
INTRODUCTION

SLEEP EVALUATION IN HUMANS HAS BEEN USUALLY PER-
FORMED WITH POLYSOMNOGRAPHY (PSG), A TECHNIQUE
CONSIDERED THE GOLD STANDARD FOR SLEEP STUDIES. In
fact, PSG has been used in clinical trials in spite of its limitations for lon-
gitudinal and more naturalistic studies. Actigraphs, instruments to mea-
sure wrist motor activity and also called activity monitors, provide an
indirect assessment of sleep through the use of algorithms. These are
automatic scoring methods specially developed to distinguish sleep from
wakefulness. The use of actigraphy is considerably increasing in clinical
studies due to its low cost, and possibilities opened for long-term stud-
ies without interfering with the volunteer’s or patient’s routine.

Studies employing a variety of algorithms have shown that wrist
actigraphy correlates well with PSG recordings, and the agreement rates
have been based on an epoch-by-epoch analysis. The algorithm devel-
oped by Cole et al1 distinguishes sleep from wakefulness in samples of
healthy volunteers and patients with sleep and psychiatric disorders,
yielding an 88% agreement rate with PSG. The Sadeh et al2 algorithm
also gives high agreement rates with PSG (± 90%) in adults as well as in
adolescents. Jean Louis et al3 developed another algorithm, reporting a
slightly higher agreement rate (97%) with PSG in healthy volunteers,
associated with significant correlation coefficients for some sleep
parameters, including a sample of patients with insomnia.4 Despite the
fact that agreement rates (epoch-by-epoch) and  correlation coefficients

(sleep parameters) have been used to compare PSG and actigraphy in
many studies,4-11 the use of these techniques as a measure of concor-
dance has not been considered fully appropriate.12,13 First, it has not been
taken into account that the testing periods, which are usually conducted
during the night in healthy volunteers, are almost exclusively composed
by sleep. Consequently, the probability of a good concordance is high.
In fact, Sadeh et al6 have shown that the concordance could be as high
as 92% by just scoring all epochs as sleep.12 Much more information
would be achieved if the principles of sensitivity, specificity, and accu-
racy were applied.14 Sensitivity would reflect the ability of the actigra-
phy to detect sleep when the PSG has also scored sleep; specificity, the
ability of the actigraphy to detect wakefulness when the PSG did the
same; and accuracy, the ability of the actigraphy to detect both sleep and
wakefulness compared to PSG. In addition, the use of correlation coeffi-
cient has been criticized because it does not measure the concordance
between variables but the strength of their relationship.13 In other words,
the correlation coefficient measures the degree of association between
two quantities. Since it does not inform how closely they agree, a high
correlation does not mean a good concordance.13 More specifically, a
perfect agreement occurs if the points lie along the line of equality in a
plot of one variable against the other, but a perfect correlation can also
be achieved if the points lie along any straight line, providing the slope
is not zero or infinite.15 In addition, correlation coefficient depends on
the range of the true quantity in the sample: if this is wide, the correla-
tion will be greater than if it is narrow.13

Bland and Altman have suggested a procedure to estimate concor-
dance in a sample based on the plot of the difference against the mean
of two measures from each subject.13,15 Briefly, the mean difference
between actigraphy and PSG measurements for all subjects would
reflect the systematic difference between them, and the standard devia-
tion of the mean difference indicates the random fluctuations around this
mean.

The purpose of this study was to evaluate the concordance between
PSG and two actigraphic algorithms (Cole et al, 1992; Sadeh et al,
1994). The actigraphic sensitivity, specificity, and accuracy were calcu-
lated from the algorithm, and the concordance among the sleep parame-
ters was estimated with the Bland and Altman technique.
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METHODS

Subjects

Twenty-one healthy volunteers (14 women and 7 men) participated in
this study, which began after the approval of the Institutional Ethics
Committee and the volunteers’ signature of a written consent form.  Vol-
unteers were submitted to a Structured Clinical Interview for diagnosis
by the Diagnostic and Statistic Manual (DSM-IV)/Axis Disorder 1 -
Non-Patient Edition16 for exclusion of psychiatric pathologies. Absence
of sleep disorders was verified with a diagnostic PSG, which also was
performed to familiarize subjects with the laboratory setting, followed
by the application of the Pittsburgh Scale for Evaluation of Sleep Qual-
ity, with its global score ≤ 5 being considered an inclusion criterion to
the study.17

Polysomnography

Recordings were carried out by a trained sleep technician using a
sleep analyzer computer (SAC, version 9.2, Oxford Instruments, Inc.,
Oxon, UK). Electroencephalogram electrodes were placed according to
the International 10/20 System. Thirty-second epochs were classified
automatically, according to the criteria established by Rechtschaffen and
Kales,18 and visually inspected by a neurologist. The following parame-
ters were analyzed: Sleep Latency (SL, in min), defined as the time from
lights out until the onset of 3 consecutive minutes of Stage 1 or one
epoch of any other stage; Total Sleep Time (TST, in min), defined as the
actual time spent asleep; Intermittent Awakenings (IA, in min), defined
as the total awakening time after sleep onset; Sleep Efficiency (SE, %),
defined as the percentage of time between the sleep onset and final
awakening, which was spent asleep.

Actigraphy

The actigraph used was the Mini Motionlogger Actigraph - Basic 32
C (Ambulatory Monitoring, Inc., Ardsley, USA). Data were collected
using the “zero crossing mode,” in one-minute epochs. The following
sleep parameters were analyzed: TST, IA, SE (same definitions as
described for the PSG) and SL (in min), defined as the time elapsed from
pushing the event button and the occurrence of five consecutive sleep
epochs.

Procedure

Volunteers came to the Sleep Laboratory on two consecutive nights,
at least one hour before their usual bedtime. They were instructed to
abstain from drinking tea or coffee for 48 h and alcohol for 72 h before
their admission. The time alignment between PSG and actigraphy
recordings on the second night consisted of pressing simultaneously the
actigraphic event marker and the acquisition key of the sleep analyzer
computer.  The actigraph was worn in the nondominant arm.

Data Analysis

Computerized analyses were performed according to the algorithms
proposed by Cole et al1 (Action 3 - Version 3.15, Ambulatory Monitor-
ing, Inc., Ardsley, USA) and by Sadeh et al2 (Action for Windows - Ver-
sion 1.05, Ambulatory Monitoring, Inc., Ardsley, USA) for the estima-
tion of actigraphic sleep parameters.

The algorithm of Cole et al1 computes a weighted sum of the activity
in the current minute, the preceding 4 minutes, and the following two
minutes as follows: S = 0.0033(1.06an4+0.54an3+0.58an2 +0.76an1
+2.3a0+0.74al +0.67a2); where an4-an1 are activity counts from the
prior 4 minutes, a0 is the current minute, and a1 and a2 are the follow-
ing two minutes. The current minute is scored as sleep when  S<1. 

The algorithm of Sadeh et al2 is computed as follows: PS = 7.601 –
0.065MW5 – 1.08NAT – 0.056SD6 – 0.073ln (ACT); where PS is the

probability of sleep, MW5 is the average number of activity counts dur-
ing the scored epoch and a window of five epochs preceding and fol-
lowing it; NAT is the number of epochs with activity level equal to or
higher than 50 but lower than 100 activity counts in a window of 11 min-
utes, including the scored epoch and the five epochs preceding and fol-
lowing it; SD6 - is the standard deviation of the activity counts during
the scored epoch and the five epochs preceding it; ln (ACT) is the natu-
ral logarithm of the number of activity counts during the scored epoch +
1; If PS is zero or greater, the specific epoch is scored as sleep; other-
wise, it is scored as wake.

The 30s epochs from the polysomnographic recordings were pooled
in one-minute intervals and classified as wake or sleep, considering as
wake two consecutive and discordant epochs.2

Sensitivity, specificity, and accuracy were calculated (epoch by
epoch) for each individual recording, followed by obtaining their means.
Sensitivity represents the proportion of all epochs classified as sleep in
the PSG that were also identified by actigraphy.  Specificity is the pro-
portion of all epochs classified as wake by PSG that were also identified
by actigraphy. Accuracy is the proportion of all the epochs correctly
identified by the actigraphy. Sleep parameters obtained by actigraphy
and PSG were analyzed by the Pearson’s correlation coefficient and by
the Bland and Altman technique.13,15 Their technique considers A and B
as measurements provided by actigraphy and PSG, respectively. For each
subject, the average [(A + B)/2], the difference (A – B), the mean differ-
ence, and the standard deviation of the differences are calculated. The
mean difference would be the estimated bias, that is, the systematic dif-
ference between methods: null mean differences reflect a perfect con-
cordance, positive mean differences indicate an overestimation of the
actigraphic measurement, and negative mean differences, an underesti-
mation. The standard deviation measures random fluctuations around
this mean, and the 95% limits of agreement (mean difference plus or
minus 1.96 standard deviations) provide an estimate of how far apart
measurements obtained by the two methods were likely to be for most
individuals.

RESULTS

Twenty-one healthy volunteers, 14 women and 7 men, aged between
18 and 33 years, completed the study. They all had a normal polysomno-
graphic night sleep pattern. Table 1 shows the mean values and standard
deviations obtained with polysomnographic and actigraphic recordings
for SL, TST, IA and SE.

Actigraphy was a sensitive method, i.e., a high proportion of all
epochs classified as sleep by PSG was also identified by actigraphy,
yelding sensitivity values of  99% and 97% for Cole’s and Sadeh’s algo-
rithms, respectively). However, actigraphy had a low specificity, i.e., a
small proportion of all epochs classified as wake were so identified by
actigraphy. Its specificity was 34% and 44% for Cole’s and Sadeh’s
algorithms, respectively). Ninety-one percent of all PSG epochs were
correctly identified by both algorithms, and this accuracy might be con-
sidered satisfactory.

Figure 1 shows for each sleep parameter the plot of the difference
between measurements by actigraphy and polysomnography against the
average of the two methods from each subject. There was a lack of
agreement between actigraphy and PSG for TST: the biases were 19 min
and 8.0 min when estimated by Cole´s and Sadeh´s algorithms, respec-
tively. With the Cole´s algorithm, for 95% of the sample, the sleep dura-
tion was 23 minutes lower or 60 minutes higher than that measured by
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Table 1—Sleep parameters (mean ± sd) recorded by polysomnography and estimated by
Cole's and Sadeh's algorithms applied to actigraphy recordings.

Algorithms
PSG Cole's Sadeh's

Sleep latency (min) 6.9 ± 4.5 8.3 ± 4.7 9.4 ± 5.1
Total Sleep Time (min) 414.8 ± 43.2 433.3 ± 45.2 422.9 ± 47.9
Intermittent awakenings (min) 31.2 ± 20.6 12.6 ± 9.6 21.2 ± 17.7
Sleep Efficiency  (%) 92.9 ± 4.4 97.1 ± 2.2 95.1 ± 4.1
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PSG.  With the Sadeh algorithm, these values were 34 and 50 minutes
respectively. Despite these large differences, the correlation coefficients
(r = 0.89) were high for both algorithms. 

The discrepancies between methods were not so high for the estima-
tion of SL. The mean differences were 1.3 and 2.4 minutes when Cole´s
and Sadeh´s algorithms were applied. The use of Cole’s algorithm result-
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Figure 1—Difference against average of PSG and ACT (Cole to the left, Sadeh to the right) sleep measurements, with 95% limits of agreement (broken lines). Differences are show in the
y-axis and averages in the x-axis. Mean bias, standard-deviation and correlation coefficients are shown in the right corner. SL - Sleep Latency (min); TST -Total Sleep Time (min); IA - Inter-
mittent Awakening (min); SE - Sleep Efficiency (%). Abscissa data are expressed in minutes, except for SE, which is in percentage.
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ed in an estimate ranging, for 95% of the sample, from 6 min lower to
8.5 min higher than the PSG measurement. With the Sadeh’s algorithm,
these values were 5.6 min and 10.4 min, respectively. Despite the good
agreement observed with both algorithms, the correlation coefficients (r
= 0.69 and 0.64) for SL were only moderate. Probably, the narrow range
of variation has accounted for it. 

The duration of wakefulness during the night showed systematic bias-
es of –18.6 and -10.0 min for the Cole´s and Sadeh´s algorithms. The
actigraphic measurements of IA, for 95% of the sample, according to
Cole´s algorithm were 57 min lower and 20 min higher than the PSG
estimate, whereas for the Sadeh´s algorithm these values were 53 min
and 33 min, respectively. This lack of agreement was partially detected
by the low correlation coefficients (r = 0.36 and 0.37, respectively).
However, it should be noted that this wide concordance interval could be
explained by the results obtained from two volunteers. They remained
awake for a long period of time, but this was only partially detected by
actigraphy. In fact, when their results were excluded from the analysis,
the mean bias decreased (40% on average) and the concordance intervals
shortened (35% on average), and the correlation coefficients also
increased to a higher value to approximately 0.5. 

A good agreement was observed for SE. Both algorithms tended to
estimate slightly higher values: the biases were 4.0% and 2.0% for
Cole´s and Sadeh´s algorithms, respectively. The sleep efficiency with
the Cole´s algorithm for 95% of the sample was 4.1% lower and 12.3%
higher than the PSG values; and with the Sadeh’s algorithm, these val-
ues were 7.0% and 11.4%. Despite the good agreement between meth-
ods, the correlation coefficients (r = 0.39 and 0.41) were low for both
algorithms. Again, the narrow range of variation might have accounted
for it. 

DISCUSSION

In the present study, applying automatic sleep scoring to motor activ-
ity resulted in a good accuracy (91%) with both the algorithms (Cole’s
and Sadeh’s) in comparison to PSG. These findings are in accordance
with those previously obtained in healthy volunteers and patients with
sleep and/or psychiatric disorders.1,2,8,10,11 However, as already men-
tioned, general concordance calculations are insufficient, inasmuch as
they do not consider the fact that most of the testing period are occupied
by sleep, consequently raising the chance of high concordance.12 In this
context, calculation of the sensitivity and specificity expanded the infor-
mation about the concordance between methods. Both algorithms
showed high sensitivity, i.e., they detected most of the epochs classified
as sleep by PSG. However, they were not specific, since they detected
only a small proportion of waking epochs. This limitation was even great
for the Cole’s algorithm, in agreement with a previous report.14

The Pearson’s correlation coefficients however were high for sleep
latency and sleep duration, but for sleep efficiency and intermittent
awakenings, they were not satisfactory, in consonance with previous
studies.1,10 These discrepancies might result from the small variability of
these parameters in healthy volunteers, a factor influencing the magni-
tude of Pearson’s correlation coefficient, and thus limiting its use as a
concordance measurement.13,15

The Bland and Altman technique showed that actigraphy systemati-
cally overestimated sleep latency, total sleep time, and sleep efficiency,
while it underestimated the awakenings.

The overestimation of the total sleep time might be a direct conse-
quence of the limited capacity of the actigraphy to identify waking
epochs during sleep. The large concordance interval for the awakenings
throughout the night supports this idea. Thus, the discordance between
the methods will occur when the subjects wake up but remain motion-
less. Tryon12 had already pointed out that the discordance between actig-
raphy and PSG takes place mostly at the transitions between wake and
sleep. These occasions would characteristically correspond to the sleep
onset and to the intermittent awakenings during the night. However, our
findings show that the actigraphy well detected the time taken to fall

asleep but not the awakenings throughout the night, although it had a
small influence on the concordance between PSG and actigraphy regard-
ing sleep efficiency. In fact, discrepancies between PSG and both algo-
rithms were higher for the values of sleep efficiency lower than 90% and
intermittent awakenings higher than 40 minutes. Furthermore, differ-
ences between actigraphy and PSG did not appear to be dependent on the
magnitude of sleep latency and sleep duration. These findings corrobo-
rate the observation that the accuracy of actigraphy diminishes as the
sleep probability decreases.19,20

Overall, both algorithms gave similar estimates of sleep latency and
sleep efficiency, but the systematic biases for awakenings during the
night and for sleep duration were smaller for Sadeh’s than for Cole’s
algorithm. 

In general, the available data indicate that automatic sleep scoring of
motor activity is a useful method for sleep assessment despite its limita-
tions regarding estimation of some sleep parameters. These limitations
rely on how to decide if someone is awake or asleep (automatic scoring
algorithms) and not on the activity measurement itself. However, regard-
ing the sleep-wake pattern during daily routine, the actigraphy seems to
add more naturalistic information. Thus, it might be helpful for moni-
toring sleep-wake patterns of insomnia, rhythm disorders, and inade-
quate perception of sleep in longitudinal studies. Actigraphy might even
replace the self-assessment of sleep in some circumstances as it has been
reported that patients with insomnia not only underestimate the duration
of sleep but also overestimate the sleep latency.22 The American Acade-
my of Sleep Medicine23 considers that actigraphy might help the assess-
ment of the sleep-wake pattern of insomnia patients for extend periods,
thus providing data not usually measured by PSG.

Finally, we hope that the present study might provide to the investi-
gator, or to the clinician, information about the advantages and limita-
tions of actigraphy. Furthermore, it would be important to emphasize
that is up to the investigator or to the clinician to decide the extent to
which concordance between actigraphy and polysomnography might
influence research or clinical practice.
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