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Study Objectives: Disturbances of the internal biological clock manifest as fatigue, poor concentration, and sleep disturbances—symptoms remi-
niscent of chronic fatigue syndrome (CFS) and suggestive of a role for circadian rhythm disturbance in CFS. We examined circadian patterns of
activity, sleep, and cortisol secretion in patients with CFS.

Design: Case-control study, 5-day behavioral observation.

Setting: Natural setting/home environment

Participants: 15 patients with CFS and 15 healthy subjects of similar age, sex, body mass index (BMI), and activity levels.

Interventions: N/A

Measurements: Self-report questionnaires were used to obtain medical history and demographic information and to assess health behaviors,
somatic and psychological symptoms, and sleep quality. An actiwatch accelerometer recorded activity and sleep patterns over 5 days with concur-
rent activity and symptom logs. Diurnal salivary cortisol secretion was measured. Additionally, overnight heart rate monitoring and pain sensitivity
assessment was undertaken.

Results: Ratings of symptoms, disability, sleep disturbance, and pain sensitivity were greater in patients with CFS. No between-group differences
were found in the pattern or amount of sleep, activity, or cortisol secretion. Afternoon activity levels significantly increased evening fatigue in patients
but not control subjects. Low nocturnal heart rate variability was identified as a biological correlate of unrefreshing sleep.

Conclusions: We found no evidence of circadian rhythm disturbance in CFS. However, the role of autonomic activity in the experience of unre-
freshing sleep warrants further assessment. The activity symptom-relationship modelled here is of clinical significance in the approach to activity

and symptom management in the treatment of CFS.
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INTRODUCTION

Chronic fatigue syndrome (CFS) is a severe, disabling dis-
order that poses a significant personal and economic burden for
sufferers, their families, and the community. The etiology and
pathophysiology of this enigmatic clinical disorder remains ob-
scure, and curative therapies are not available.

CFS is diagnosed by consensus-derived, criterion-based case
definitions, requiring persistent, medically unexplained, fatigue
for > 6 months in the presence of characteristic constitutional
and neuropsychiatric symptoms.' The profound experience of
unrefreshing sleep and complaints of disturbed or restless sleep
are prominent in subjective reports of symptoms in CFS.>?

While classical sleep studies employing polysomno-
graphic techniques have shown varied, nonspecific changes
in sleep structure and efficiency in a subgroup of patients
with CFS, these studies have not revealed any substantive
evidence indicative of a primary sleep disorder.** Pertinent to
this, studies of monozygotic twins discordant for CFS®7 have
not revealed any significant alterations in sleep architecture.
Nevertheless, patients with CFS consistently report a pro-
found reduction in sleep quality.**” To date, little is known
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about the mechanisms responsible for the experience of poor
quality sleep in CFS.

Human sleep is part of an oscillating sleep-wake pattern fol-
lowing a circadian rhythm.® These cyclical rhythms are directed
by the brain’s biological “clock” located in the suprachiasmatic
nucleus and cause fluctuation of body temperature, hormone
levels, and sleep over a 24-h period. These behavioral and
physiological rhythms are synchronized to external physical
environmental and social/work schedules. The strongest syn-
chronizing agent in humans is changes in light and darkness
which “set” the biological clock and help determine the need
to wake up or go to sleep. The circadian clock not only pro-
vides temporal synchronization between these various rhythms,
but it also promotes wakefulness, and coordinates the timing of
sleep-wake behavior, which are involved in aspects of physi-
ological and neurocognitive functioning.®

Recent evidence has underscored the importance of circa-
dian rhythms in maintaining good health with alterations in the
normal circadian clock linked to a number of conditions includ-
ing mood disorders.” Asynchrony between the internal clock
and sleep-wake behavior also frequently accompanies shift
work, or international travel (i.e., jet lag), leading to symptoms
of fatigue, poor concentration, and sleep abnormalities.'*!" The
similarity between these symptoms and those associated with
CFS has stimulated research interest in disturbances in the en-
dogenous circadian rhythm as a pathophysiological mechanism
in CFS.'> To date, a limited number of studies assessing spe-
cific parameters of circadian rhythmicity such as sleep/wake
times, activity cycles,'* melatonin excretion patterns,'® and core
body temperature'é have been largely inconclusive in their out-
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comes. Alternations in the circadian rhythm of cortisol secre-
tion, as well as relative hypocorticalism, are among the better
replicated findings in case-control studies of CFS.'"!8

Changes in sleep patterns and activity levels are thought to
play a significant role in maintaining the symptoms in CFS,"
with post-exertional exacerbation of fatigue being a character-
istic feature of the illness. This post-exertional exacerbation is
also characterized by an abnormally low “threshold,” that is,
activities previously achieved with ease (e.g., a short walk)
become associated with a severe and prolonged exacerbation
of symptoms following the onset of CFS. The only evidence-
based treatment for CFS—cognitive-behavioral therapy, in-
cludes graded physical exercise as a key component to improve
tolerance to physical activity and to allow maintenance of sus-
tainable activity levels."”?' Given that disturbances in sleep
quality and sleep/wake regulation also have the potential to af-
fect daytime fatigue, it is important to identify abnormal activ-
ity and sleep behavior in a valid and reliable way.

Polysomnography studies are often criticized for limiting
investigations to one or two nights, in artificial laboratory con-
ditions (sleep laboratory) which do not reflect normal sleep at
home. With the availability of highly sensitive accelerometers
such as actigraphs, improved evaluation of continuous sleep/
wake and activity patterns in the normal environment is now
possible. Notably, with wrist placement and 30-second collec-
tion intervals actigraphy data have correlated well with param-
eters obtained from polysomnography, such as sleep efficiency
and fragmentation.*?*

A number of studies have used actigraphy to monitor diur-
nal patterns in ambulatory physical activity in CFS. Some of
these studies have documented significant reductions in day-
time activity levels'+*; however others found no differences in
activity levels between patients with CFS and healthy controls
subjects.” Additionally, the latter study reported that physical
disability and symptoms such as pain and fatigue were associ-
ated with lower concurrent and subsequent activity levels. Al-
though patients generally attribute exacerbations of symptoms
to a wide range of factors including exercise, in the study by
Kop et al.,” activity levels were not predictive of a subsequent
exacerbation of symptoms.

Inconsistencies in these findings may be explained by the
well-recognized heterogeneity in cross-sectional samples of
patients fulfilling diagnostic criteria for CFS.*** However, poor
matching of cases to healthy subjects, particularly in terms of
restricted activity and exercise levels may also be a contributing
factor. Substantiation of patients’ report of activity levels with
objective measures, and a better understanding of the dynamic
relationship(s) between activity levels and symptom manifesta-
tions would have important implications for both research and
clinical practice. The combination of actigraphy with concur-
rent symptom measurements (as opposed to simply baseline
and end of monitoring period evaluations) would allow almost
real-time evaluation of the contingent relationships between ac-
tivity and symptoms.?” This approach has yet to be applied to
CFS in a natural setting.

Most studies to date have evaluated alterations in the circa-
dian patterns of activity and sleep independently of cofactors,
including disturbed mood, pain, and autonomic hyperarousal,
which are known to be associated with fatigue and the experi-
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ence of unrefreshing sleep, and capable of modulating circadian
rhythmicity in their own right.* For example, the presence of
elevated heart rate and lower heart rate variability (HRV), have
been demonstrated during sleep in patients with CFS who also
reported high levels of sleep problems.?®?

To provide a more comprehensive account of the potential
role of altered circadian rhythms and their relationship to symp-
tom manifestations in CFS, the current study included several
indices of circadian variation (diaries of sleep/wake behavior
and activity/rest patterns, actigraphy, and diurnal cortisol secre-
tion). Specifically, the study aimed to assess the hypothesis that
a disturbance in circadian rhythms underlies the key symptoms
of debilitating fatigue and unrefreshing sleep in CFS. The im-
pact of covariates, including concurrent mood disturbance, pain,
and autonomic hyperarousal during sleep was also assessed. A
second aim was to evaluate the contingent relationship between
activity levels and the experience of symptoms in CFS.

METHODS

Participants

Fifteen patients fulfilling international diagnostic criteria for
CFS' were recruited from a tertiary referral clinic associated
with a university teaching hospital, which provides a graded-
activity oriented cognitive-behavioral therapy program for
patients with fatigue syndromes. Everyone who passed the in-
clusion/exclusion criteria between March 2009 and Sept 2009
was invited to participate in the study at their second (of a total
of 12) appointment in the clinic; thus participants were in the
initial stages of treatment when recruited. Those who fulfilled
the inclusion criteria were handed an information brochure and
agreement to be contacted by the researcher was obtained by
the clinic staff. These potential participants were then contacted
by the researchers. All but one of those invited (15/16 [94%])
agreed to participate. One male (40 y) declined to participate
due to other commitments; he was not different in terms of pa-
tient characteristics from those patients who did participate.

Fifteen healthy control subjects of similar age, sex, exercise,
and body mass index (BMI) participated in this study. Commu-
nity participants within the required age range were recruited
via fliers and notices from the neighborhood of the clinic. Par-
ticipation was on an “opt-in” basis.

Exclusion criteria for the study were: pregnancy, primary
sleep disorder (obstructive sleep apnea or narcolepsy); endo-
crine (untreated diabetes, uncontrolled thyroid disease) or neu-
rological (uncontrolled epilepsy, stroke, dementia, autonomic
neuropathy) comorbidities; uncontrolled/untreated cardio-
vascular disease (hypertension, heart failure) or a pacemaker;
autoimmune disease (e.g., Sjogren’s syndrome, rheumatoid ar-
thritis); and major depressive disorder, psychosis, or substance
abuse disorders. Medications known to affect autonomic func-
tioning, including B-blockers, benzodiazepines, corticosteroids
(e.g., prednisone, cortisone acetate, fludrocortisone), other cen-
trally active drugs (e.g., methylphenidate, dexamphetamine,
tricyclic, and SSRI antidepressants) were also exclusionary.
Menstrual cycle was not controlled in this study.

The subjects who participated in the overnight HRV record-
ings constitute a subset of a larger and more detailed study of
nocturnal HRV in CFS previously reported by our group.”
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Written informed consent was obtained from all subjects
prior to participation in the study. The relevant human research
ethics committees approved the study protocol.

Measures

Self-report questionnaires

Participants completed questionnaires to provide relevant
demographic, medical history, and general health information,
and to assess physical symptoms, psychological variables, and
functional impairment. Specifically, the 34-item Somatic and
Psychological Health Report (SPHERE*) was used to assess a
wide range of physical and psychological symptoms. An empir-
ically derived subscale (the SOMA) identified the key clinical
features of prolonged fatigue states. The Brief Disability Ques-
tionnaire (BDQ?') measured functional impairment; notably the
“days out of role” quantified the days over the past month dur-
ing which the respondent was unable to carry out usual daily
activities fully. The Pittsburgh Sleep Quality Index (PSQI*)
recorded the quality and pattern of sleep. The Perceived Stress
Questionnaire (PSQ*) was used to assess perceived levels of
current stress.

Pain sensitivity testing

A Pain Test Algometer with a 1-cm? flat rubber tip (Force Ten
FDX Force Gage, Wagner Instruments Greenwich, CT) was
used to quantify subjects’ pressure pain threshold—the mini-
mum amount of pressure that triggers pain. Two sites on each
hand were tested: the muscle belly of the first dorsal interosseus
muscle and the middle phalanx of the middle digit. “Neutral”
regions, such as the thumb accurately reflect overall pressure-
pain sensitivity even in individuals where pain sensitivity is
part of the clinical presentation (e.g., fibromyalgia’*). Each site
was tested 3 times in a counterbalanced manner. To avoid ha-
bituation or sensitization at the level of peripheral nociception,
the 3 measurements were taken at separate times interspersed
with other assessment tasks.

Five-day monitoring of activity-rest-sleep patterns

Actiwatch: Ambulatory activity counts were recorded for
5 continuous days (including a weekend) using an actigraph
accelerometer (Actiwatch 64, Mini Mitter, USA), worn on
the non-dominant wrist, set to a sampling epoch of 30 sec and
a medium threshold value. This device is watch-sized (29 %
37 x 12 mm), lightweight (16 g), and has been validated for
objective measurement of physical activity and sleep/wake
cycles. The actiwatch reacts to omnidirectional changes in
acceleration which generate a voltage via a piezoelectric sen-
sor. This device is sensitive to 0.05 g-force (1-G-force =~ 251
activity counts) with bandwidths of 3-11 Hz. The signal is
amplified, digitized, and stored in memory as activity counts.
Transfer of recorded data was achieved via an ActiReader
(Mini Mitter, USA).

Total activity (the sum of all activity counts for the given in-
terval), average activity, and peak activity (the highest artifact-
free physical count for the given interval) levels, as well as sleep
fragmentation (a score of mobility during sleep) and efficiency
(total actual sleep time, as % of total sleep period) were calculat-
ed and extracted using the algorithms provided in the Actiwatch
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Analysis Software (version 5.57.006, Mini-Mitter, USA). Out-
lying sleep efficiency scores > 2 standard deviations from group
sleep efficiency means were excluded from analysis.

The actiwatch data were cleaned and scored using a stan-
dard protocol® to derive night, morning, afternoon, and eve-
ning recording intervals that matched those used for symptom
recording in the diary (i.e., sleep, wake-12 noon, 12 noon-7 pm,
and 7 pm till sleep, respectively—see below). The morning and
evening interval start times were selected from the first epoch
scored as awake after the sleep interval, and the last epoch prior
to sleep.

Activity and symptom diary

To aid interpretation of the activity data, subjects kept a
structured diary that allowed monitoring of activities and the
experience of symptoms over the 5 days. Daily activities were
recorded in addition to the subject’s assessment of the asso-
ciated level of perceived cognitive or physical intensity using
the perceived exertion scale.*® The intensity of symptoms of fa-
tigue, mood, and pain was recorded in the morning, afternoon,
and evening on a scale ranging from 0-10. Questions regarding
overnight sleep timing and quality were answered once each
morning.

Salivary cortisol production

Subjects were provided with a test kit (Analytical Reference
Laboratories, ARL Pathology, Melbourne), which required 4
saliva specimen collections (06:00-08:00 [30 min after awak-
ening], 12:00, 18:00, and 22:00] on the same day. Detailed ex-
planations and written instructions were provided. The tubes
were kept in a —20°C freezer until shipped to a specialised labo-
ratory for analysis by electrochemiluminescence immunoassay
(ECLIA).

Heart rate monitoring during nocturnal sleep

An ambulatory Polar Heart Rate Monitor (Model S8101)
with a Polar Wearlink W.LLN.D. HR chest band transmitter (Po-
lar Electro, Finland) was used to permit continuous monitoring
of heart rate (HR) (as R-R intervals) for a maximal duration of
8 h. Subjects wore the device for the first night of the study, fol-
lowing detailed instructions to activate the watch prior to sleep.
HRV results were obtained using Polar Protrainer v5.35.161
software. Analysis algorithms consisted of both time domain
variables (root mean square successive differences - rMSSD)
and spectral analysis. Power spectral density calculated using
autoregressive modelling to derive HRV parameters included
a high frequency component (HF [0.15-0.40 Hz]), which re-
flects vagal drive to the heart, and low frequency component
(LF [0.04-0.15 Hz]), which comprises both vagal and sympa-
thetic influences.*® LF:HF ratio (an index of cardiac autonomic
balance) was derived from normalized units of LF and HF com-
ponents. The first hour of recording was discarded and transient
noise and movement artifact were manually removed according
to previously described methods.*

Statistical Analyses

Statistical analyses were performed using SPSS for Windows
version 17 (SPSS Inc., Chicago, IL, USA) and included simple
group comparisons using ¢-tests, correlational (Pearson) analy-

Sleep-Wake Behavior in CFS—Rahman et al



Table 1—Demographic and clinical characteristics of participants

Variable CFS (n=15) Control (n=15) P-value
Age 32.5(11.1) 35.6 (13.9) 0.50
Sex (Males: Females) 213 5:10 0.39
BMI 23.6 (2.7) 245(3.9) 0.54
Exercise (h/week) 4.9 (6.3) 6.9 (3.7) 0.31
SOMA 4.3 (3.7) 0.3(0.7) 0.00
BDQ 12.9(5.0) 1.5(2.4) 0.00
Days out of role 12.5(11.9) 29(8.1) 0.02
PPT 1.7(0.8) 24(0.9) 0.04
PSQ 68.2 (12.5) 65.8 (6.8) 0.53

Values are group means (standard deviations). BMI, body mass index; SOMA,
somatic subscale of Somatic and Psychological Health Report; BDQ, Brief
Disability Questionnaire; PPT, Pain Pressure Threshold; PSQ, Perceived Stress
Questionnaire.

Table 2—Sleep variables from the actiwatch and self-report

Variable CFS (n=15) Control (n=15) P-value
Actiwatch
Duration (h) 8.8 (0.8) 8.1(0.9) 0.07
Sleep Efficiency (%) 79.9 (8.9) 83.6 (4.3) 0.21
Sleep Fragmentation (%) 19.7 (9.5) 18.6 (4.1) 0.72
Self-reported sleep quality
PSaQl 7.7(3.9) 35(2.2) 0.002

Activity patterns
Total AC/day over 5 days
Average AC/min over 5 days
Peak AC

307613 (78621) 317414 (51220)  0.70
342 (94) 340 (48) 0.95
2360 (1349)  1881(443) 021

Values are group means (standard deviations). PSQI, Pittsburg Sleep Quality
Index; AC, activity counts.

Table 3—Overnight heart rate and heart rate variability parameters

Variable CFS (n=11) Healthy (n =12) P-value
HR (bpm) 66 (10) 66 (7) 0.97
RMSSD 34.1(16.5) 68.4 (46.5) 0.03
LF (%) 19.6 (5.9) 21.3(6.4) 0.50
HF (%) 10.3(7.3) 35.7 (19.2) 0.002
LF/HF ratio 2.44 (1.07) 0.84 (0.58) 0.002

Values are group means (standard deviations). HR, heart rate; RMSSD, root mean
squared of successive RR intervals; LF, low frequency (0.04-0.15 Hz); HF, high
frequency (0.15-0.40 Hz).

take into account the correlation between repeated daily
measurements of activity and fatigue on the same sub-
ject. These analyses were performed using SAS PROC
MIXED (SAS version 9.1.3, SAS Institute Inc., Cary,
NC, USA) and R (R Development Core Team), with
the models fitted using residual maximum likelihood
(REML). P < 0.05 was taken as the level of significance
for all statistical analyses.

RESULTS

Subject Characteristics

The characteristics of the sample are summarized in
Table 1. There were no between-groups differences in
age, sex, BMI, or levels of self-reported exercise. The
sample was predominantly female (87%), consistent
with the CFS literature. Fatigue-related symptom scores
(SOMA) were significantly higher in patients than con-
trol subjects. Patients also reported greater impairment
in performing everyday activities as indicated by the sig-
nificantly higher scores on overall disability (BDQ) and
“days out of role.” Significantly higher PPT scores were
evident in the patient group, suggesting increased pain
sensitivity in CFS. There were no between-group differ-
ences in current levels of perceived stress.

Sleep Parameters

The objective assessment of sleep duration and qual-
ity obtained via actiwatch monitoring (Table 2) did not
reveal significant between-group differences in either the
duration, efficiency, or restlessness (i.e., fragmentation)
during sleep. Patients on average went to bed somewhat
earlier (at approximately 23:10) than control subjects
(23:42), with comparable wake up times for CFS (07:46)
and control subjects (07:53). In contrast, patients with
CFS rated their quality of sleep as significantly poorer
than the healthy control subjects.

Overnight Heart Rate Monitoring

The analysis of data obtained from overnight HR
monitoring (CFS: N = 11; Healthy: N = 12) showed no
between-group differences in HR during sleep; how-
ever, significant differences emerged from HRV analy-
sis (Table 3). rMSSD was significantly lower in patients
than healthy control subjects. The significant reduction
of the proportion of power in the high frequency band
(as HF%) further confirmed a pattern of reduced vagal
modulation of heart rate in CFS. The low frequency com-
ponent (LF%) was not significantly different between
the groups. Accordingly, the LF:HF ratio was markedly
higher in the patients with CFS, generally portraying

ses, and Fisher exact test to assess independence of categorical
data. Multiple regression was used to explore the contribution
of HRV parameters to subjective reports of disturbed sleep in
the whole sample. Between-group differences for variables
recorded repeatedly were analyzed using repeated-measures
ANOVA in a general linear model (GLM).

The effects of activity on the subsequent experience of fa-
tigue was explored using linear mixed-effects models, which
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an imbalance in efferent autonomic cardiac outflow favoring
sympathetic drive.

We then employed multiple regression analysis to exam-
ine whether these changes in nocturnal autonomic activation
were linked to poor sleep quality. As the rMSSD variable was
not normally distributed, we applied log transformation to
this variable prior to entering in the analysis. In addition to
the HRV variables, we entered relevant covariates, including
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Figure 1—Diurnal salivary cortisol secretion in patients with CFS and
healthy control subjects. Measures were taken 30 minutes after awakening
(denoted 6-8 am), and at 12 pm, 6 pm and 10 pm of the same day. Data
are shown as group means with standard deviations as error bars.

age, sex, pain sensitivity (as PPT scores), and current lev-
els of perceived stress (PSQ) into the equation. The identical
best solution was obtained from both forward and backward
selection methods. The final solution explained 57% of the
variance in the PSQI scores (R?=0.57, P = 0.003). The iden-
tified strongest predictor of sleep quality was the HF compo-
nent (f = —0.89, P = 0.001); thus a reduction in HF of 1 SD
was linked to a 0.89 SD decrease in rated sleep quality. The
only other significant independent predictor was young age
(B=-0.68, P=0.006). In our sample, younger patients with
CFS were more severely ill as reflected by the significant cor-
relation between age and BDQ scores: r = —0.55, P = 0.02.
This may account for the obtained inverse relationship be-
tween age and poor sleep quality.

Salivary Cortisol

The diurnal pattern and overall production of cortisol did
not differ between groups (Figure 1). As sex was previously
found to be a critical covariate to reveal significant group dif-
ferences in similar studies of CFS,*” we added sex as a covariate
in the analysis. We found no significant sex-dependent effects
on overall salivary cortisol production (P = 0.74). In addition,
the inclusion of sex as a covariate did not result in significant
between-group differences on this measure (P = 0.39), nor did
it produce any differentially impact on the diurnal trajectory in
the cortisol production over the day (P = 0.81). The values ob-
tained for both groups were within the normal reference range
provided by the Australian reference laboratory (mean values
and SD for CFS versus healthy subjects at 6:00: 13.7 [5.2] vs
16.5[9.0]; 12:00: 5.5 [2.3] vs 5.5 [2.7]; 18:00: 4.0 [3.5] vs 4.8
[2.9]; 22:00: 4.6 [3.6] vs 4.5 [2.2]).

Activity and Symptoms

No significant between-group differences were evident from
the actiwatch-derived data relating to total activity; average ac-
tivity per minute or peak activity over the morning, afternoon,
or evening periods; or over each of the 5 days of monitoring.
Neither was there evidence of a weekend/weekday effect. Di-
ary-reported severity scores for fatigue and pain were signifi-
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Figure 2—The effect of afternoon activity on evening fatigue. The boxes
on the graph are individual data points (see legend). The unbroken line
represents the overall relationship for CFS and broken line for controls.
Afternoon activity is in thousands of activity counts. Evening fatigue refers
to ratings on a 10-point scale.

cantly higher in patients with CFS than healthy control subjects
overall, and in the morning, afternoon, and evening recording
periods, on both weekdays and weekends (all P < 0.004 for
pain and P < 0.001for fatigue). The differences in mood were at
borderline significance levels (P = 0.05). Between-group differ-
ences in subjective physical or cognitive intensity (of activity)
ratings also were not found to be significant (all P > 0.05).

Predictors of Evening Fatigue Levels

Explanatory variables (covariates) considered for inclusion
in the mixed-effect modelling of the effects of activity earlier in
the day on levels of evening fatigue (see Figure 2) were case/
control status, morning and afternoon total activity, age, sex,
previous night’s sleep parameters, a weekend effect, and morn-
ing and afternoon fatigue. To account for potentially different
effects of activity and fatigue for cases compared to controls,
interaction terms for group (case/control) x activity and group
x fatigue were also considered.

Afternoon and morning fatigue were found to be the most
significant single predictive variables (P < 0.001), followed by
sex (P =0.034) and sleep fragmentation (P = 0.156). The final
model chosen included morning and afternoon fatigue, after-
noon activity, as well as group and its interaction with afternoon
activity and afternoon fatigue.

Compared to healthy control subjects, patients with CFS had
higher average levels of fatigue overall (6.5, SD 1.5 versus 2.6,
SD 1.0; P < 0.001). Additionally, the model revealed that af-
ternoon activity did not significantly affect levels of evening
fatigue in control subjects; however, for patients with CFS, an
increase of 100,000 counts in afternoon activity (e.g., 1 h of
brisk walking or tennis) produced an increase of 1 unit on the
fatigue score (on the 0-10 scale). This effect was highly signifi-
cant (P =0.002).
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Figure 3—Preceding day total activity and daily fatigue. The boxes on
the graph are individual data points (see legend). The unbroken line
represents the overall relationship for CFS and broken line for controls.
Total activity is in thousands of activity counts. Average daily fatigue
refers to fatigue ratings on a 10-point scale.

Predictors of Average Daily Fatigue (Across Morning, Afternoon
And Evening Fatigue Scores)

In modelling the effects of daily activity on fatigue levels
the following day the same explanatory variables as used for
evening fatigue were initially included. However, in the best-
fitted model only case/control status, average fatigue and total
activity on the previous day were retained (Figure 3).

In this day-to-day fatigue model, no interaction terms were
significant, thus the fatigue levels of all participants on a given
day were similarly affected by activity (P = 0.02) and fatigue
(P <0.001) on the previous day.

DISCUSSION

This study examined circadian patterns of sleep/wake and
activity in patients with CFS and their ability to predict future
symptoms. No differences in circadian rhythm were evident
from the recordings of the pattern or amount of sleep, activ-
ity, or cortisol secretion between patients with CFS and control
subjects. However, a subjective sleep complaint was apparent
in patients in conjunction with evidence of a loss of vagal mod-
ulation of heart rate as indicated by significantly lower HRV
in the CFS group, but not in control subjects. Modelling of the
activity, sleep, and symptom patterns revealed that in patients
but not control subjects; afternoon activity was the strongest
predictor of evening fatigue—the first objective recording of
the typical patient report of a post-exertional exacerbation of
the key symptom of fatigue.

The lack of between-group differences in sleep timing, dura-
tion, and quality, as well as in the overall sleep-activity patterns
do not support a conclusion of circadian rhythm disruption in
CFS. This conclusion is strengthened by the results indicating
normal diurnal cortisol secretion in CFS. Although hypocor-
ticolism'® and/or an attenuated diurnal production of cortisol
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have been reported repeatedly,'”!® close inspection of the body
of research into diurnal cortisol assessment in urine,*® blood,*
and saliva* revealed frequent failures to confirm a substantive
differences between healthy subjects and patients with CFS.
Moreover, an essentially normal pattern of diurnal cortisol se-
cretion in CFS is consistent with the findings from treatment
studies in which corticosteroid supplementation produced lim-
ited relief of symptoms of CFS.*#2

While the current results do not support impairment in cir-
cadian rhythms in CFS, studies observing changes in melatonin
levels' and a reduction in fatigue symptoms upon treatment
with melatonin® reflect a need for further research into this
area. Therefore more sensitive measures of circadian phase
such as the dim light melatonin onset (DLMO) test - considered
to be the “gold standard” for measuring melatonin and circa-
dian rhythm disorders* should be employed in future studies
evaluating this hypothesis in CFS.

The current actigraphy data did not substantiate previous re-
ports of objective sleep disturbances (low sleep efficiency or
sleep fragmentation) or poor sleep hygiene (e.g., daytime nap-
ping).* Enrolment in a behavioral intervention program that
explicitly instructed patients not to engage in daytime napping
may in part explain this finding. However, recruitment coincided
with the second week of treatment, thus drastic improvements
in sleep patterns were unlikely at this early stage of interven-
tion. Despite this lack of objective evidence of sleep disturbance
in our sample, consistent with the literature, patients uniformly
reported poor sleep quality.’ These findings are also consistent
with investigation of other objective parameters in CFS such as
assessment of neuromuscular or neurocognitive performance,
in which little objective deficit has been recorded**® despite
prominent subjective complaints in these domains.

This led us to examine other possible causes of poor sleep
quality including autonomic hyperarousal, perceived stress, and
pain. Analysis of HR recordings during sleep confirmed pre-
vious reports of decreased HRV, with an attendant increase in
the HF:LF ratio during sleep®™?** in CFS. Such a profile indi-
cates a loss of vagal modulation of heart rate, which engenders
a hyper-vigilant, inflexible physiological state.*”** Resting and
sleep are normally accompanied by an increase in vagal tone,
which serves a restorative function.*®* Therefore, the signifi-
cant reduction in vagal cardiac modulation, as demonstrated
here, constitutes a plausible biological correlate of poor sleep.

Linear regression modelling supported this conclusion, as
the model that best accounted for the variance in sleep quality
ratings identified a reduction in the HF component as a highly
significant predictor of poor sleep quality scores on the PSQI.
Although perceived stress and pain parameters were included
in the analyses, these did not significantly impact on sleep qual-
ity. These findings are consistent with our earlier report in an
overlapping subject group? and indicate the diversity of factors
that can provide possible explanations for the experience of dis-
turbed sleep documented in CFS.

Activity levels throughout the day did not differ significantly
between patients with CFS and healthy controls—an observa-
tion that is inconsistent with other studies that have utilized ac-
celerometers.” However, control subjects were not matched for
exercise levels in the majority of these studies, which is impera-
tive, as high levels of routine exercise will confound activity
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results. It needs to be kept in mind, however, that the current
sample was enrolled in an intervention program, which raises
the possibility that these participants were well motivated to
change maladaptive activity-rest patterns.

Kop and colleagues reported lower peak activity levels in
patients with CFS and fibromyalgia than healthy subjects.®
Inspection of the data representing peak activity in our study,
however, revealed high singular peaks during periods of com-
paratively low activity, which questions the usefulness of this
measure as an accurate reflection of maximal activity. Consid-
ering the difficulties introduced by individual differences with-
in patient samples, longitudinal designs of within-subject time
point comparisons at different stages of the illness are recom-
mended for future studies.

The experience of profound exacerbation of fatigue after
activity constitutes another key characteristic of CFS.! The re-
lationship between activity and fatigue exemplified clinically
by post-exertional exacerbations was therefore modelled. Af-
ternoon activity was found to be the best predictor of evening
fatigue on the same day in CFS, with preexisting levels of
fatigue further compounding the effect of preceding activity.
In contrast, comparable increases in activity did not cause the
same increase in evening fatigue in control subjects. This find-
ing provides the first objective recording of post-exertional ex-
acerbation in CFS and highlights the extent of the disability that
can be experienced by patients on an everyday basis.

Modelling of day-to-day fatigue revealed significant effects
of both preceding activity and fatigue on the subsequent fatigue
levels the next day. Although this effect was not substantively
different between the groups, in view of the high baseline lev-
els of fatigue in CFS and the demonstrated significant within-
day effect of post-activity exacerbation of symptoms, this more
general effect may function to potentiate the effects of exer-
tion on a sense of overwhelming fatigue in CFS. These findings
provide support for the potential benefits of gradually increas-
ing activity levels, which is the key element of graded exercise
therapy for CFS."

The time course of the activity-fatigue relationship was
previously explored using a maximal aerobic exercise test as
the activity which resulted in a worsening of physical, but not
psychological or cognitive symptoms?’ five days following the
original stressor. As patients with CFS are unlikely to engage in
high intensity activity,” the studies using vigorous activity to
model symptom exacerbations may not capture ideally the typi-
cal activity-fatigue contingencies that operate in the everyday
life of patients with CFS. In essence, the results of the current
study may be more informative to clinicians treating patients
within a naturalistic setting.

Limitations and Future Directions

This study used a cross-sectional case-control study design
with the patients in the initial stages of treatment. Thus, the cur-
rent sample may not be representative of CFS patients in gen-
eral, as the participants reported here may have higher levels of
motivation as well as more knowledge of behavioral patterns
conducive to a reduction in symptoms.

Although the sample was well characterized and repeated
measures were obtained for each participant, the numbers were
relatively small, which could have affected statistical power.
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The results therefore need to be replicated in a larger sample.
To further explore the potential importance of a reduction in
vagal cardiac drive in poor sleep quality and the maintenance
of symptoms in CFS, ambulatory monitoring of autonomic re-
sponses for extended time periods are warranted.

A further potential limitation of this study is that polysom-
nography was not included to monitor sleep stages. Therefore,
it is difficult to elucidate actual sleep versus inactivity (lying
still in bed, but awake) with actigraphy alone. Again, the ab-
sence of polysomnographic equipment did not allow us to ob-
serve the relationship between HRV and different sleep stages,
but only to nocturnal sleep per se. Importantly, as the literature
does not support altered sleep architecture in subjects with CFS
compared with healthy subjects, it is unlikely that the differ-
ences in heart rate variability relate specifically to differences in
sleep stages in patients with CFS compared to healthy control
subjects.

CONCLUSIONS

The findings reported here do not provide any evidence of
disturbed circadian rhythms in CFS. However, the data are
consistent with the notion that reduced vagal modulation of
heart rate represents a biological correlate of the profound ex-
perience of poor quality sleep in CFS. In addition, the study
has documented, in a naturalistic setting, the existence of ac-
tivity-induced exacerbation of fatigue. The activity symptom-
relationship modelled here is of clinical significance as it can
inform the approach to activity pacing and symptom manage-
ment in cognitive behavioral therapy in CFS.
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