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1.0 BACKGROUND

ACTIGRAPHY HAS BEEN USED TO STUDY SLEEP/WAKE PAT-
TERNS FOR OVER 20 YEARS. The advantage of actigraphy over tra-
ditional polysomnography (PSG) is that actigraphy can conveniently
record continuously for 24-hours a day for days, weeks or even longer.
In 1995, Sadeh et d.,! under the auspices of the American Sleep Disor-
dersAssociation (now called the American Academy of Sleep Medicine,
AASM), reviewed the current knowledge about the role of actigraphy in
the evaluation of sleep disorders. They concluded that actigraphy does
provide useful information and that it may be a “cost-effective method
for assessing specific sleep disorders...[but that] methodological issues
have not been systematically addressed in clinical research and prac-
tice.” Based on that task force’s report, the AASM Standards of Practice
Committee concluded that actigraphy was not indicated for routine diag-
nosis or for assessment of severity or management of sleep disorders,
but might be a useful adjunct for diagnosing insomnia, circadian rhythm
disorders or excessive sleepiness.2 Since that time, actigraph technology
has improved, and many more studies have been conducted. Several
review papers have concluded that wrist actigraphy can usefully approx-
imate sleep versus wake state during 24 hours and have noted that actig-
raphy has been used for monitoring insomnia, circadian sleep/wake dis-
turbances, and periodic limb movement disorder.34 This paper begins
where the 1995 paper left off. Under the auspices of the AASM, a new
task force was established to review the current state of the art of this
technology.

Actigraphs are devices generally placed on the wrist (although they
can also be placed on the ankle or trunk) to record movement. Collected
data are downloaded to a computer for display and analysis of activi-
ty/inactivity that in turn can be further analyzed to estimate wake/sl eep.
Thelatter technology is based on the observation that there isless move-
ment during sleep and more movement during wake. As described in
Ancoli-Isragl ,5the first actigraphs were developed in the early 1970's.68
Kripke and colleagues were some of the first investigators to publish
reliability data on the use of wrist actigraphy for the assessment of
sleep.%11 Over the years, additional types of actigraphs were developed
leading to the digital types used today.
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Actigraphs today have movement detectors (e.g., accel erometers) and
sufficient memory to record for up to several weeks. Movement is sam-
pled several times per second and stored for later analysis. Computer
programs are used to derive levels of activity/inactivity, rhythm param-
eters (such as amplitude or acrophase) and sleep/wake parameters (such
astotal sleep time, percent of time spent asleep, total wake time, percent
of time spent awake and number of awakenings).

2.0 OBJECTIVES

This paper reviews four mgjor areas in which actigraphy is used for
the measurement of sleep or rhythms. Thefirst area of review coversthe
more recent papers on the technology and validity of actigraphy. Sadeh
et a. concluded that the validation studies for normal subjects showed
greater than 90% agreement and were very promising.t Actigraphs and
computer programs using different algorithms to process the data have
been commercialy available for quite some time. Actigraphs differ in
how they detect and record movements and they use different method-
ologies for computing activity levels. The output of the analysis pro-
grams has been compared to the results of PSG and sleep diaries. This
section reviews the results and evaluates the conclusions of these types
of studies.

The second area of review is of those studies examining actigraphy in
populations with sleep disorders. Actigraphy is being used more often in
studies of sleep disorders, either as an aternative to PSG, as an addition
to partial unattended monitoring devices or for follow-up. Thisis espe-
cialy common in patients with complaints of insomnia.

In addition to gaining information about sleep, data collected over
long periods can be used to determine activity circadian rhythm cycles.
Actigraphy is particularly useful for recording rhythms, asit is very dif-
ficult to record PSG for 24-hours and almost impossible to record for
more than 24-hours. The use of actigraphy in studies of circadian
rhythms comprises the third area of review.

The fourth area of review is those studies in which actigraphy was
used as a treatment outcome measure or to examine the relationship
between sleep/activity patterns and demographic or clinical variables.
Since actigraphy is easier to use, less invasive and substantially less
expensive than PSG, actigraphy is often used in lieu of PSG in both clin-
ical trials where it is necessary to determine the effect of atreatment on
sleep and in studies requiring multiple measurements.

3.0 METHODS

Aswith the first review in 1995, the Standards of Practice Committee
of the American Academy of Sleep Medicine commissioned this updat-
ed review. A Medline literature search was conducted from the year 1995
to April 2002. Key words for the Medline search included actigraphy,
actigraph, actigraphic recording, actimeter, actometer, wrist actigraph,
actigraph recording, wrist activity, rest activity, activity, and sleep-wake
activity, each paired with sleep, sleep disorders and sleep disorders-cir-
cadian. Articles published prior to the origina American Academy of
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Sleep Medicine's (AASM) Practice Parameters for the Use of Actigra-
phy in the Clinical Assessment of Sleep Disorderst in 1995 were not
included in the current update, and only articles written in English were
included.

A total of 171 articles were identified as potentially relevant based on
these Medline searches. All of these were obtained in full length and
examined. Upon review of these articles, approximately 30 additional
references were discovered by perling (i.e., checking the reference sec-
tions for articles otherwise missed). These were references located in

Table 1—Levels of Evidence for Actigraphy

Levell Grade?
1 A

Criteria

Blind, prospective comparison of results obtained by actigraphy
to those obtained by areference standard? on an appropriate spec-
trum of subjects and number of patients.

Blind, prospective comparison of results obtained by actigraphy
to those obtained by a reference standard?® on alimited spectrum
of subjects or number of patients.

Comparison of results obtained by actigraphy to those obtained
by areference standard?, but not blind, not prospective or other-
wise methodologically limited.

a - Adequate comparison of results obtained by actigraphy to
those obtained by a non-standard reference3; or

b - Actigraphy not compared to any reference, but actigraph
results demonstrated ability to detect significant difference
between groups or conditions in well-designed trial.

Actigraphy not adequately compared to any reference, and either
a- Actigraph not used in awell-designed trial, or

b - Actigraph used in such atrial but did not demonstrate ability
to detect significant difference between groups or conditions.

1 Level refersto level of evidence.

2 Grade refers to grade of recommendation.

3 Reference standards for actigraphic evauation of sleep and circadian rhythms may
include, as appropriate, polysomnography, oximetry, melatonin rhythms, core body tem-
perature rhythms, and/or other generally accepted “gold standards,” applied in an accept-
able manner. Non-standard references include such items as sleep logs, spousal reports,
other experimental monitors, etc.
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Figure 1—Three different methods for deriving activity countsin actigraphy. Panel A, time
above threshold, derives the amount of time per epoch that the activity is above some
defined threshold (represented by a dashed line). Panel B, zero crossings, counts the num-
ber of times the activity reaches zero (represented by the solid baseline) during the epoch.
Panel C, digital integration, calculates the area under the curves represented by black shad-
ing. (Based on Gorny and Spiro (15))
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publications not typically found through Medline. In an attempt to
include al articles matching the stated criteria, task force members also
added any articles they discovered through their personal review of the
literature. All new articles published up to the point of the final draft of
this manuscript (July 2002) were reviewed.

Only papers where actigraphs were used to measure some aspect of
sleep/wake activity or circadian rhythms were included. Papers that only
measured activity (without any reference to sleep) or that made mea-
surements only in the daytime were excluded. Only papers published in
English, in peer-reviewed journals, were included. Case studies and
review articles were included in the narrative, but not in the evidence
tables. No conference abstracts, even if published, were included. Papers
were categorized into four sections: Technology, Sleep Disorders, Circa
dian Rhythms, and Other Clinical Research.

Within each category, task force members were assigned to read each
paper, summarize the relevant points for the evidence tables and rate the
study according to the evidence levels shown in Table 1. Abbreviations
used in the evidence tables are described in Appendix A.

4.0 TECHNOLOGY

The technology section (see Table 2) includes studies that compared
functional differences between actigraphic devices, data acquisition
strategies, and software programs. The question asked was, “How well
did the devices and the computer programs that process data, assess
states of sleep/wake and related phenomena?”’

4.1 Data Acquisition

Mechanically, the first generation actigraphs were threshold-motion
detectors, which were nonlinear and failed to be sensitive enough to
detect small movements.12 They also tended to saturate with modest lev-
els of movement. Some of the newer actigraphs detect motion with lin-
ear accelerometers in a single axis or multiple axes.12 Most single axis
acceleration devices in use today use .25 to 2-3Hz bandpass filtering
before data are stored, essentially eliminating very slow movements of
less than .25 Hz and movements faster than 2-3 Hz. This is consistent
with the early recommendations of Redmond and Hegge who noted that
voluntary human movement rarely exceeds 3-4 Hz, and that involuntary
movements such as tremor and shivering exceed 5Hz.13 However, van
Someren et al. suggested using 0.5-11Hz bandpass filters that would
reduce gravitational artifacts while picking up some of the faster move-
ments that occur in younger subjects.4

After motion is transduced into an analog electrical form, it is digi-
tized and stored. Some aspects of these processes are programmable by
the user, such as the length of the epoch over which activity counts are
accumulated and stored. Other aspects of the digitizing are built into the
device. One key component is how the analog signal is digitized: time
above threshold, zero crossings, or integration (see Figure 1).

The “time above threshold” strategy cumulatively counts the amount
of time per epoch that the level of the signal produced in response to
motion is above some threshold (commonly 0.1 to 0.2 g). Two potential
problems with this strategy are that the degree to which the amplitude is
above threshold is ignored and that the acceleration of the movement is
not reflected.

The “zero-crossing method” counts the number of times per epoch
that the activity signal level crosses zero (or very near zero). Three
potential problems with this approach are that the amplitude of the
movement is ignored, the acceleration of movements is not registered,
and high frequency artifacts may potentially be counted as considerable
movement.

“Digital integration” involves sampling the accel erometry output sig-
nal at a high rate, then calculating the area under the curve for each
epoch. Rectifying the analog signal doubles the amount of data available
for analysis. Digital integration reflects acceleration and amplitude of
movement, however duration and frequency of movements are not
shown.
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In direct comparisons of these three methods of deriving activity
counts, using the same movement input, digital integration was found to
be better for identifying movement amplitude than time above threshold
and both digita integration and time above threshold were better than
zero crossing.’s Some devices simultaneously utilize more than one
method of acquiring data thus increasing the benefits and reducing the
deficits of utilizing only one method.

Many investigators have begun to report actigraphy data simply as
activity counts. However, different devices, different data collection
strategies,’2 and different scoring agorithms produce very different
counts for the same activity.1> These differences have made direct com-
parisons between laboratories and clinics difficult and contentious.
Although relative changes in activity can be meaningful, more direct
comparisons following computer processing of the data (such as
sleep/wake scoring) are more meaningful.

4.2 Data Processing

Actigraphy datatoday are generally processed by computers, after the
data are downloaded from the actigraphs, rather than by hand or eye.
While most programs are designed to work with a specific device, some
are intended to work with data produced by several, if not all, devices.
Different programs often use different algorithms. However, there are no
published articles comparing the different algorithms. Rather, published
articles present information about the accuracy and/or usefulness of the
outputs of specific computer programs. Before choosing an actigraph to
use, two questions need to be asked and answered satisfactorily about
such programs and the device(s) they work with:

1. Is the output reliable, that is, how well does the same input result in
the same output?

2. Isthe output valid, that is, how well does the output actually measure
what it is purported to measure?

There are only a few published reports of direct studies of reliability
between actigraphs and PSG. In general, when tested, actigraphy devices
have been found to be reliable. Jean-Louis et al. compared new and old
instruments of the same make and model in healthy adults and found no
differences when the devices were worn on the same wrist (evidence
level 3C).16 In a second study when healthy adults wore two actigraphs,
one on each wrist or two on the same wrist, correlations of activity
counts were 0.80 to 0.96; when these data were converted to sleep/wake
scores the agreement rates between pairs of devices ranged from 93% to
99% (evidence level 1A).17 The correlations between devices for data
collected just at night were between 0.60 and 0.96 and the sleep/wake
scoring agreements again were between 93% and 99%.17 Pollak and col-
leagues had their subjects wear actigraphs from two different manufac-
turers and found that there were differences between them (evidence
level 3C).18

There are many published reports on the validity of actigraphs for
measuring sleep/wake. Many of these are reviewed in other sections of
this report. When comparing actigraphic to other biological variables,
their similarity needs to be taken into account. If the actigraphic and
other variables are judged to have equal standing, a measure of correla-
tion is appropriate, but if one of the variables is invested with definitive
importance (“gold standard”), different measures are needed to quantify
how close actigraphy approaches the gold standard. For studies of sleep,
PSG is considered definitive. Most tests of actigraph validity, therefore,
involve comparing actigraphy with PSG. Comparison by correlation pro-
vides information about the relative, but not the absol ute performance of
actigraphy. For example, a high correlation on total sleep time would
mean that individuals who sleep longer by PSG criteriaa so sleep longer
by actigraph criteria, and vice versa, but this could be true even if actig-
raphy systematically over-estimated total sleep time. Therefore, itis pos-
sible for the correlation between actigraph and PSG sleep results to be
high, even when the epoch-by-epoch agreement isrelatively low. Corre-
lations provide an incomplete picture, especialy if most of the data
come from the sleep period.19

An aternate approach is Tryon's method of calculating and reporting
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sensitivity, specificity, and overall accuracy or agreement (true sleep
epochs + true wake epochs/all epochs) separately.20 Sensitivity for sleep
is the proportion of PSG sleep epochs also identified as sleep by actig-
raphy. Specificity for sleep is the proportion of non-sleep (wake) epochs
correctly identified by actigraphy. Sensitivity and specificity for wake-
fulness are similarly defined. Agreement is the proportion of PSG
epochs correctly identified by actigraphy. Sensitivity, specificity and
agreement therefore assess actigraphic recorders using an established
standard. Data collected using this scheme have shown that actigraphy is
more likely to detect sleep (sensitivity) but less reliable at detecting
wake (specificity) (evidence level 1A and 3C).1921

More recently, Pollak and colleagues have suggested different waysto
compute the performance of an actigraph’s ability to detect sleep and
wake.2! They use “predicted value for sleep” (PVS) which is the pro-
portion of actigraphic sleep epochs that are also classified as sleep by
PSG, and use “predicted value for wakefulness’ (PVW) which isthe pro-
portion of actigraphic wake epochs that are also classified as wakeful-
ness by PSG. PV S answers the question, “What percentage of the epochs
that the actigraph scores as sleep are true (PSG) sleep?’ Thisis not the
same as sensitivity for sleep, which answers the question, “What per-
centage of true (PSG) sleep epochs are detected by the actigraph?’ Pol-
lak and colleagues also report agreement rates but correctly point out
that this measure is actually not very useful because it confounds PVS
with PVW. For example, a high PVS but a poor PVW during the sleep
period would yield a high agreement rate since most of the epochs would
be sleep. This high agreement rate gives a false sense of validity since
much of wake after sleep onset (WASO) could be mis-scored by actig-
raphy because of the low PVW. In fact, it has generally been shown that
actigraphy is better at detecting sleep (high PVS) than at detecting wake
(PVW) during the sleep period (evidence level 1A and 3C).192! Results
of future studies are likely to result in more useful measures if predictive
values are reported in addition to sensitivity, specificity and agreement.
It is worth noting that all of these measures vary with the proportion of
recorded PSG epochs that represent sleep (base rate of sleep). During the
sleep period, even malfunctioning recorders that are not being worn or
are insengitive to movement will appear to accurately identify sleep if
the low activity counts recorded by them are interpreted by scoring algo-
rithms as “sleep”.

4.3 Comparisons to PSG

As PSGs are dtill considered the gold standard, most studies have
compared actigraphy to PSG. A technical difficulty in doing these com-
parisons is accurately time-locking the epochs of the actigraph with
those of the PSG.2! If they gradually drift apart, over time different seg-
ments of sleep or wake may be compared with each other, rendering the
results meaningless. A related problem is how to compare the often-used
1-minute epoch of actigraphy with the standard 30-second epoch of PSG.

In these comparisons, low threshold actigraph algorithms (e.g., defin-
ing wake as occurring even when a small number of activity counts
accumulated during the epoch) yielded the best accuracy rate and PV'S,
however, as sleep efficiency diminished, accuracy rate diminished (evi-
dence level 1A).19 Actigraph PVW was best with high threshold algo-
rithms (e.g., defining wake as occurring when a large number of activi-
ty counts, such as 100, accumulated during the epoch) compared to low
threshold algorithms but at a cost of lower accuracy and PVS.1° One
computer program, Actigraph Data Analysis Software (ADAS), which
converts raw actigraph data into information about sleep/wake, has been
shown to be valid when compared to PSG (evidence level 2B),22 even
when raw data were derived from different devices and in patients with
insomnia (evidence level 3C).16

Other studies have also shown that actigraphy was highly correlated
with PSG for differentiating sleep from wake (evidence level 2B and 3C
respectively),2223 with reported correlations for total sleep time (TST)
being 0.97.22 Comparisons showed 91%-93% overall agreement in
adults (age 20-30 years) (evidence level 2B),24 and 91.4%-96.5%
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minute-by-minute agreement rates in adolescents (age 10-16 years) and
adults (age 20-30 years) (evidence level 1A).17 In healthy adults, actig-
raphy was valid for assessing sleep durations and sleep/wake activity,
but less reliable for more specific measures such as sleep offset or sleep
efficiency (evidence level 3C).%5 There was also no first night effect in
healthy adults (evidence level 3C).%6 In nursing home populations,
Ancoli-Israel et a. reported correlations between actigraphy and PSG
for TST of 0.81- 0.91 and for percent sleep of 0.61 - 0.78 (evidence level
3C).%

There are discrepant reports about the validity of actigraphy for other
sleep variables. One study of four adults found good correlations for
sleep onset latencies, wake time after sleep onset, sleep efficiency, and
total sleep time (evidence level 3C),27 while two other studies of healthy
adults found poorer relationships for sleep onset latency and wake time
after sleep onset with quiet wake being frequently misidentified as sleep
(evidence level 2B and 3C respectively).2223 Early actigraph validation
research found that the correlation between actigraphy and PSG for
sleep onset latency was only 0.53 when sleep onset was defined as the
first minute of actigraph-estimated sleep, but jumped to 0.94 when sleep
onset was defined as the beginning of the first period containing 20 min-
utes of actigraph-identified sleep with no more than one minute of wake
intervening.28 However, subsequent research has continued to use the
first-minute definition. This may account for some of the observed error
in actigraphic scoring not only of sleep onset latency, but also of vari-
ables that depend upon it, such as sleep efficiency and wake time after
sleep onset. A study of healthy adults on ashiftwork schedule found poor
relationships with sleep efficiency and less reliability for determining
sleep offset compared to PSG (evidence level 3C).25 Yet others found
that actigraphy overestimated sleep efficiency and total sleep time in
patients with sleep disorders (evidence level 1A).1° To summarize, when
compared to PSG, actigraphy was found to be valid and reliable for
detecting sleep in normal, healthy adult populations but less reliable for
detecting sleep as sleep became more disturbed (evidence level 2B).22

4.4 Comparisons to Observations, Sleep Logs, and Diaries

Actigraphy has aso been compared to both direct observations of
sleep and to sleep logs and diaries. In a study of the effects of circadian
rhythms entrainment (entrained vs. free-running) on sleep by Lockley et
al., sleep logs and actigraphy yielded similar data for sleep timing, sleep
duration, sleep onset and sleep offset but not for sleep latency, number
and duration of night awakenings or number of naps (evidence level
1A).29 Nurses' observations of dleep in psychiatric patients were similar
to actigraph data but sleep logs kept by patients in the morning were not
found to be satisfactory (evidence level 4C-a).30 Observations of nursing
home residents by research staff yielded a PV S of 87% and PVW of 90%
when compared to actigraphy (evidence level 3C).26

Monk et al. compared both actigraphs and sleep diaries to PSG during
space flight (evidence level 3C).3! Predicted values of actigraphy were
clearly superior to those of diaries for sleep onset and offset, sleep dura-
tion, and sleep efficiency. The authors concluded that in general, actig-
raphy is asimple, efficient means of evaluating sleep in situations, such
as space, when PSG istoo cumbersome for routine use.3 Dijk et a. mea-
sured wrist activity continuously in five astronauts during 10 to 16 days
of space flight, and performed sleep PSG on four of those days (evidence
level 3C).32 They found that actigraphically estimated sleep duration was
significantly longer on PSG-recording nights than non-PSG nights. They
concluded that astronauts probably adhered more closely to their sched-
uled bedtime when their work duties included PSG sleep recording.

Actigraphy appears to be useful in other populations where PSG
might be difficult to obtain, such as in nursing home patients as men-
tioned above,? or in infants and young children. In general, Sadeh con-
cluded that with infants, actigraphy should be paired with parental sleep
logs for screening infant sleep problems, although actigraphy appeared
to be a more consistent measure than parents sleep logs of the child’'s
sleep/wake (evidence |levels 4C-g).3334 The agreement rates between the
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logs and actigraphy declined over time apparently because the parents
increasingly tended to omit items from thelogs. Thus, for determining if
a child’s night awakenings decline during treatment, actigraphy appears
to be more accurate (evidence level 4C-a).35

In a study of children and adolescents, Sadeh found that a minimum
of seven nights of actigraphy were needed to get five nights of useful
data for sleep onset and number of minutes of wake (evidence level 4C-
a).3 In another study of children and teenagers, Acebo et al. reported
good agreement between observations and actigraphy for sleep onset,
number of minutes awake, and sleep efficiency (evidence level 4C-a).36
Acebo et al. also found that, in children, more than seven nights of data
collection were needed to get useful datafor sleep efficiency, sleep peri-
od and number of minutes of sleep.36

4.5 Comparisons to MSLT

In a study of the effects of diphenhydramine vs. placebo on daytime
sleepiness, Roehrs et al. showed that MSLT was more sensitive than
actigraphy to sleep loss (evidence level 2B).37 Yet, their data showed that
actigraphy during the day reflected prior sleep loss with more epochs of
inactivity, suggesting more daytime sleep. Since actigraphy is not
restricted to use in a laboratory as is the MSLT, the authors concluded
that actigraphy during the day may yield a more accurate index of the
effects of sleepiness.

4.6 Comparisons to EMG

Since the actigraph records movements, placement on the foot can be
used to record movements that are most typical of periodic limb move-
ment disorder (PLMD). In a study of PLMD, Kazenwadel et a. found
actigraphy recorded on the foot to be comparable to surface EMG ante-
rior tibialis measurements during PSG (evidence level 1A).38 The corre-
lations between leg kicks determined by activity counts and tibialis
EMG measurements remained high both on and off medication. The
authors concluded that measurement of PLMD by actigraphy was possi-
ble if 0.5-second epochs were used. However, considerable manual
adjustment and editing of computerized data were necessary to avoid
underestimating the number of leg kicks. These results were in dis-
agreement with those of Sforza et al., who also compared actigraphy
recorded from the foot to PSG-recorded anterior tibialis EMG (evidence
level 5D-b).39 However, the Sforza et al. study had a very small sample
sizefor avalidity study, and only two out of 35 patients had PLMD. (For
additional discussion on the use of actigraphy in PLM S see also section
5.5, Restless Legs Syndrome/Periodic Limb Movement Disorder)

4.7 Actigraph Placement

Two studies found no difference between data collected from acti-
graphs placed on different locations (e.g., dominant wrist, non dominant
wrist, ankle, or trunk) (evidence level 3C and 1A respectively).16.17 How-
ever, in a series of two studies by Middelkoop et al., other results were
found. In one study, wrist placement was shown to detect more move-
ments than ankle placement which in turn detected more movements
than trunk placement in the first study (evidence level 4C-a).40 In a sec-
ond study of healthy adults, wrist placement was again superior to both
ankle and trunk placement, however, dominant wrist placement was bet-
ter than al other placements at detecting wake (evidence level 4C-b} .41
Violani et al. found that the right wrist recorded more activity than the
left wrist both early and late in the sleep period but no differences were
found between ankle placements (evidence level 4C-a).42 Middelkoop
and colleagues concluded that more studies which compare different
placements of actigraphy concomitant with PSG recordings were need-
ai41

4.8 Artifacts in Actigraphic Recordings

There are some potentia artifact problems when using actigraphy for
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sleep/wake determinations. For example, artifacts can come from non-
compliance (not wearing the recorder), from breathing movements, from
postural blocking of arm movements, or from externally imposed move-
ment from riding in vehicles.2l Many investigators routinely have vol-
unteers who wear actigraphs keep concomitant logs of sleep times and
actigraph removal, and use these data to help with artifact rejection.4344

4.9 Summary

Recent research has refined the ability of actigraphs to study
sleep/wake. Although there are still some technical differences in the
mechanical aspects of how actigraphs accumulate data on movements,
how these data are processed, and the nature of the algorithms used to
process these data, both the actigraphs themselves and the algorithms
that process the data from actigraphs have improved since the last task-
force report published in 1995.1 For example, a method using dichoto-
mous indices of activity has been developed to compare activity in-bed
to out-of-bed that, among other things, might be useful for studying cir-
cadian phase shifts.45 However, no head-to-head comparisons have been
made between actigraphs and no conclusions can be drawn about which
method is more valid vs. PSG.

Actigraphy is useful in populations where PSG would be difficult to
record, such as in demented patients, 6 and in astronauts in space.3t
There does not seem to be afirst night effect with non-sleep disordered
patients (evidence level 3C),16 which is of particular benefit when only
one night of recording is possible. If more nights are needed, the acti-
graph also has the advantage of being easy to record for multiple nights.
There may be advantages of using combined data from actigraphy and a
subjective questionnaire with sleep-disordered patients, especialy if
they are excessively somnolent (evidence level 1A).19 For studies of
rhythms or for studies where time of lights out isimportant, an actigraph
that also records light exposure would be beneficial .546

Yet, regardless of the technology, research studies must demonstrate
that actigraphy serves the needs of sleep/wake researchers and clini-
cians. Given the expanded use of actigraphy, the time has arrived for
standards to be established, similar to those developed for polysomnog-
raphy in 1968 by Rechtshaffen and Kales4” Such standards might
include device standards (e.g., digital integration is best) and/or counts
defined with standardized units of measurements (e.g., g-force units) so
data from different machines and algorithms could be compared and
comparisons could be made to other acceleration measures. In addition,
bench-test minimal standards for computer programs used with actigra-
phy need to be developed.

Ultimately, field tests are needed to determine what actigraphy is
capable of doing and how well it can do it. Data showing that actigraphy
isreliable and valid are necessary as are data demonstrating the best pro-
cedures for getting the best measurements for sleep/wake evaluations
(e.g., best location on the body to place the device, how to analyze raw
data) and evaluating potential problems. Published reports using actigra-
phy must contain complete reporting of sensitivity, specificity, scoring
algorithm, and filters, aswell asreliability, validity, ruggedness, and arti-
fact rejection for the device and computer program used.18 On the other
hand, technical standards may not be as important as simply demon-
strating validity and reliability for determination of sleep/wake status of
all actigraphic measurements with any given apparatus and scoring algo-
rithm.

5.0 ACTIGRAPHIC ASSESSMENT OF CLINICAL SLEEP DISORDERS

One possible application of actigraphy in sleep medicine has been the
diagnosis and assessment of clinical sleep disorders (see Table 3). Com-
pared to traditional polysomnography, the actigraph is relatively unob-
trusive and can record for multiple days and nights. This may be useful
in the assessment of insomnia patients, whose sleep has been shown to
be quite variable from night to night.#8 Moreover, actigraphy makes
home recording more accessible, permitting the evaluation of patientsin
their natural sleeping environment and eliminating laboratory effects
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that may alter a patient’s typical sleep patterns.

The convenience of using actigraphy to evaluate disordered sleep,
however, must be weighed against its reliability and validity as com-
pared to the traditional gold standard for sleep assessment, polysomnog-
raphy. In addition, a determination of actigraphy’s potential usefulness
must take into consideration how it compares to alternative methods that
may be equally or less expensive, such as self-report. Although it might
be expected that the objective and unbiased nature of data produced by
the actigraph would necessarily be more accurate than those yielded by
subjective assessment techniques such as sleep logs, this assumption
must be confirmed empirically.

5.1 Insomnia

Chambers, in an analysis of previously published data,“° found that
when total sleep time estimates from actigraphs and sleep logs were
compared to polysomnography for a group of insomnia patients, there
was no significant difference in the mean absolute error for the two tech-
niques (evidence level 4C-b).5° Moreover, sleep log estimates of total
sleep time had a significantly higher correlation with PSG than did those
from actigraphy, suggesting that for insomnia patients as a group, sleep
log error, at least with respect to the estimation of total sleep time, is
more systematic and predictable for sleep logs than for actigraphy. How-
ever, thissame analysis did reveal a substantial within-subjects, or night-
to-night correlation (r = 0.81) between actigraph and PSG total sleep
time. Such afinding indicates that those factors contributing to actigraph
error for a given patient (e.g., periodic leg movements, minimal activity
during extended periods of nocturnal wakefulness) tend to be consistent
from night to night. Therefore, at least for insomnia patients, actigraphy
may be useful in the assessment of sleep variability or in the measure-
ment of treatment effects.

A number of recent studies have employed actigraphy in the evalua
tion of sleep of the patient with insomnia; however, few of these studies
have validated the actigraphy findings with PSG data. Guilleminault and
colleagues in a study of non-drug treatments for insomnia, evaluated
potential subjects using a sleep questionnaire, one week of sleep diaries,
and four days of actigraph monitoring (evidence level 4C-b).5! These
subjects also underwent one night of laboratory polysomnography, but
simultaneous recording with an actigraph was not performed, so direct
validation of the actigraphy with PSG findings was not possible. How-
ever, baseline data from this study did show that actigraphy consistently
produced higher estimates of total sleep time and the number of awak-
enings and lower estimates of sleep onset latency than those yielded by
sleep logs. The differences between actigraph and sleep log data were
attenuated somewhat in the post-treatment recordings, with greater treat-
ment-related improvement seen in sleep log variables than in actigraph
variables.

Wilson et al., in a study of insomnia patients with muscul oskel etal
pain, found a similar discrepancy between the sleep estimates reported
on sleep logs and those determined by the actigraph, with a much larger
disagreement in the number of awakenings during the night (evidence
level 5D-b).52 These researchers found relatively low correlations among
patients (r = 0.34 to 0.42) between the two measures for estimates of
total sleep time and number of awakenings, and no significant correla-
tion for sleep efficiency. Consistent with the analysis of Chambers (evi-
dence level 4C-b),50 the highest correlation found in this study was for
night-to-night actigraphic estimates of total sleep time. However, acti-
graph sleep variables consistently failed to produce significant correla-
tions with clinical assessment measures such as pain severity estimates
or scores on the Pittsburgh Sleep Quality Index. Two other studies also
failed to find correlations between actigraph sleep variables and global
subjective reports of well-being, sleep behaviors, and health-related
symptoms (evidence level for both 5D-b).5354

Wicklow and Espie examined the relationship between cognitive
intrusions prior to sleep onset and sleep-related variables as measured by
actigraphy and sleep logs (evidence level 4C-a).5 Their findings indi-
cated that the presence of certain categories of intrusive thoughts was

Actigraphy Review Paper—Ancoli-Israel et al

¥20z Iudy || uo 1senb Aq 88€80/2/21€/€/9z/8101e/des|s/woo dno olwapede//:sdiy woly papeojumoq



associated with longer sleep-onset latencies, but only as measured by
actigraphy, not sleep logs. These researchers also found that actigraphic
TST was greater and sleep latency was less than that indicated by sleep
logs. However, there were significant correlations (r = .419 for sleep
latency, r = .526 for TST, both p < .001) between the two methods for
these variables.

5.2 Insomnia Secondary to Circadian Rhythm Disturbance

Other researchers have utilized actigraphy to assess insomnia com-
plaints secondary to a circadian rhythm disturbance. Kerkhof and van
Vianen divided a group of chronic insomniacs into early- and late-sleep
phase groups, based on oral body temperature data, and found greater
nocturnal motor activity, as measured by actigraph, in the early phase
group (evidence level 4C-b).56 This finding was consistent with the sub-
jective assessments of these subjects, who reported spending more time
awake during the night than the late phase group. Severa studies have
used actigraphy to assist in the diagnosis of delayed sleep phase syn-
drome (DSPS) and to assess effects of DSPS treatments.444557-61 DSPS
is characterized by a consistent pattern of late sleep onset and offset,
often making diagnosis by PSG impractical. Although sleep logs are
often used to diagnose DSPS, actigraphy can potentially offer objective
evidence about rest-activity patterns that either corroborateslogs or calls
them into question. Dagan et al. used 4-7 days of actigraphy at homein
conjunction with a comprehensive clinical assessment to diagnose
dozens of subjects with DSPS, but they offered no independent evidence
of the validity of this method (evidence level 5D-a).57 Similarly, Quinto
et al. reported that actigraphy “confirmed” sleep logs in a case of
DSPS.5 Minors et al. reported that there were significant differencesin
wrist activity patterns that distinguished people with DSPS from normal
sleepers (evidence level 4C-b).45 Nagtegaal et al., in two separate stud-
ies, provided evidence that wrist activity patterns in DSPS were consis-
tent with a “gold-standard” biological marker of circadian rhythm dis-
turbance. In the first study (a case report), they found that the late time
of day of low activity corresponded with alate period of high melatonin
secretion in acase of DSPS.%0 In the second study (a randomized, place-
bo-controlled trial), they found that actigraphy detected a 38-minute
advance in deep-onset time with melatonin treatment, paralleling
advances in dim-light melatonin onset. Sleep log variables, however,
failed to detect this phase shift (evidence level 1A).61 Coleet a. also pro-
vided objective evidence that actigraphy can detect circadian rhythm
disturbance in DSPS (evidence level 2B).44 They reported that the circa-
dian phase of melatonin secretion was significantly delayed, compared
to normal, historical controls, in 45 DSPS volunteers whose delayed
sleep was identified both by actigraphy and sleep logs. Additional infor-
mation on the use of actigraphy in circadian rhythms can be found in
section 6.0.

5.3 Disturbed Sleep in Children

Actigraphy has also been used to assess disturbed sleep in children.
Franck et a. compared sleep, recorded by actigraph, of HIV-infected
children to that of normal controls and confirmed that sleep-related com-
plaints, as reported by parents, were greater in the patient group (evi-
dence level 4C-b).62 Actigraph estimates of sleep efficiency, WASO, and
number of awakenings were significantly different between the two
groups, while differences in TST and SOL failed to reach significance.
Within the patient group, the only significant correlation between acti-
graph data and subjective reports was for night waking. Ancther study
examined autistic children with and without parent-reported sleep prob-
lems and found an earlier sleep offset time for the sleep problem group
but no other significant differences in actigraphically measured sleep
variables (evidence level 5D-b).63 Sadeh et al. using actigraphy, report-
ed that newborns slept twice as much during night time hours than dur-
ing the day and that later gestational age was correlated with an
increased percentage of quiet sleep time (evidence level 4C-b).54 In a
case report, Etzioni et al., using wrist actigraphy, found that 3mg of
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melatonin administered in the evening for two weeks restored sleep con-
tinuity in a child with a germ cell tumor involving the pineal region.®s

Some studies have used actigraphy to examine developmental differ-
ences in sleep patterns. Sadeh et al. recorded the sleep of school-age
children for 4 to 5 nights and found that older subjects had delayed
sleep-onset times, shorter sleep periods, and shorter sleep times than
younger subjects (evidence level 4C-b).5¢ They also found that increased
reported daytime sleepiness was associated with greater age and shorter
sleep periods, as measured by the actigraphy. Aronen et a. demonstrat-
ed that actigraphically measured TST was negatively correlated with
teacher-reported behavioral symptomsin young children (evidence level
4C-b).57 Kramer et d., athough not specifically studying children, did
show apparent developmental differences in sleep between young and
elderly adult subjects (evidence level 4C-b).68 They found the elderly
subjects, whose average age was 65 years, to have less variability for
time in bed, advanced sleep phase, and more nocturnal awakenings than
the younger subjects (mean age = 20.6 years).

5.4 Sleep-Related Breathing Disorders

Several study protocols have attempted to detect the presence of
obstructive sleep apnea from actigraphic data. This work has generally
relied on the fact that compared to normal sleepers, apnea patients have
more fragmented sleep and that this fragmentation is manifested in body
movements that can be detected by the actigraph. Middelkoop et al.
found that the average duration of periods with no movement (i.e., no
activity), as measured by the actigraph, differed significantly among
three subject groups of varying apnea severity (evidence level 4C-b).80
No other actigraph or sleep log variable correlated significantly with the
apnea index. However, the proportion of variance accounted for by this
variable was small (11%), and the sensitivity of this measure to detect
subjects with an apneaindex greater than 5 was 5% while the specifici-
ty was 100%.

Drinnan et al. attempted to determine whether the specific placement
of the actigraph might affect its accuracy in the identification of arousals
associated with sleep-disordered breathing (evidence level 5D-b).70
Their datarevealed that aleft tibia placement resulted in the most favor-
able relationship between actigraph-measured movement and EEG
arousals, with placement on the right tibia, left ankle, and left wrist far-
ing somewhat worse. Still, none of the placements yielded statistically
significant correlations with EEG arousals, and none were adequate in
predicting the degree of sleep disordered breathing present. As with the
Middelkoop et a. study (evidence level 4C-b),% however, the relatively
low severity of sleep apnea among patients in this study (mean apnea-
hypopneaindex or AHI = 18.9) may have limited the power of the tech-
nique to differentiate between groups.

Kushida et al. compared PSG, actigraphy and subjective reportsin a
study of 100 sleep clinic patients, the mgjority of whom had a diagnosis
of obstructive sleep apnea syndrome or upper airway resistance syn-
drome (evidence level 2B).19 Consistent with previous studies, they
found that the actigraph was considerably better at detecting sleep than
detecting wakefulness, with a sensitivity of 98% for sleep detection and
a specificity of 48% for wake detection using a high-threshold algo-
rithm. This algorithm compared PSG and actigraphic data in 30-second
epochs, modifying the activity counts during the epoch by the level of
activity in the surrounding 2-minute time period. When compared to
PSG, the actigraph was much more prone to overestimate total sleep time
and sleep efficiency than was subjective patient report. However, the
actigraph’s estimates of number of nocturnal awakenings did not differ
significantly from PSG data while self-report did, suggesting actigraphy
was more accurate than the patient’s subjective reports.

Elbaz et al. reported on an inventive use of actigraphy in the diagno-
sis of sleep-disordered breathing that combines the actigraph with what
they termed “simplified polysomnography,” consisting of airflow, tho-
racic and abdominal movements, and pulse oximetry (evidence level
3C).” They reasoned that the addition of actigraphy could improve the
estimation of the RDI from that of simplified polysomnography alone by
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supplying a more precise value for TST than the traditionally used TIB.
However, the actual increase in correlation with RDI estimates from tra-
ditional polysomnography was somewhat modest, from r = .94 for sim-
plified polysomnography aloneto r = .976 for simplified polysomnogra-
phy plus actigraphy. The authors did find that specificity and negative
predictive value were substantially improved with use of the actigraph,
but only for severe OSAS (RDI > 30).

5.5 Restless Legs Syndrome/Periodic Limb Movement Disorder

One of the more natural applications of actigraphy has been in the
identification and assessment of periodic leg movement disorder
(PLMD). Sforza et a. conducted a study of 35 patients with varying
diagnoses to determine if actigraphy could reliably detect leg move-
ments during sleep (evidence level 5D-b).30 Subjects were simultane-
ously recorded using PSG and actigraphy placed on the upper part of the
right foot. PSG-recorded EMG tibialis activity was visualy scored and
classified in 8 levels based on duration and amplitude. Actigraphic data
were collected in 5-second epochs and compared directly to EMG activ-
ity of similar-length epochs. The results of this analysis revealed that
although there was a high correlation between the two collection meth-
ods, actigraphy substantially underestimated the number of movements
yielded by the EMG. However, thisfailure may be attributable to the low
sensitivity of the actigraph used, which is only able to detect accelera-
tions greater than 0.1 g. In contrast, Pollak used actigraphs that were sen-
sitive to 0.033 and 0.024 g, respectively (evidence level 4C).18 For
Sforza, agreement was greater for the activity events with greater dura-
tion and amplitude. Because of the actigraph’s failure to detect many
events of lesser duration or amplitude, this study’s authors concluded
that the device “cannot be regarded as a good method to estimate motor
activity during sleep” (p. 158). However, other authors did note that the
actigraph had adequate night-to-night reliability and suggested that it
might be useful in the assessment of treatment effects in patients with
PLMD or restless legs syndrome (RLS) (evidence level 4 C-b and 5 D-
b, respectively).5052

Two recent studies have employed actigraphy in the evaluation of
treatment efficacy for RLS.7273 Trenkwalder et al. in a placebo-con-
trolled crossover design, studied the effects of L-dopa therapy for idio-
pathic and uremic restless legs syndrome, using both PSG and actigra-
phy at baseline and at the end of each treatment period (evidence level
1A).72 Their data revealed that treatment resulted in a significant reduc-
tion of leg movements, measured by both PSG and actigraph, for both
patient types. Both PSG and actigraphic data also showed that this
improvement was limited to the first 4 hours of recording time. Parallel
to these objective indices, subjective measures such as sleep diaries and
quality of life ratings showed similar improvement in response to treat-
ment. Furthermore, because actigraphy was continued for two addition-
al nights after the PSG study, the authors were able to confirm the sta-
bility of this treatment effect.

Collado-Seidel et a. conducted a similar study of L-dopa and slow-
release L-dopa efficacy, but without the use of polysomnography (evi-
dence level 4C-b).” Like Trenkwalder et al.,”2 these researchers found
significant treatment-related effects for most actigraphic variables,
including movements per hour and number of movement episodes. Only
the change in the time without movements in the first half of the night
failed to reach significance. Subjective improvements were also seen
with patients reporting increases in sleep quality and overall well-being
and decreases in number of awakenings, time awake, and reports of day-
time fatigue.

5.6 Other Sleep Disorders

Various case reports have employed actigraphy in the assessment of
other sleep disorders, including fatal familial insomnia,” non-24-hour
sleep-wake syndrome, 576 REM sleep behavior disorder,”” and posttrau-
matic delayed sleep phase syndrome.5® In each of these reports, the acti-
graph provided data relevant to the patients sleep/wake patterns, in
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many cases over a substantial period of time. However, these case stud-
ies did not compare the actigraphy data to PSG, nor did they indicate
whether the actigraph alone was sufficient to diagnose the conditions.

5.7 Summary

Recent literature suggested that actigraphy might have some value in
the assessment of sleep disorders. For insomnia, actigraphy may be most
valuable in assessing treatment effects or night-to-night variations in
subjects’ sleep. It has been demonstrated that actigraphy has the ability
to detect sleep phase alterations associated with circadian rhythm distur-
bances. Additionally, actigraphy is capable of distinguishing moderate to
severe sleep apnea patients from normal controls, due to its greater sen-
sitivity, compared to sleep logs, in detecting brief arousals from sleep.
For patients with restless legs and periodic leg movements, the diagnos-
tic value of actigraphy islimited by itstendency to underestimate the fre-
quency of leg movements during sleep. However, it does show some
promise in the assessment of treatment-related improvement.

L ater-generation scoring agorithms have demonstrated greater accu-
racy than earlier versions in the detection of sleep and wake, improving
the actigraph’s ability to detect sleep latency, nocturnal awakenings, and
total sleep time, variables important in evaluating an insomnia com-
plaint. The actigraph appears to have a particular advantage over alter-
native assessment methods such as sleep logs in the measurement of
awakenings during the night, as many of these awakenings appear to go
undetected by patients and subjects completing sleep diaries. The abili-
ty of actigraphy for detecting activity also holds some promise in the
identification of other disorders characterized by frequent movements
such as obstructive sleep apnea and periodic limb movement disorder.
Perhaps of greatest importance is the actigraph’s ability to measure
night-to-night changes in sleep patterns within a given individual, a
function that has great value for assessing treatment effects and other
factors that affect the consistency of a patient’s sleep. This, combined
with its relative economy in assessing sleep-wake patterns over extend-
ed periods of time, suggests a potentially important role for the actigraph
in longitudinal research and clinical studies in which long-term changes
in sleep patterns are of particular interest.

The actigraph’s limitations, however, continue to restrict itsvalue as a
stand-alone diagnostic device. Recent research has reasserted the find-
ings from previous studies that the accuracy of the actigraph to detect
sleep and wakefulness declines as sleep efficiency is decreased, a prob-
lem particularly relevant to insomnia and other sleep disorders. There
are indications that for the simple estimation of total sleep time, insom-
nia patients' subjective estimates outperform the actigraph (evidence
level 4 C-b).50 Moreover, athough the actigraph may be able to distin-
guish patients with a particular sleep disorder (e.g., obstructive sleep
apnea, periodic limb movement disorder) from normal controls, thereis
virtually no evidence to date that the actigraph can distinguish between
different sleep disorders. Until such evidence becomes available, the
actigraph’sfunction in the assessment and diagnosis of clinical sleep dis-
ordersislikely to be restricted to the role of an adjunct to clinical histo-
ry, deep diary data, and PSG findings or to examine treatment effects
and follow-up.

6.0 CIRCADIAN RHYTHMS

Activity is a standard marker of circadian rhythms in studies of non-
human mammals. This section examines the use of wrist activity in the
measurement of circadian rhythms in humans. In the studies reviewed
here, wrist actigraphy was used in a number of different ways relevant
to human rhythms. Methodol ogies included characterizing spontaneous
rhythms in adults, children, infants and the elderly, exploring the rela-
tionships between activity rhythms and the light-dark cycle, helping to
identify sleep or rhythm disturbances induced by change of schedule,
measuring improvement in disturbed rhythms after experimental inter-
vention, helping to diagnose circadian rhythm sleep disorders, charac-
terizing rhythm abnormalities that accompany dementia or psychiatric
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disturbance, and investigating the role of motor activity in cardiovascu-
lar rhythms.

6.1 Actigraphy for the Study of Circadian Rhythms

Severa studies have demonstrated that human wrist activity often
shows a robust circadian pattern. Pollak et al. showed that the circadian
period of the actigraph-defined sleep/wake rhythm accurately predicted
the period of the PSG-defined sleep/wake rhythm, measured simultane-
ously (evidence level 3C).2t

Actigraphs have measured circadian rhythms under circumstances
where it would not be practical to record with polysomnography. For
example, Binkley measured wrist activity in one woman continuously
for an entire year.”® She found well-defined, entrained circadian rest-
activity cycles, changesin sleep length synchronized with the menstrual
cycle, and annual phase changes she attributed to daylight saving time.
Wirz-Justice and colleagues presented several case reportsin which acti-
graphs were worn daily by demented or psychiatric patients for extend-
ed periods of up to 1.5 years.”®84 The long-duration recordings allowed
the authors to produce plots that graphically revealed striking changesin
circadian rhythms over time. These included severe, apparently medica-
tion-induced disruption of the rest activity cycle, the gradua consolida-
tion of the cycle upon change of medication, circadian effects of
imposed therapeutic rest/activity schedules, and the gradual decline of
circadian organization over time. Siegmund et a. measured seven-day
wrist activity rhythms in inhabitants of Papua New Guinea, living in a
traditional culture without electric lights (evidence level 4C).85 They
found that rest-activity rhythms were synchronized with the light-dark
cycle, and that time of arising was more consistent than bedtime. Acti-
graphic recordings in infants showed that circadian activity rhythms
arose from ultradian antecedents. Periods of inactivity presumably
encompassing sleep were shorter (9-12 hours/day) than typically found
in European society. In another actigraphic study of infants, “sleep” dif-
ferences were not explained by differences in temperament (evidence
level 5D-b).86 Dijk et al. measuring wrist activity during 10 to 16 days
of space flight, visually identified imposed advances in the sleep-wake
schedule, and noted that time of arising was more regular than bedtime
(evidence level 3C).32

In the studies cited above, and many others879! circadian rhythm
results were computed from actigraphic sleep/wake predictions. Usual-
ly, the phase marker was sleep onset time or sleep offset time. Similarly,
Binkley marked circadian phase with visually identified “activity onset”
and “activity offset,” defined by threshold criteria similar to those used
in some deep/wake prediction algorithms (evidence level 4C-b).92
Another way actigraphic sleep/wake predictions (or similar “activity
level” scores) have been used to yield circadian results is by showing
that actigraph-identified sleep is disturbed when people attempt to sleep
out of phase with their endogenous rhythm, as in shift work, %% jet
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Figure 2—Circadian rhythm representation in which a cosine curve with a period at or near
24 hours is fit to the data by the least-squares method. The parameters that are of interest
are acrophase (time of peak activity), amplitude (peak-to-nadir difference) and mesor
(mean) of the fitted curve.
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1ag,9297 jllness,% or experimenta manipulations of the sleep/wake
cycle879% or by showing® that sleep is improved by treatment that nor-
malizes rhythms.93.99-101 For example, both Dawson et al. and Yoon et
al.192 found that actigraphic indicators of sleep improved during the day
following simulated night shift work in volunteers treated with bright
light or melatonin, but not in those treated with placebo (evidence levels
4C-b). Actigraphy was also used to infer when shiftworking nurses slept
and, along with shifts of the melatonin rhythm, demonstrated that a sub-
group of nurseswas able to successfully adapt to rapid changes in work-
shift (evidence levels 4C-h).94.95

Although three shift work studies reported negative results,103-105
enough well-designed, well-controlled studies showed significant dis-
turbance of actigraph-defined sleep after shift work or other circadian
disturbance to make a convincing case that actigraphy can be useful for
detecting such disturbances (evidence levels 3C to 4C-b).87.91-95.97.98,106

6.2 Actigraphy Algorithms for Computing Circadian Rhythms

As noted earlier, the study of rest-activity rhythms has a long history.
Prolonged actigraphic recordings lasting for multiple circadian periods
can therefore give valuable chronobiological information, even if no
attempt is made to convert the rest-activity rhythm to the sleep-wake
rhythm. To extract thisinformation, the raw activity values are analyzed
directly. The most popular method has been cosinor analysi s,43.89-92.107,108
in which a cosine curve with aperiod at or near 24 hoursisfit to the data
by the least-squares method. The parameters that are of interest are
acrophase (time of peak activity), amplitude (peak-to-nadir difference)
and mesor (mean) of the fitted curve (see Fig 2). A “five-parameter
extended cosinor analysis’ has also been used to provide a better fit to
activity data, which typically deviate from the shape of a cosine
curve.109110 The five model parameters are circadian minimum, ampli-
tude, acrophase, alpha (width of the rhythm) and beta (steepness of fit-
ted curve, which can approximate asquare wave if betaishigh). F-statis-
tics for goodness-of-fit derived from this model have been used in stud-
ies of nursing home patients to detect a significant strengthening effect
of light treatment on circadian activity rhythms (evidence level 4C-b),110
and a significant weakness of the activity rhythm relative to rhythms of
behavioral agitation and environmental light exposure (evidence level
4C-b).19 Van Someren and colleagues found that two analyses that make
no a prioi assumptions about the waveform of activity data, autocorrela-
tion and interdaily stability, showed significant strengthening of activity
rhythms in demented patients in response to light therapy, while simple
cosinor analysis (and other analyses that assume a fixed waveform)
showed no significant effect in the same data sets (evidence level 4C-
b).111 Autocorrelation is the correlation between activity values at spe-
cific timelags of interest. High autocorrelation at or near 24-hours indi-
cates arobust circadian rhythm. Interdaily stability is a measure of the
strength of coupling of arhythm to environmental zeitgebers, based on
the chi-square periodogram, which, in turn, is based on wave-form educ-
tion (see below). Some investigators have computed the “circadian quo-
tient” (amplitude/mesor) to characterize the strength of the circadian
rhythm (more robust rhythms have a higher amplitude, but people who
move more vigorously may also have higher amplitude; the circadian
quotient expresses amplitude relative to mesor, providing a normalized
value that allows comparison between individuals).9:112 A similar nor-
malized variable that does not rely on the assumption of a cosine fit is
relative amplitude (based on the difference between the most active 10-
hour interval and the least active 5-hour interval of the day).1t

Additional circadian outcome measures that have been computed
directly from raw activity data include the ratio of nighttime activity to
daytime activity or total activity (evidence level 2B and 4C respective-
ly),9199 standard deviation of sleep onset time,113 intradaily variability
(based on the changes in activity level from hour-to-hour),100.111,114-116
various types of spectral analysis,g*-91117 and waveform eduction. Wave-
form eduction is carried out by calculating an “average waveform” for
some period. For example, if a period of 24.0 hours is chosen, succes-
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sive activity levels at similar times of the 24.0-hour day are averaged.
Sleep-wake consolidation is the extent to which continuous bouts of
sleep and wakefulness are clustered into periods that are circadian (last
for severa hours). Waveform eduction can be quantified by a measure-
ment related to the lengths of the “stair treads and risers’ in cumulative
plots of sleep vs. wakefulness.2t

6.3 Actigraphy versus Other Methodologies for Determining Circadian
Rhythms

Severa studies compared circadian outcomes derived from wrist
actigraphy to those derived from other measurement methods considered
reference standards. Pollak’s finding that actigraphic sleep/wake predic-
tions have the same circadian period as PSG sleep/wake scores suggest-
ed that actigraphy could provide valid measurements of entrained
sleep/wake rhythms (evidence level 3C).2! Youngstedt et a. provided
good evidence that the phases of actigraph-identified bedtime, wake-up
time, mid-sleep time and acrophase were al significantly correlated with
the acrophase of urinary 6-sulphatoxymelatonin secretion in entrained
young and elderly adults living at home (evidence level 1A).43 Cole et
al. found similar home results in volunteers with delayed sleep phase
syndrome (DSPS) (evidence level 2B).4 Middleton et a. found that the
phase and period of actigraph-derived sleep onset time, wake-up time
and fitted cosine were generally consistent with those of both 6-sulpha-
toxymelatonin and “demasked” core body temperature in men undergo-
ing experimental manipulationsin constant dim light (both evidence lev-
els 2B).89% However, these studies also showed that activity rhythms
were less stable than melatonin or temperature rhythms, and could be
readily masked by voluntary behavior. Carskadon et al., studying ado-
lescents, found correlations ranging from .39 to .82 between actigraph-
identified sleep onset time at home and salivary dim light melatonin
onset time (evidence level 2B to 3C).118119 However, in one study the
correlation dropped to a non-significant level under an imposed light-
dark cycle8 and in the other it was not significant on weekends.119
Heikkila et a. found that in children suffering a severe medical disorder,
the circadian rhythm of wrist activity could be grossly disturbed despite
normal rhythms of melatonin, temperature and cortisol (evidence level
5D).120 Guilleminault et al. found that consolidated wakeful ness, visual-
ly scored from wrist activity, only developed in infants after they estab-
lished a circadian rectal temperature rhythm (evidence level 3C).121 Bla-
groveet a. provided very strong evidence that actigraph-identified sleep
was influenced directly by the central circadian pacemaker (presumably
the suprachiasmatic nuclei, or SCN of the hypothalamus) (evidence level
3C).87 They measured wrist activity during a forced desynchrony proto-
col in which volunteers lived on a 27-hour day (9 hoursin bed, 18 hours
up and active), so the pacemaker free-ran at a period closer to 24 hours,
and sleep was attempted at various circadian phases. Despite the
imposed rest-activity rhythm, actigraph-identified total sleep time was
lower when sleep was attempted at an unfavorable phase of the circadi-
an cycle. This strongly suggested that the influence of the circadian
clock on actigraph-identified sleep could not be entirely masked by a
socially-dictated rest/activity schedule. On the other hand, the masking
effect of theimposed schedules was substantial, and thiswas likely to be
true of actigraph studies in general. Because of their susceptibility to
masking, wrist activity rhythms a one cannot be used as pure markers of
SCN circadian output, even though they contain an SCN signal. Actig-
raphy has been used to “demask” the circadian temperature rhythm, by
removing the effects of activity and inactivity (evidence level 5D-b).%

Another line of evidence that actigraphy can accurately characterize
the circadian sleep/wake rhythm is that the rhythm of actigraph-inferred
sleep/wake generally agrees with that of sleep/wake reported on sleep
logs (evidence level 3C).2° This raises the question of whether sleep logs
are just as good as actigraphs for circadian measurements. Two studies
suggest a possible advantage of actigraphy, that is, that it may identify
naps that volunteers do not report on their sleep logs (both evidence level
4C-q).88103 However, actigraphy may also identify naps when none exist.

SLEEP, \ol. 26, No. 3, 2003

6.4 Actigraphy and Circadian Rhythm Sleep Disorders

There is good evidence that actigraphy can detect circadian phase
delays in people with DSPS, corresponding to delays in melatonin
rhythms (level 1A to 2B) e.g., (44,60,61). This evidence is summarized
above in the section 5.2. Insomnia Secondary to Circadian Rhythm Dis-
turbance. There are also case reports in which actigraphy identified sys-
tematic delays of the rest-activity cycle in non-24-hour sleep-wake syn-
drome.7s.76

6.5 Actigraphy and Circadian Rhythms in Aging and Dementia

Actigraphy has been used to explore circadian rhythms in aging and
dementia. Three studies found that the overall activity level declined
with age (evidence level 4C-b to 5D-a),108122123 as did the amplitude of
the circadian rest-activity cycle (evidence levels 4C-b).116.124 Fragmenta-
tion (hour-to-hour variability) of the rest-activity rhythm was found in
healthy elderly101.116 and could be reduced in elderly men by aerobic
training (evidence levels 4C-b).101

Mishima found increased overall activity and nighttime activity in
Alzheimer’s disease (evidence level 4C-b).1%5 Friedman et al. showed
that actigraphic measures of circadian activity (including amplitude,
acrophase and mesor) did not correlate significantly with behavioral dis-
turbance in patients with Alzheimer’s disease (AD) (evidence level 4C-
b).126 Martin et al. found little evidence of sundowning (increased agita-
tion around sunset) (evidence level 4C-b).109 Actigraphic rest-activity
rhythms in demented patients were stabilized by increased illumination
if vision was intact (evidence level 4C).100

6.6 Actigraphy and Cardiovascular Rhythms

Another group of studies used sleep and wake activity to help distin-
guish “dippers’ (people whose blood pressure decreases normally at
night) from “non-dippers’ (blood pressure that remains the same or rises
during sleep). Although sleep wake activity was not necessarily corre-
lated with blood pressure or heart rate (evidence level 5D-b),227 two
studies found that dippers have lower nocturnal activity than nondippers
(both at evidence level 4C).128.129 Daytime activity levels were aso cor-
related with the nocturnal dip in BP (evidence level 4C).12° By using
actigraphy to define sleep and wake periods, a calcium-channel blocker
was found to have therapeutic effects in hypertensives that differed
according to the time of day it was administered (evidence level 4C-
b).130 A third study found that defining “night” as the actigraph-identi-
fied sleep period yielded very different blood pressure results than did
defining “night” by fixed clock time criteria (evidence level 5D-a).13t

6.7 Actigraphy and Circadian Rhythms in Psychiatry

Actigraphy has also been used to examine circadian rhythms in psy-
chiatry. Wirz-Justice and colleagues found severe disturbance of rest-
activity rhythms in one bipolar individual® and several schizophrenic
individuals recorded for extended periods (evidence level 5D-a).79.81.83
Similarly, Martin et a. found that both rest-activity rhythms and acti-
graph-identified sleep were often seriously disturbed in 28 older
schizophrenics (evidence level 4C-b).132 The magnitude of disturbance
was associated with the degree of neuropsychological impairment. Neu-
roleptic-induced akathisia was associated with increased motor activity
in schizophrenic patients, at least at certain times of the day (evidence
level 4C-a).133 Two studies reported that specific depressive syndromes
were characterized by distinctive circadian activity rhythms.107.134 Glod
et al. found blunted circadian amplitude but normal phase of wrist activ-
ity in children with Seasona Affective Disorder, compared to healthy
controls (evidence level 4C-b).107 Lemke et al. found that depressed
adult inpatients displayed significantly greater motor activity in the
morning than the evening (evidence level 4C-b).134

These studies, taken together, provide preliminary evidence that actig-
raphy may prove useful for characterizing and monitoring the circadian
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rhythm disturbances that often accompany psychiatric disorders.

6.8 Summary

In summary, actigraphy has been used successfully in a variety of
human circadian studies. Wrist activity appears to be a valid marker of
entrained PSG sleep phase, and a strong correlate of entrained endoge-
nous circadian phase. Under non-entrained conditions, wrist activity
rhythms may become dissociated from the endogenous rhythm of the
SCN pacemaker; however, actigraphy still appears to be useful for iden-
tifying disturbed sleep caused by disruption of circadian rhythms, and
improved sleep caused by treatments that improve rhythms. Thereis evi-
dence that the circadian phase of wrist activity covaries with the phase
of melatonin secretion in DSPS, supporting the use of actigraphy in
helping to diagnose this condition. Actigraphy may also be useful in cir-
cadian characterization of non-sleep disorders, such as schizophrenia
and hypertension. A variety of methods for analyzing circadian aspects
of activity data show promise. It would be useful to formally compare
these to arrive at standard methodol ogy.

7.0 OTHER CLINICAL RESEARCH

Actigraphy has been used as a measure of sleep/wake activity or cir-
cadian rhythms in a broad range of clinical studies. These studies vary
considerably with respect to the specific actigraphy variables of interest,
the methodol ogy used and the types of individuals studied. Unfortunate-
ly, many of these studies do not report adequate detailed information on
the technical aspects of the actigraphy devices used, and few studies
attempt validity testing on the use of actigraphy in the particular popu-
lation or setting studied.

7.1 Actigraphy in Sleep Intervention Trials and Comparative Studies of
Sleep/Activity

Much of the work using actigraphy as a measure of sleep disordersis
reviewed earlier in this paper (see section 5.0). This section focuses on
the use of actigraphy as an outcome measure in other sleep intervention
trials and in comparative studies of sleep or activity.

In a placebo-controlled clinical trial of controlled-release melatonin
treatment for insomniain older people (mean age 76 years), Garfinkel et
al. reported that melatonin administration resulted in greater sleep effi-
ciency and shorter wake after sleep onset, both estimated by wrist actig-
raphy (evidence level 4C-b).135 Friedman et al. used multiple modali-
ties, including actigraphy, to measure sleep outcomes in atrial compar-
ing the effects of sleep restriction and sleep hygiene treatments on the
sleep of older adults (aged 55 years or older) with insomnia (evidence
level 2B).136 The main study outcomes found few between-group differ-
ences in treatment efficacy. However, in a sub-sample of 16 subjects
who had simultaneous wrist actigraphy and polysomnography for 3
nights, wrist actigraphy estimation significantly correlated with
polysomnographic estimation of total sleep time (r = .96), sleep effi-
ciency (r = .63), leep latency (r = .72) and wake after sleep onset (r =
.68). In this study, wrist actigraph variables correlated more highly than
sleep log data with polysomnography results.

Maus et a. performed actigraphy in a study of circulating cate-
cholamines and aqueous flow in the eyes of normal subjects and in those
with severe obstructive sleep apnea (evidence level 4C-b).137 Sleep
apnea subjects, who were untreated on the night of testing, had a signif-
icantly higher nighttime activity index as measured by actigraphy
(p<.001) and lower sleep efficiency (p<.001) compared to healthy con-
trols. In addition, there were significant differences in activity index and
sleep efficiency in controls who were kept awake during the night ver-
sus those allowed to sleep.

Pollak et al. studied a small group of community-dwelling elderly
people who frequently used bedtime medications (including benzodi-
azepines, minor analgesics, antihistamines and antidepressants) and
compared them to elderly controls who did not have sleeping difficulty
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and did not use hypnoatics (evidence level 4C-b).138 Although there were
no differences between groups when the 24-hour period was considered
as a whole, post-hoc comparisons in the early morning hours indicated
that subjects using bedtime medications became active, as measured by
actigraphy, about 1.5 hours earlier in the morning than controls.

7.2 Actigraphy in Studies of Healthy Adults

Several studies involving normal individuals under differing testing
situations have used actigraphy as a measure of sleep/wake or circadian
rhythms. Duka et a. measured wrist movement in a placebo-controlled
study of the effects of a beta-carboline benzodiazepine receptor antago-
nist on night sleep pattern in healthy male volunteers (evidence level 5D-
a).139 Compared to placebo, the benzodiazepine receptor antagonist
induced activation as measured by actigraphy (i.e., frequency of move-
ment and intensity of movement). French et al. used actigraphy to mea-
sure sleep patterns in military aircraft crew members undergoing simu-
lated, long duration bomber missions (evidence level 4C-b).140 They
found shorter sleep duration and greater wrist activity during sleep peri-
ods during the first mission, with evidence of improvement in sleep in
subsequent missions. In a study of the effects on sleep from caffeinated
beverages in healthy volunteers, Hindmarch et a. found a dose-depen-
dent negative effect (of caffeine) on total sleep time as estimated by
wrist actigraphy (evidence level 4C-b).14! In another study, Hindmarch
et a. found that promethazine (a sedating antihistamine) caused a sig-
nificant increase in percent sleep, as estimated by wrist actigraphy, dur-
ing the daytime and across the study period compared with different
doses of fexofenadine, loratadine and placebo (evidence level 4C-b).142

Jean-Louis et a. analyzed actigraphy data in a large sample (N=273)
of community-dwelling residents of San Diego who had been identified
by random telephone survey (evidence level 4C-b).143 In this cross-sec-
tional study, they found significant differences between men and
women, and between Caucasian and minority subjects, in sleep variables
estimated by wrist actigraphy. In a second smaller community-based
sample (n=32), Jean-Louis et a. used wrist actigraphy in healthy volun-
teers and again found significant gender differences, with women hav-
ing a better sleep profile than men (evidence level 4C-b).122

Mendlowicz et a. performed an observational study using wrist actig-
raphy in community dwelling volunteers. In regression analysis they
found several significant predictors of depressed mood, including the
following variables estimated by actigraphy: daytime activity level,
sleep onset latency, wake after sleep onset, total sleep time and total time
in bed (evidence level 5D-a).144 Moorcroft et a. used nocturnal actigra-
phy to estimate sleep and wake periods and time of final awakening in
people who reported the ahility to self-awaken at a self-predetermined
time without external means and found that they were in fact able to do
so (with a 95% confidence interval of 4.1-10.7 minutes) (evidence level
5D-b).145

Pankhurst et al., studying the influence of bed partners on nighttime
wrist activity in community dwelling adults living in the United King-
dom, found that subjects sleeping with bed partners had a greater num-
ber of movements than subjects who slept alone, and movements
decreased during the temporary absence of the usual bed partner (evi-
dence level 4C-b).146 |n asimilar but larger sample in the UK, Reyner et
a. found a significant decline with age in average movement as mea-
sured by wrist actigraphy, with men having more nighttime movement
than women (evidence level 4C-b).147 The authors compared sleep log
reports of time of sleep onset with actigraphy estimation of sleep onset,
and found that the time difference between the two methods was small;
however, the actual time difference was not reported in the manuscript.

7.3 Actigraphy in Studies of Cancer-related Fatigue

Actigraphy has also been used in descriptive studies of cancer-related
fatigue. In an observational study of breast cancer patients, Berger et al.
found that greater reported cancer-related fatigue was significantly asso-
ciated with a higher number of nighttime awakenings, lower amplitude
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and lower peak activity as measured by wrist actigraphy (evidence level
4C-h).148 |n an observational study of cancer patients undergoing radia-
tion therapy for bony metastases, Miaskowski et al. did not find a sig-
nificant association between wrist actigraphy estimation of nighttime
sleep and self-ratings of quality of sleep and feeling rested (evidence
level 4C-b).149 Using wrist actigraphy to measure circadian rhythms,
Mormont et al. found that cancer patients with marked activity rhythms
had better quality of life, reported less fatigue and had longer survival
compared to those with rhythm alteration (evidence level 4C-b).1%0 In
multivariate analysis, rest-activity rhythm remained a significant predic-
tor of one-year survival.

In aseries of articles, Berger et a. reported findings from wrist actig-
raphy performed in women with breast cancer undergoing several cycles
of chemotherapy (both evidence levels 4C-b).148.151 They found that
fatigue ratings were higher during chemotherapy, and negatively corre-
lated with activity as estimated by wrist actigraphy. Subjects with lower
circadian measures (specifically lower peak activity) had greater fatigue.

7.4 Actigraphy in Studies of Psychiatric Patients

Actigraphy has been used to investigate movement and sleep distur-
bance in psychiatric patients (circadian activity disturbance is discussed
above in section 6.0. Circadian Rhythms). Dursun et al. conducted a
descriptive study of wrist actigraphy estimation of sleep in outpatients
with schizophrenia prescribed risperidone compared to those on “typi-
ca” antipsychotics, and to normal controls (evidence level 5D-a).152
They found a greater degree of nighttime wrist movement (i.e., higher
movement index) in patients on a typical antipsychotic compared to
those on risperidone. Friedman et al. compared wrist actigraphy data
with measures of behavioral problems in a sample of patients with
Alzheimer’s disease (AD) who were participating in a larger longitudi-
nal study (evidence level 4C-b).1%6 They found that greater behavioral
disturbance was correlated with lower actigraphically estimated sleep
efficiency (r=-.35, p<.05) and greater wake after sleep onset (r=.43,
p<.01).

Lemke et al. used wrist actigraphy to estimate mean activity levelsin
psychiatric unit inpatients with major depressive disorder (evidence
level 4C-b).153 They found that subjects whose Pittsburgh Sleep Quality
Index indicated poor sleep had higher mean nighttime motor activity
levels that those who reported good sleep. In addition, subjects with
fewer depressive symptoms had lower mean nighttime motor activity
levels than those with greater depressive symptomatol ogy.

7.5 Actigraphy in Studies of Adults with Other Specific Medical Conditions

Actigraphy has been used in a variety of clinical studies involving
adults with other specific medical conditions. Baker et al. compared
wrist actigraphy findings between menopausal women and controls, and
found that menopausal women had more arousals and greater sleep dis-
ruption. In astudy of sleep disturbance in cirrhosis, Cordoba et al. found
that compared to normal controls, cirrhosis patients had decreased motor
activity, more fragmentation of sleep and dampened rhythms, as mea-
sured by actigraphy (evidence level 4C-b).154

Redeker et al. reported a series of studies using actigraphy in adults
undergoing coronary artery bypass graft surgery (CABG), and in adults
hospitalized for cardiac conditions (all with evidence level 4C-b). In one
study, 25 women (mean age 63.7 years) undergoing CABG had wrist
actigraphy applied after admission to the open-heart recovery
room/intensive care unit, and wore the actigraphs continuously through-
out their hospital stays. Findings from the first postoperative week after
CABG, indicated that, after controlling for preoperative functiona sta-
tus, there was a relationship between both recovery from surgery and
length of stay with the rhythmic and linear patterns of activity. Positive
linear trends in circadian activity periods were related to better func-
tioning and shorter length of stay.155 When wrist actigraphy was repeat-
ed up to four times over the 6 months following CABG, sleep consoli-
dated and daytime sleep decreased and subjects perceived sleep
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improvements were consistent with results of actigraphy.1%6 In another
sample of 22 men and women undergoing CABG, Redeker et al. found
that activity levels and strength of circadian rhythmsincreased over days
2 to 5 post-operatively, with a longer time for recovery of activity in
older adults.’s5 Finally, in another sample of 33 men and women admit-
ted to the hospital for acute myocardia infarction or unstable angina,
Redeker et al. found that previous severity of heart disease was the
strongest predictor of lower sleep efficiency and longer duration of
awakenings during hospitalization.157

7.6 Actigraphy in Studies of Older Adults

Actigraphy is particularly useful in studies involving older adults,
both in the community and in the nursing home. In addition to the com-
munity-based studies described above, which included healthy older
people in their sample, studies specifically targeting the elderly have
used actigraphy as outcome measures. Pollak et a. used wrist actigraphy
in adescriptive study of 44 pairs of older people (aged 65 years or older)
with disruptive nocturnal behaviors such as complaining and calling for
help, and their principal caregiver (evidence level 4C-b).158 Twenty-two
of the elders met criteria for dementia. Both the older person and their
caregiver wore wrist actigraphs. Activity level was less similar during
the daytime between the older person and their caregiver, as compared
to nighttime. In addition, actigraphy suggested that at night it was the
elders that initiated the elder-caregiver interaction, thus disturbing the
sleep of the caregiver.

Sleep and circadian rhythm variables deduced from actigraph record-
ings have been used as outcome measures in multiple studies of nursing
home residents, a population that had been understudied and in which
PSG is particularly difficult. Ancoli-lsrael et al. found significant sleep
disruption (with frequent nighttime awakening and frequent daytime
sleeping, based on actigraphy) in a sample of 25 nursing home residents
(evidence level 4C-b).159 In another study, Ancoli-Israel et a. compared
nursing home residents with severe dementia to those with moderate,
mild or no dementia, and found that the severely demented group had
lower activity mesor, lower amplitude and were more phase delayed than
those with moderate, mild or no dementia (evidence level 4C-b).112
Hourly profiles of sleep and wakefulness in this group suggested that the
severely demented residents had more sleepiness during the day and
night and residents with moderate or mild dementia had more wakeful-
ness during the night (evidence level 4C-b).160 Actigraphy with light
exposure was also used to study the relationship between sleep and light
exposure with results suggesting that higher light levels predicted fewer
nighttime awakenings and later activity acrophase (evidence level 4C-
b).161 Additionally, when these same patients were treated with 10 days
of bright light therapy, although there was no improvement in sleep at
night, morning bright light delayed the peak of the activity rhythm (i.e.,
acrophase), increased the mean activity level (i.e., increased the mesor)
and improved activity rhythmicity (evidence level 4C-b).110

Alessi et al. used wrist actigraphy estimation of sleep as an outcome
variablein acontrolled clinical trial of physical activity in nursing home
residents (evidence level 4C-b).162 They found no significant improve-
ment in sleep associated with improved physical function. Likewise, in
an observational study of incontinent nursing home residents, Aless et
al. found no significant differences in nighttime sleep variables between
subjects on psychotropic medications and subjects not on these medica-
tions (evidence level 5D-b).163 However, in a controlled trial of a com-
bined physical activity and environmental intervention in nursing home
residents, Alessi et a. found a higher percent sleep at night estimated by
wrist actigraphy in the intervention group compared to controls (evi-
dence level 4C-b).164

Cruise et al. performed an observational study in nursing home resi-
dentsto study the nighttime environment and incontinence care practices
in nursing home residents (evidence level 4C-b).165 They found that 42%
of nighttime waking episodes identified by wrist actigraphy were asso-
ciated with noise, light or incontinence care. Ouslander et a. found that
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nighttime urinary incontinence was not related to sleep disruption (evi-
dence level 5D-b).166

7.7 Actigraphy in Studies of Children

Actigraphy has been increasingly used in children, particularly in
studies involving children with behavioral, psychiatric or neurological
illness. Corkum et al. compared wrist actigraphy estimates of sleep in
children with attention deficit/hyperactivity disorder (ADHD) to normal
controls and found no statistically significant differences in total sleep
duration, sleep onset and number of nighttime awakenings by wrist
actigraphy (evidence level 5D-b).167 Glod et al. used waist placement of
actigraphs in children who were victims of abuse, comparing their sleep
to that of children with major depression or dysthymia, and with that of
normal controls (evidence level 4C-b).168 In this study, abused children
had higher levels of nocturna activity than both normal controls and
depressed children, and the abused children had more difficulty falling
and staying asleep. Hatonen et al. tested for differences in motor activi-
ty rhythms with melatonin treatment versus placebo in 5 children aged
12-19 with a neurodegenerative disease, neuronal ceroid lipofuscinosis
(NCL) (evidence level 5D-b).117 In these children, there were no differ-
ences between melatonin and placebo in actigraphic motor activity
based on period analysis by maximum entropy spectral, autocorrelation
or harmonic analyses. In a controlled trial of melatonin therapy in chil-
dren with Rett syndrome (an X-linked genetic disorder with motor and
cognitive impairment, and often severe sleep dysfunction), McArthur et
al. found high variability in subject responsiveness to melatonin, but as
a group, sleep onset latency was significantly reduced with melatonin
during the first 3 weeks of the trial (evidence level 4C-b).169

Mennella et a. tested the immediate, short-term effects of ethanol in
breast milk on actigraphy estimation of sleep in infants from 15 mother-
infant pairs (evidence level 4C-b).170 They found lower total sleep time,
lower active sleep and shorter sleep bouts when infants received breast
milk with ethanol compared to breast milk without ethanol.

Sadeh and colleagues, in two separate studies, used actigraphy to
measure sleep in relation to cognitive functioning in preterm infants and
school-age children.172.172 |n the first study, early mature patterns of
sleep wererelated to later cognitive maturity (evidencelevel 4C-b).17t In
the second study, children with fragmented sleep had lower performance
on measures of neurobehavioral functioning, particularly among the
more complex tasks and behavior problems were more prevalent among
poor sleepers (evidence level 4C-b).172

7.8 Summary

Actigraphy is increasingly being used in clinical research involving
individuals of various ages, who are of normal health or with a variety
of health conditions, and in a number of different settings. In the major-
ity of these studies, actigraphy was used to measure sleep and activity
rhythms that might not otherwise be available using traditional (e.g.,
PSG) techniques. In agrowing number of sleep intervention trials, actig-
raphy performed for multiple days and nights of testing was reported to
show evidence of beneficial treatment effects. Actigraphy has also been
used in studies involving otherwise healthy adults to demonstrate sedat-
ing effects of various medications and to show differences in sleep dur-
ing periods of sleep deprivation, for example, among military aircraft
personnel on long flights. In addition, several large studies have used
actigraphy in community-based samples to demonstrate differences
between individuals based on age, gender, ethnicity, depressed mood,
and other characteristics.

Another growing area of research is cancer-related fatigue, where
studies involving multiple days and nights of actigraphy have demon-
strated that cancer patients with more robust circadian rhythms of activ-
ity report less fatigue, better quality of life and have longer survival.
Likewise, in a series of studies involving adults undergoing coronary
artery bypass surgery, the strength of circadian activity rhythms as mea-
sured by actigraphy in the post-operative period was related to recovery
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from surgery and length of stay.

Actigraphy has been used extensively in studies involving older peo-
ple, particularly in the nursing home setting. These studies have demon-
strated significant sleep disruption among nursing home residents, and
sleep and circadian rhythm disturbances have been shown to be more
severe among residents with more severe dementia. In addition, actigra-
phy has been used to measure treatment effects in sleep intervention
research in the nursing home setting, where other measures, such as
PSG, would be extremely problematic to perform.

Finally, thereis a growing literature using actigraphy in children. For
example, actigraphy has been used to demonstrate differences in sleep
between abused children and those with depression or normal controls.
Actigraphy has also been used to test treatment effects of melatonin ther-
apy in children with severe neurological disorders.

Taken as a whole, these clinical studies demonstrate the increasing
experience in the use of actigraphy in a variety of populations, condi-
tions and settings. Unfortunately, the majority of these studies do not
report adequate detail on the technical aspects of the specific actigraph-
ic devices used. However, it seems clear from these trials that the use of
actigraphy enables studies involving multiple days and nights of testing,
and allows populations that might otherwise not be studied, such as
patients with dementia or young children, to participate in research stud-
iesand clinical trials of sleep/wake activity and circadian rhythms

8.0 DISCUSSION

The last published practice parameters for actigraphy only considered
the use of actigraphy for the clinical assessment of sleep disorders.t
Their conclusion in 1995 was that actigraphy should not be used for the
clinical diagnosis of any sleep disorder, but that it might be a useful
adjunct to a good history and examination, particularly if multiple days
of information were needed, if objective data on the pattern of sleep was
needed or in order to clarify the effects of compliance with treatment.2

Since that time advances have been made in actigraphs and in the
algorithms that process their data both within the apparatus and on com-
puters following downloading of the data. Additionally, over 210 articles
and case studies have been published which have further examined the
validity of actigraphy. As summarized in a recent review article by
Sadeh and Acebo,17? the number of yearly publications on sleep and
actigraphy hasrisen steadily in the last ten years. In the research setting,
actigraphs have been used for studying sleep disorders and circadian
rhythms. Actigraphic variables have also been used as outcome mea-
suresin clinical trias, often as areplacement for the more traditional, but
more expensive and cumbersome PSG.

One consistent finding of the current studies was that, when compared
to PSG, actigraphy was found to be moderately valid and reliable for dif-
ferentiating sleep from wake in normal, healthy adult populations but
lessreliable for identifying sleep as sleep became more disturbed. Taken
together, these studies provide evidence that important applications of
the actigraph may be in the assessment and in the measurement of the
sleep variability found in patients with insomnia, in assisting in the diag-
nosis of circadian rhythm disorders, in characterizing and monitoring
circadian rhythm disturbances that often accompany psychiatric disor-
ders, in studying sleep/wake patterns in populations where PSG would
be difficult if not impossible, and in the assessment of treatment effects
and follow-up studies.

It is important to remember that actigraphy is not polysomnography.
Although actigraphy may not be 100% accurate when compared to PSG,
one still can get reliable information in situations where PSG is not prac-
tical. Actigraphy makes home recordings more accessible, permitting the
evaluation of patients in their natural sleeping environment and mini-
mizing laboratory effects that may alter a patient’stypical sleep patterns.
Actigraphy may provide an opportunity for subjects to adhere more
closely to their scheduled bedtime and wakeup time than a PSG record-
ing, thus providing a more accurate estimate of typical sleep duration
than does PSG.
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LIMITATIONS

In general, when actigraphy was compared to PSG, it was found to be
both somewhat valid and apparently reliable in normal, healthy adult
populations. Overall, actigraphy is best at estimating total sleep time.
However, as sleep became more fragmented, the actigraph became less
accurate in the detection of sleep and wake. Newer studies agree with
older studies (e.g., Webster et al.,1t) in suggesting that actigraphy may
overestimate sleep and thus underestimate wake, particularly during the
day when an individual is more likely to sit quietly while awake. In an
effort to reduce this error, early investigators developed secondary algo-
rithms that rescore sleep epochs as wake if adjacent to many wake
epochs.1t

While some data suggest that actigraphy consistently yields estimates
of total sleep time and the number of awakenings that are higher than
estimates on sleep logs, these results are more difficult to interpret, par-
ticularly since sleep logs themselves do not correlate highly with data
from PSG. It is not unusual for clinicians to report that their patients are
seen filling out a week’s worth of sleep logs while in the waiting room,
waiting to be evaluated. This brings up two questions. First, what is the
meaning of areliability study when the comparison is made with some-
thing other than a gold standard, such as when actigraphy is compared to
sleep logs? For example, athough the actigraphic estimates of total
sleep time may have been higher than that reported in sleep logs, how do
we know that the actigraph estimations were not actually more accurate
than the sleep log estimation?

The second question is which is more important, the subjective report
of the sleep log or the objective estimation of actigraphy? Many clini-
cal trials are now using subjective reports as their final outcome mea-
sures, particularly in studies of insomnia, as they believe that if the
patients feel they are sleeping better, it may not matter what the objec-
tive data show. If that is the case, then neither actigraphy nor PSG are
necessary. If, however, a more objective estimate is desired, then actig-
raphy is a less expensive approach than PSG and has the added benefit
of being able to record for multiple days and nights. When PSG is not
feasible, the best approach may be to use a combination of actigraphy
with sleep logs. When there is agreement between the two methods, con-
fidence is increased in the results of both. When there is disagreement,
it may reveal problems with one or the other.

Other problems with actigraphy relate to the determination of sleep
onset latency and variables whose calculations depend on it, for exam-
ple, sleep efficiency and wake after sleep onset. First, it isimpossible to
determine sleep onset latency accurately without either an accurate
marker of bedtime, such as a very accurate sleep log or an event marker
pushed at lights out. Activity monitors coupled with light sensors may be
useful for objectively determining the time of lights out, although a bed-
partner may continue to use lights after the person wearing the actigraph
has gone to sleep. Second, studies to date have often reported poor
agreement between sleep onset latency estimated by actigraphy and that
determined by EEG. The problem may liein the method of scoring, how-
ever, and not in the intrinsic properties of actigraphy. Cole et al.28 found
that the actigraph was more accurate (i.e., had a higher correlation) for
identifying sleep onset latency than any other sleep variable, when an
appropriate scoring agorithm was used (see section 4.3. Comparisons to
PSG). If this finding could be replicated, it might be possible to sub-
stantially improve actigraphic estimates of sleep latency, sleep efficien-
cy and wake time after sleep onset.

FUTURE RESEARCH

Standardization of acceptable norms needs to be established before
actigraphy can be more generally used with full confidence in the realm
of dleep/wake studies. More development and research of both the
devices that record the data and the algorithms that process the data is
needed. In addition, disclosure of types of algorithms used should be
required in all manuscripts.

The question of the best placement of the actigraph must also be
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answered. The data suggest that the wrist in general is more accurate for
sleep estimation than other placements. Although traditionally actigra-
phy has been recorded from the non-dominant wrist, newer data suggest
that movement from the dominant wrist may reflect sleep and wake
more accurately than movements recorded from the non-dominant wrist.

The problem of overestimating sleep must also be addressed. A poten-
tial approach to this problem might be the devel opment of separate algo-
rithms for scoring sleep from daytime vs. nighttime activity records. It
would be desirable for future research to systematically evaluate these or
other ways to overcome the actigraph’s tendency to overestimate sleep.
It may be that a different scoring algorithm is needed for periods when
the individual is expected to be awake (out-of-bed periods) than the one
currently used for periods during which the individual is expected to be
asleep (in-bed periods). Studies of actigraphy compared to EEG outside
of the traditional sleep period, in patients that are known to fall asleep
during the day, need to be done to more reliably determine the effec-
tiveness of actigraphy during waking hours.

SUMMARY

In summary, although actigraphy is not as accurate as PSG for deter-
mining some sleep measurements, studies are in general agreement that
actigraphy, with its ability to record continuously for long time periods,
is more reliable than sleep logs which rely on the patients' recall of how
many times they woke up or how long they slept during the night and is
more reliable than observations which only capture short time periods.
Actigraphy can provide information obtainablein no other practical way.
It can also have arole in the medical care of patients with sleep disor-
ders. However, it should not be held to the same expectations as
polysomnography. Actigraphy is one-dimensional, whereas polysomno-
graphy comprises at least 3 distinct types of data (EEG, EOG, EMG),
which jointly determine whether a person is asleep or awake. It is there-
fore doubtful whether actigraphic data will ever be informationally
equivaent to the PSG, although progress on hardware and data process-
ing software is continuously being made.

Although the 1995 practice parameters paper determined that actigra-
phy was not appropriate for the diagnosis of sleep disorders, more recent
studies suggest that for some disorders, actigraphy may be more practi-
cal than PSG. While actigraphy is still not appropriate for the diagnosis
of sleep disordered breathing or of periodic limb movementsin sleep, it
is highly appropriate for examining the sleep variability (i.e., night-to-
night variability) in patients with insomnia. Actigraphy is also appropri-
ate for the assessment of and stability of treatment effects of anything
from hypnotic drugs to light treatment to CPAR, particularly if assess-
ments are done before and after the start of treatment. A recent indepen-
dent review of the actigraphy literature by Sadeh and Acebo reached
many of these same conclusions.173

Some of the research studies failed to find relationships between sleep
measures and health-related symptoms. The interpretation of these data
is also not clear-cut. Is it that the actigraph is not reliable enough to the
access the relationship between sleep changes and quality of life mea-
sures, or, isit that, in fact, there is no relationship between sleep in that
population and quality of life measures? Other studies of sleep disor-
dered breathing, where actigraphy was not used and was not an outcome
mesasure also failed to find any relationship with quality of life. Isit then
the actigraph that is not reliable or that the associations just do not exist?

The one area where actigraphy can be used for clinical diagnosisisin
the evaluation of circadian rhythm disorders. Actigraphy has been shown
to be very good for identifying rhythms. Results of actigraphic record-
ings correlate well with measurements of melatonin and of core body
temperature rhythms. Activity records also show sleep disturbance when
sleep is attempted at an unfavorable phase of the circadian cycle. Actig-
raphy therefore would be particularly good for aiding in the diagnosis of
delayed or advanced sleep phase syndrome, non-24-hour-sleep syn-
drome and in the evaluation of sleep disturbances in shift workers. It
must be remembered, however, that overt rest-activity rhythms are sus-
ceptible to various masking effects, so they may not always show the
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underlying rhythm of the endogenous circadian pacemaker.

In conclusion, the latest set of research articles suggest that in the clin-
ical setting, actigraphy isreliable for evaluating sleep patternsin patients
with insomnia, for studying the effect of treatments designed to improve
sleep, in the diagnosis of circadian rhythm disorders (including shift
work), and in evaluating sleep in individuals who are less likely to tol-
erate PSG, such as infants and demented elderly. While actigraphy has
been used in research studies for many years, up to now, methodological
issues had not been systematically addressed in clinical research and
practice. Those issues have now been addressed and actigraphy may
now be reaching the maturity needed for application in the clinical arena.
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APPENDIX A. ABBREVIATIONS

ACT - actigraphy

ADAS - Actigraph Data Analysis Software
ADHD - Attention deficit hyper-activity disorder
AIMS — Abnormal Involuntary Movement Scale
ANOVA - analysis of variance

ASA —Actigraphic Scoring Analysis

BL - baseline
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BP - blood pressure

BRM - behavioral response monitoring

BT - bedtime

CES-D - Center for Epidemiologic Studies-Depression scale
CR - circadian rhythm

CSQP — Child Sleep Questionnaire Parent

D - day

DB - double-blinded

DSPS - delayed sleep phase syndrome

desats - desaturation events

DLMO - Dim Light Melatonin Onset

dom - dominant

dur - duration

Dx - diagnosis

ECG - electrocardiogram

EDS - excessive daytime sleepiness

EMG - electromyogram

€epi - epinephrine

EPS — Simpson Angus Extrapyramidal Symptom Scale
F- female

f/u - follow-up

g-grams

GH - growth hormone

Grp - group

h/o- history of

HADS — Hospital Anxiety and Depression Scale
HAMD - Hamilton Depression Scale

HR - heart rate

h — hour(s)

IS: interdaily stability

IV: interdaily variability

log - sleep log or diary

LSEQ - Leeds Sleep Evaluation Questionnaire

Lt - left

M - male

meds - medications

mel — melatonin

MID — multi-infarct dementia

mins — minutes

MML — Mini-MotionLogger (AMI —Ambulatory Monitoring, Inc)
MMDG - mild-moderately demented group
MMNDG - Moderate, Mild or No Dementia Group
MMSE - Mini-Mental State Exam

mo - month

MSLT - multiple sleep latency test

ndom -non dominant

NINCDS-ADRDA — Nationa Institute of Neurological and Commu-
nicative Disorders and Stroke and the Alzheimer’s Disease and Related
Disorders Association

NH - nursing home

norepi - norepinephrine

NS - not stated

Nt - night

num - number

OBJ - objective

OCP - oral contraceptive

OSAS - obstructive sleep apnea syndrome

PLM - periodic limb movements

PLMD/RLS - periodic limb movement disorder/restless legs syndrome
POMS-Profile of Mood States

PRMT - Probed recall memory test

PSG - polysomnography

PSQI - Pittsburgh Sleep Quality Index

PTSD — Post Traumatic Stress Disorder

pts - patients

PVT - psychomotor vigilance task
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QOL - quality of life

QWSB - Qudlity of Well Being

r - correlation coefficient

RA- relative amplitude

RCT - randomized controlled trial
RDI — respiratory disturbance index
Rt- right

Rx - drug

SAD — Seasonal Affective Disorder

SANS — Scale for the Assessment of Negative Symptoms
SAPS — Scale for the Assessment of Positive Symptoms

SB - single-blinded

SBJ - subjective

SDAT — Senile Dementia of Alzheimer’s type
Secs - seconds

SDG - Severe Dementia Group,
Sdur - Sleep duration

SE - deep efficiency

SEI — Sleep Efficiency Index

SH - dleep hygiene

SHAPS-D - Snaith-Hamilton-Pleasure-Scale
SL - sleep latency

SOff - sleep offset

SOL - sleep onset latency

SOn -sleep onset

SP-sleep period

SQ - sleep quality

SSS - Stanford Sleepiness Scale
STAI- State Trait Anxiety Inventory
S/W - deep/wake

SWT - sleep wake transitions

temp - temperature

TENS - transcutaneous electrical nerve stimulation
TIB - timein bed

TST - total leep time

TWT - total wake time

Tx - treatment

VAS - visual analogue scae

W - wake

w/ - with

w/o - without

w/i - within

WASO - wake after sleep onset

wk - week

yr - year

6SMT - 6-sulphatoxymelatonin

Companies
AMI - Ambulatory Monitoring, Inc.

MM - Mini Mitter
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