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Abstract: Chronic Fatigue Syndrome (CFS) is a disease characterized by high levels of daytime fatigue. Complaints such
as unrefreshing sleep and insomnia are common. Polygraphic studies of sleep in CFS patients have found evidence of dis-
turbed sleep, but controls in these studies were often not adequate to evaluate differences specific to CFS. Watson, et al.
[1] and Ball, et al. [2] used a co-twin control design to eliminate virtually all sources of confounding variance and found a
small difference between levels of Stage 2 sleep (lower in CFS) and Stage 3 sleep (higher in CFS), where CFS ill twins
showed a higher level of sleep complaint than the healthy twins which was not reflected in their sleep physiology. The
current study will apply more sensitive measures of sleep EEG to these data to examine differences more closely. A co-
twin control study was performed on 10 pairs of identical twins discordant for CFS. Data from the second sleep night
were analyzed using fast-fourier analysis (FFT) and finally measures of slow-wave activity (SWA). Data for NREM peri-
ods was analyzed. There was a significant interaction in SWA for Twin x NREM period for the first 2 NREM periods
with the healthy twins having more SWA in the first NREM period and less in the second NREM period. While overall
SWA activity did not differentiate the groups, the distribution of SWA in the first 2 NREM periods could be associated
with the experience of unrefreshing sleep. Typically, SWA in the first NREM period is associated with deep restorative
sleep. Lower SWA in NREMP 1 in the ill CFS twins suggests that this process is compromised resulting in the experience

of less refreshing sleep.
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INTRODUCTION

Chronic fatigue syndrome (CFS) is an illness character-
ized by profound fatigue lasting at least 6 months accompa-
nied by disturbances of sleep and mood, as well as muscu-
loskeletal pain, and other symptoms [3-5]. In addition, CFS
patients can have a very high incidence (58%) of sleep dis-
orders (e.g. apnea/hypopnea index, restless legs syndrome)
[6]. While some symptoms are similar to those of patients
with Major Depressive Disorder (MDD), CFS itself does not
appear to arise from underlying MDD [7]. Also, there is no
consensus as to the underlying pathophysiology of the dis-
ease [7, 8]. Along with excessive daytime fatigue, symptoms
of insomnia and insufficient, non-restorative sleep are among
the most common and disabling complaints [4-6, 9-15].

Several studies have looked at polygraph data for CFS
patients. Although the results and procedures were varied;
sleep efficiency was reduced in 7 of 7 studies [14, 16-21],
time in bed was increased in 2 out of 2 studies [17, 18] and
wake after sleep onset was increased in 3 out of 3 studies
[17, 18, 22]. Control subjects in these studies varied from
patients with MDD to co-twin controls. The co-twin control
was used by Watson [23] and Ball, et al. [2], where they
found an increase in percent stage 3, a decrease in percent
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stage 2 and an increase in percent REM sleep in CFS ill
twins. The difference in percent stage 3 was small (ill twins
10.7% vs healthy twins 8.6%), which was statistically sig-
nificant. This difference was accompanied by a slight reduc-
tion in percent stage 2 for the CFS ill twins (ill twins 44.9%,
healthy twins 49.0%). When using the standard sleep stage
scoring manual [24] the cutoff for changing from stage 2 to
stage 3 is the presence of at least 20% delta activity. A slight
elevation in delta amplitude in the CFS patients could ac-
count for this difference between the groups. Also, these
authors did not find any difference between ill and healthy
twins for sleep efficiency. This suggests that the co-twin
control design provides a much better assessment of differ-
ences due to disease.

There are two studies that looked simultaneously at sub-
jective reports of sleep quality and polygraphic recordings of
sleep EEG [23, 25]. In both studies the CFS patients judged
their sleep to be bad or unrefreshing. But there were no iden-
tifiable group differences in sleep stage profiles. The com-
parison groups consisted of non-fatigued healthy subjects
[25] or co-twin controls [1]. The suggestion here is that per-
ception of the quality of sleep in CFS patients may be altered
by the condition. This, however, cannot account for exces-
sive daytime fatigue.

Several articles have suggested that a pattern of al-
pha/delta activity during non-REM sleep could be a part of
the sleep physiology of CFS patients [15, 20, 26]. Such EEG
patterns have been shown in patients with fibromyalgia [27,
28], but its influence in CFS is still not clear. Manu [20]
stated that “Alpha-delta sleep is not a marker of fibromyalgia

2009 Bentham Open



Aspects of Slow-Wave EEG Activity During Sleep

or CFS...” (p.465). Others have reported an association be-
tween alpha-delta intrusion and anxiety [26], but there was
no control group of healthy subjects in this study for com-
parison; Whelton [15] compared CFS patients to healthy
controls. In this study, CFS patients described unrefreshing
sleep and showed non-rem sleep alpha-delta activity, but
they did not show signs of physiological daytime sleepiness.
This finding together with those of Watson, 2003 and Majer,
2007 suggest that a careful examination of sleep EEG could
identify activity resulting in subjective reports of unrefresh-
ing sleep, but would not effect the overall pattern of sleep
stages during the night.

Although the exact mechanisms of alterations in sleep
physiology in CFS have not been firmly established, changes
in sleep homeostatic mechanisms are likely involved. Sleep
physiology appears to be controlled by 2 opposing processes
- sleep homeostasis or Process S, and circadian drive or
Process C [29]. Process S accumulates during wakefulness,
dissipates rapidly over non-rapid eye movement (NREM)
sleep time, and is reflected in the time course of slow wave
activity (SWA) during the night (i.e., delta power or ampli-
tude in NREM sleep). Process C, on the other hand, reflects
the circadian timing of REM sleep and the drive for wake-
fulness [30]. The importance of the homeostatic component
of this model is supported by the observed increase in SWA
following sleep deprivation [31]. In addition, the amount of
prior wakefulness has been monotonically related to an in-
crease in SWA power after acute sleep restriction dissipating
quickly over NREM sleep time [32, 33]. Because reduced
slow-wave sleep reflects compromised sleep homeostasis in
fibromyalgia [34], changes in SWA would suggest a similar
homeostatic disruption in CFS.

As many aspects of sleep physiology such as REM den-
sity, stage 2 sleep, slow wave sleep, and body movements
are genetically determined [35, 36], genetic confounding
may obscure the relationship between sleep physiology and
CFS. Co-twin control studies, adjusted for genetic and many
environmental factors, offer a powerful alternative to tradi-
tional approaches that compare CFS patients to healthy indi-
viduals [37]. This research design is particularly valuable in
the studies of sleep, where genetic factors contribute sub-
stantially to sleep architecture [1], the number of data points
generated is large, and the range of values observed in nor-
mal individuals is wide. We, therefore, compared the power
spectral analysis of sleep EEGs between monozygotic twins
discordant for CFS and asked 1) Does the amount and pro-
gression of slow-wave activity in NREM sleep periods
across the night vary according to CFS status? And 2) Does
alpha and delta activity occur together during sleep in CFS?

METHODS
Participants

From 1997 to 1999, 22 sets of CFS discordant twins from
the University of Washington CFS Twin Registry were cho-
sen for a 7-day in-person evaluation based on registry infor-
mation and telephone screening establishing the presence or
absence of symptoms consistent with the Centers for Disease
Control and Prevention (CDC) diagnostic criteria of CFS [1-
3, 23]. Twins were required to 1) be at least 18 years of age;
2) be reared together; 3) be discordant for CFS (one twin met
the CDC CFS criteria, the other did not); 4) abstain from
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alcohol and caffeine and, based on their personal physicians’
advice, discontinue all medications at least 2 weeks prior to
the evaluation; and 5) travel to Seattle together.

To determine if a twin met CDC CFS criteria, we used
responses to the CFS symptom checklist, diagnoses gener-
ated by a structured interview, and information from review
of the twins’ medical records. Medical records covering the
last 5 years were reviewed by a physician knowledgeable
about CFS (DB) for exclusionary medical conditions. A psy-
chologist and infectious disease specialist also independently
reviewed the twins’ medical charts to verify health status and
approve twins for participation. Depression was assessed
using the Diagnostic Interview Schedule Version I11-A [38],
with diagnoses based on the Diagnostic and Statistical Man-
ual 111 [39]. Monozygosity was initially determined using
previously validated self-report methods [40, 41], then con-
firmed with analysis of restriction fragment length poly-
morphisms. This technique allows probability of monozy-
gosity to be ascertained with 99.9% certainty [42].

Prior to the scheduled visit, we confirmed that the ill twin
still met CFS criteria and that the control twin was healthy.
The same inclusion and exclusion criteria (e.g., body mass
index, psychiatric disorders) and review processes were ap-
plied to both the CFS and healthy twins. Written informed
consent was obtained from all twins in accordance with
regulations of the University of Washington Institutional
Human Subjects Office. A waiver of consent was obtained
from the University of Michigan IRB to conduct the quanti-
tative analysis of the sleep EEG.

Polysomnography

For this analysis, we were able to successfully extract
EEG data for quantification on a subset of 10 pairs.
Polysomnography with a full recording montage was per-
formed during 2 nights, including central and occipital elec-
troencephalogram, left and right electrooculogram, mental
and submental electromyogram, chest and abdominal respi-
ratory effort, nasal and oral airflow, left and right anterior
tibialis electromyogram, pulse oximetry, electrocardiogram,
body position, and microphone-detected snoring. Data were
recorded on an ALICE 3™ digital system (Respironics/
Healthdyne Technologies, Murrysville, PA 15668-8550).
Visual polysomnography scoring was performed according
to standard Rechtschaffen and Kales criteria by a single
technician blinded to illness status [24]. All data were de-
rived from the second night, with the first night being used
for acclimatization to the sleep-lab environment. Twins had
traveled to Seattle at least 4 nights prior to the acclimatiza-
tion night and 5 nights prior to the study night. The follow-
ing sleep-related parameters were calculated: total sleep
time, sleep latency, REM latency, sleep staging, sleep effi-
ciency, hypnogram awakenings, arousal number, and arousal
index.

EEG Quantification

Power spectral analysis was performed using standard
Fast Fourier Transform software [43] on data sampled at
100Hz. Each 30 sec epoch of data was analyzed in 2 second
blocks that were recombined to provide values for 5 fre-
quency bands: delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-12
Hz), sigma (12-16 Hz), and beta (> 16 Hz). This analysis
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Table1. Selected Demographic and Clinical Characteristics for 10 Pairs of CFS Discordant Twins
Characteristic CFS Twins Healthy Twins
Marital status, % 40 40
Post-secondary education, % 50 60
BMI, kg/m? (standard deviation) 27.3 (8.3) 27.2 (7.9)
Lifetime major depressive disorder, % 30 10
Current major depressive disorder, % 0 0
CFS duration, years (standard deviation) 6.3 (5.6) 0

was performed for both left (C3) and right (C4) hemisphere
central electrode sites. Data from the two hemispheres was
combined for the final analysis. Upon completion, a data set
was produced containing sleep stage scores along with the
quantified data.

Statistical Analyses

Fast Fourier Transform data was coded for sleep stage
and illness status. Across the nights, NREM periods were
identified [44] within which SWA measures were generated.
This was done by averaging delta activity for stages 2, 3 and
4 for each NREM period. Data were analyzed both as the
value of the power for each NREM period and with the
power for each NREM period expressed as a percentage of
the average power for the combined NREM periods for that
night. We performed a repeated measures ANOVA analysis
of SWA for the first 3 NREM periods for the left and right
central electrodes combined using TWIN and NREM period
as independent variables. To explore the time course for
changes in SWA across the night for CFS and healthy twins,
the value for SWA for each NREM period was divided by
the average SWA to generate a percent SWA measure. This
transformation eliminates any overall EEG amplitude differ-
ences between subjects by referring to EEG SWA activity as
a percentage of the overall EEG SWA for each subject. Sta-
tistical analyses were either repeated measures MANOVAs,
ANOVASs and t-tests as appropriate. The two independent
variables were TWIN (CFS versus healthy) and NREM pe-
riod (first, second, third). The fourth NREMP was not used
in the analyses, since in three pairs of twins at least one

failed to show the fourth NREMP, which otherwise would
have reduced the power of the statistical analysis.

RESULTS

The demographic data for the participants in this study
are presented in Table 1. Differences were minimal among
these identical twins.

Sleep architecture scored by traditional methods are
shown in Table 2. No differences were observed between the
CFS and healthy twins.

The means and standard deviations for the analysis of
SWA for the first 3 NREM periods are presented in Table 3.
The main effect for TWIN was significant (F (1,7) =7.31; P
< 0.05) but the interaction between TWIN and NREM period
(F (2,24) = 2.76, P = 0.0974) was not. Post-hoc paired t-tests
on these data revealed a significant difference for TWIN at
NREM period 2 (t = 3.82, df =9, P < 0.005).

To explore the time course for changes in SWA across
the night among the CFS and healthy twins, SWA for each
NREM period was divided by the average SWA to generate
a percent SWA measure. The values for this conversion are
shown in Fig. (1). The repeated measures ANOVA revealed
a non-significant interaction for TWIN versus NREM period
(F (2,24) = 2.91); however in Fig. (1) the TWIN difference
appears to emerge in the first 2 NREM periods. A repeated
measures ANOVA on these 2 points alone yielded a signifi-
cant 2 way interaction between TWIN and NREM period (F
(1,8) =8.81; P < 0.02).

Table 2. Means (Standard Deviations) for Selected Sleep Stage Variables for CFS Discordant Twins

Sleep Variable CFS Twins Healthy Twins t value (p)
Total Sleep Time, minutes 391.4 (39.1) 396.5 (43.8) -0.78 (0.46)

Sleep Latency, minutes 14.5(22.1) 10.9 (10.0) 0.47 (0.65)
REM Latency, minutes 67.6 (35) 79.1 (13.3) -1.14 (0.28)

Stage 1, % 6.9 (2.9) 7.1(13.8) 0.32 (0.76)

Stage 2, % 495 (9.5) 54.1(7.7) 1.8 (0.11)
Stage 3, % 12.2(7.1) 7.2 (4.9) 3.180(0.01)

Stage 4, % 2.8(4.3) 2.4 (5.4) 0.39 (0.70)

REM, % 33.8(9.2) 31.6 (3.4) 0.83 (0.43)
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Table3. Means (Standard Deviations) for Slow Wave Activity for the First 3 NREM Periods Among 10 Pairs of CFS Discordant
Twins
Slow Wave Activity Variable CFS Twins Healthy Twins tvalue (p)
NREM 1 535.9 (117.6) 522.5 (149.3) 0.42 (.69)
Latency, minutes 9.9 (9.0) 10.4 (14.6)
Duration, minutes 48.8 (22.5) 67.9 (28.4)
NREM 2 505.7 (128.9) 406.1 (72.2) 3.82 (.005)
Latency, minutes 87.3 (38.8) 112.7 (32.7)
Duration, minutes 61.1(32.2) 66.7 (34.6)
NREM 3 457.1 (148.9) 356.1 (77.9) 1.93 (.09)
Latency, minutes 192.8 (83.6) 208.6 (69.6)
Duration, minutes 55.0 (21.4) 59.0 (19.7)
130 DISCUSSION
- ¢ CFS1u This study of SWA in CFS was particularly relevant
120 — given the hallmark complaints of severe fatigue and post-
\ exertional fatigue in CFS and the association between meas-
< 110 ures of SWA and recovery from fatigue shown in previous
z SN studies [33, 46]. Although we demonstrated some small but
S (e - statistically significant differences in SWA between CFS
100 twins and their healthy co-twins, neither the sleep stage data
(a slight elevation in percent stage 3 sleep) nor the quantified
90 \j SWA data showed differences of a magnitude congruent
with the striking fatigue complaints of the CFS twins. Even
80 x , so, our findings offer some insight into potential subtle dif-
Nrem 1 Nrem 2 Nrem 3 ferences in sleep physiology in CFS. For example, the

Fig. (1). Percent slow wave sleep activity across first 3 NREM
periods for CFS and healthy twins. NREM period; F (2,14) = 5.95;
P < 0.02); Twin*NREM period; F (2,14) = 2.91; n.s.; NREM peri-
ods 1 and 2; F(1,8=4.87; p=.03).

Exponential curves were fit to the %SWA activity for the
two twin groups using the equation y=b * e ¢“ "™ where b is
the expected SWA power at time 0, c is the exponential
change or decay, and time is the minutes of NREM sleep
since sleep onset [45]. The y intercepts reflecting asymptotic
power were 123.2 for the ill twins and 132.2 for the healthy
twins. The exponents for the two groups (ill vs healthy) were
-.00120 and -.00149 respectively. All means fall within the
95% confidence level for the groups; therefore these groups
did not differ statistically. Qualitatively, the exponential val-
ues do conform to the overall evaluation of a flatter course of
SWA activity decline across NREMPs in the ill twins, and a
greater buildup of Process S in the healthy twins (see Fig. 1).
Intra-class correlations were applied to the exponential yield-
ing a correlation of 0.6474 (p<.02) for the exponentials and
0.7232 (p<.004) for the y intercepts showing a high degree
of concordance between each pair of twins.

Correlations were generated for amounts of alpha and
delta activity during sleep in each twin. The average of these
values did not differ between the CFS ill and healthy twins
(0.612 + 0.217 versus 0.655 + 0.161, t = 0.96, df = 9, p=.36).
In addition, the average amount of alpha activity for the CFS
ill and healthy twins was also similar (87.0 £ 39.6 versus
82.1+35.2,t=1.60,df =9, p=.14.

amount of SWA across all NREM periods, although similar,
did deviate from equality, an evaluation of NREM periods
did reveal a trend (F(1,8)=4.87; p=.06). Looking at NREM
periods 1 and 2 separately showed a significant difference
between groups for NREM period 2 (F (2,14) = 5.95; P <
0.02). Because elevated levels of fatigue generated by sleep
deprivation are associated with elevated SWA in NREM
period 1 [33], the sleep of the severely fatigued twins was
unexpected.

The intercepts for the ill and healthy twins were 123.2
and 132.2 respectively. When all twins were used in one
analysis, the intercept was 127.1. Armitage (2000) [47] per-
formed a similar analysis on data from healthy women with
no personal or family history of psychopathology and re-
ported an intercept of 119.1 (95% confidence interval 111.3-
126.7). Both the CFS ill and well twins had higher asymp-
totic SWA, outside the 95% confidence interval for the
healthy control women, but with a significantly slower rate
of decay. These findings do suggest that while the total
amount of SWA may not be reduced in those with CFS or
their identical twins, the time course of SWA is outside the
normative ranges in healthy women.

According to the Process S theory of sleep regulation,
drive for SWA accumulates during the awake hours prior to
sleep. SWA should be maximal in the first NREM sleep epi-
sode and should dissipate quickly. Sleep deprivation or sleep
delay [33] will enhance SWA and is associated with a faster
dissipation. Lower asymptotic SWA may reflect a failure to
accumulate sleep need during wakefulness, whereas a slower
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rate of decay may reflect a failure to recover or fulfill sleep
debt. Our findings in CFS suggest that neither the ill nor the
well twin showed a failure to accumulate sleep need, as as-
ymptotic SWA power was higher than healthy control
women. However, the decay rate or dissipation of SWA was
significantly slower in both the CFS ill and CFS well twins
compared to published data from healthy control women.
The present study included only baseline sleep data and
therefore is merely suggestive of sleep regulatory impair-
ment. A more definitive test would be to examine the SWA
response to sleep challenge in the CFS twins. We recently
conducted such a study, including 5 pairs of the CFS twins
reported here, and demonstrated that the SWA response to
challenge was significantly lower with a slower dissipation
in the CFS ill twins [45]. Taking the results of the two stud-
ies together, it does appear that while some aspects of SWA
may be outside the normal limits in both the CFS ill and well
twins, it is only the ill twins who showed abnormalities in
sleep regulation.

According to standard sleep stage scoring [24], the transi-
tion from waking to sleep is marked by a cessation of the
generation of alpha activity. If the alpha activity does not
cease, this may indicate that the brain is not totally ‘asleep’,
thereby accounting for poor recuperative sleep. A co-
occurrence of alpha activity during NREM sleep was shown
by Moldofsky, et al. 1975 [48] in patients with fibrositis and
by Roizenblatt, et al. 2001 [27] in patients with fibromyal-
gia. Their research showed alpha activity during NREM
sleep episodes, where delta is the prominent EEG frequency.
This was interpreted as an elevation of CNS activity towards
a more aroused state thus generating daytime fatigue. In the
current study the correlation of alpha and delta activity dur-
ing sleep, or in the amounts of alpha generated during sleep,
between the 2 groups of twins, was not significantly differ-
ent. The use of the co-twin control design makes this study
an extremely sensitive test of the alpha/delta hypothesis, as a
possible mechanism for the daytime fatigue observed in CFS
patients.

This study, however, has several limitations. First, as
only 10 pairs of twins were examined our statistical power to
detect differences in sleep physiology in the CFS discordant
twins may be limited, and our results may not be replicated
in another sample of CFS-discordant twins. The CFS twins
in the study were reared together while a better evaluation of
true genetic contribution would come from twins reared
apart. Such a group would allow an investigation of genetic
and environment contributions to differences between twins.

CONCLUSIONS

In summary, while standard metrics used to assess fa-
tigue and sleep may not be adequate and to distinguish CFS
ill and healthy twins, computer quantification of sleep EEG
was used to reveal underpinnings of the prominent sleep
complaints in CFS. This alone is not enough to completely
explain the cause of excessive daytime fatigue in CFS ill
patients, but it does point to differences in sleep physiology
that may contribute to excessive daytime fatigue. Although
more sensitive quantitative measures of sleep EEG suggest a
problem with the recuperative function of sleep in CFS, fur-
ther work is necessary to understand this phenomenon. Fu-
ture research should analyze data from larger groups of par-
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ticipants or bring revised theories of physiological markers
of fatigue to the area of CFS. Given our results, clinical in-
tervention should be directed at improving the quality of
sleep in patients with CFS. Their complaints are similar to
patients with insomnia, therefore treatment for that may have
some efficacy in patients with CFS. Paradoxically, behav-
ioral treatment for insomnia starts with sleep restriction. This
may help the patient by forcing a restructuring of sleep to be
more efficient which would improve the problems we have
identified here.
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