	
	

	32
	
	6.88
	14.14
	20.23
	
	2.99 G>All

	33
	
	
	8.97
	12.65
	3.15 B>S
	4.70 G>All; GCB

	34
	
	
	
	8.88
	
	4.54 G>All; GCB

	35
	6.56
	
	9.20
	7.43
	
	4.81 G>All; GC

	36
	
	
	
	14.83
	4.23 B>S
	5.28 G>All; GC

	37
	
	
	9.40
	12.63
	
	3.76 G>All; GC

	38
	
	
	12.68
	13.54
	
	4.14 G>All; GC

	39
	
	
	10.35
	19.73
	
	5.30 G>All; GC

	40
	
	
	6.58
	25.64
	5.18 B>All
	8.24 G>All; GCM

	41
	
	
	6.20
	18.06
	4.47 B=W>S=D
	4.91 G>All; GCSW

	42
	
	
	10.67
	15.54
	4.51 S<All
	7.01 G>All; GC

	43
	
	
	11.32
	17.45
	
	9.00 G>All; GCW

	44
	
	
	13.57
	15.11
	4.18 B>All
	10.37 G>B>W; GCB

	45
	
	
	
	9.57
	4.16 B=W>S=D
	5.56 G>All

	46
	
	
	11.70
	11.51
	
	6.81 G>C>All

	47
	
	
	5.12
	11.21
	
	5.36 G>All; GCB

	48
	
	
	14.44
	11.97
	5.10 B>All
	8.25 G>All; GCW

	49
	
	
	7.73
	12.71
	4.16 B=W>S=D
	8.76 G>All; GCB

	50
	
	
	
	11.21
	
	8.45 G>All; GC
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Figure 1.  Spectral power across frequencies 1 - 24 Hz for several experimental conditions.
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Figure 2.  Spectral power across frequencies 25 - 50 Hz for AROUSED, RELAXED, MATH, GRIT, and CLENCH  conditions. Significant differences are noted below the frequency line.
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Figure 3.  Spectral power across frequencies 25 - 50 Hz for Initial Baseline, SIT, STAND, and WALK conditions.. Significant differences are noted below the frequency line.

[image: image4.wmf] 

 

n

n

n

n

l

l

l

l

s

s

s

s

:

:

:

:

H

H

H

H

t

t

t

t

u

u

u

u

Aroused Open

Aroused Close

Relax Open

Relax Close

65

66

67

68

69

70

71

72

Heart  Rate  (bpm)

CONDITION

n

Base

l

Sit

s

Stand

:

Math

H

Grit

t

Clench

u

Walk

*

*

*

*  Aroused > Relaxed

**Aroused Closed < Relaxed Open

1 Aroused Open > Aroused Closed

2 Aroused Closed < Relaxed

**

1

2

1


Figure 4:  Heart rate in the experimental conditions.. Significant differences are noted.


