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Abstract
Sleep is becoming an increasingly important topic in the study of mental and physical health.
Several methods exist for measuring sleep duration and quality. Actigraphy has become one
of the most applied methods due to its easy administration and non-invasive nature. A
persistent problem with actigraphy is its struggle to distinguish inactive behaviour from time
spent resting and attempting to sleep. This issue is apparent when the algorithm attempts to
identify the rest interval. The rest interval onset and offset, however, can be changed
manually. This thesis consists of two studies, both considering actigraphic data processing
and practices for setting rest intervals.

In Study 1, through a systematic literature review, we sought to identify common
practices for processing actigraphic data and investigate whether standardized guidelines for
setting the rest interval exist. We reviewed an extensive selection of research articles (N =
1,061). The results indicate that methods and reporting practices are inconsistent and that
there is a need for an established standardized procedure for setting the rest interval.
Therefore, we developed a stepwise and easily applied manual. It combines subjective sleep
measures with objective actigraphic measures to either validate or change algorithmically
defined rest intervals. Our manual includes a screening process that automatically identifies
valid rest intervals. This process distinguishes our manual from existing procedures.

In Study 2, we aimed to empirically test the manual for defining rest intervals
developed in Study 1. The manual was applied to a dataset of 537 nights from the sleep study
SLEEPIC. Participants (N = 55) were aged 19-33 (M = 22.69, SD = 3.024). The screening
process successfully identified 37.1% valid rest interval onsets and 63.9% valid rest interval
offsets. Three scorers independently applied the manual to the screened dataset, and
agreement between scorers was high both in rest onsets (a = .975) and offsets (a = .998).
Applying the manual to the dataset resulted in a shortening of the rest interval by 36 minutes
and 19 seconds on average. There were significant changes (p <.001) in all sleep estimate
outcomes after applying the manual. Based on the results, we conclude that the proposed
manual saves scorers time by screening out a large proportion of the rest intervals. It is
applicable with high agreement between scorers, produces significant changes to sleep
variables, and it reduces noise in actigraphic datasets. Thus, the manual is a promising

candidate for common practice.
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Setting the Rest Interval in Actigraphy: A Systematic Review and Development of a Novel
Manual

The importance of sleep in human mental and physical health has been emphasized
for over half a century. Sleep influences people in a variety of ways, but its relationship with
human behaviour has yet to be fully understood (Siegel, 2003). In the vast field of
psychology, sleep is a recurring theme. It is important for normal everyday functioning as
well as in the field of mental disorders and distorted sleep.

Sleep is a basic human need. A two-process model of sleep regulation was proposed
as early as 1982 (Borbély, 1982). According to this model, sleep structure is determined by
homeostatic and circadian processes. Homeostasis is the process in which sleep propensity
increases during wake and decreases during sleep (Borb & Achermann, 1999). What drives
the homeostatic process is not yet established, but it is presumed to be endogenously driven
by somnogenic processes through adenosine (Huang, Urade, & Hayaishi, 2011) and neural
processes (Morairty et al., 2013). The circadian process refers to temporal patterns of
approximately 24 hours (Moore-Ede, Sulzman, & Fuller, 1982). It is both endogenous and
influenced by external cues called zeitgebers, a German term for time givers (Crowley,
Acebo, & Carskadon, 2007). The biological correlate for the endogenous factor is the
suprachiasmatic nucleus in the hypothalamus in the brain (Fuller, Gooley, & Saper, 2006).
The circadian rhythm cannot be measured directly in the brain; thus, we rely on biological
markers, regulated by the circadian process, to assess the rhythmicity. Body temperature and
melatonin release are two such markers (Deboer, 2018), and melatonin secretion is
considered the most reliable marker (Klerman, Gershengorn, Duffy, & Kronauer, 2002). The
circadian process synchronizes to external zeitgebers, especially light conditions (Czeisler,
Richardson, Zimmerman, Moore-Ede, & Weitzman, 1981). Other zeitgebers that have been
proposed are food (Stephan, 2002) and social zeitgebers (Grandin, Alloy, & Abramson,
20006).

It is established that the homeostatic process and the circadian process work in
parallel. However, it has been questioned whether the two processes influence each other. A
recent review (Deboer, 2018) empirically accounted for the homeostatic influence on the
circadian process. As for the circadian process’ influence on the homeostatic process, more

empirical evidence is needed to define the relationship.
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Methods for Sleep/wake Assessment

There is a multitude of research methods for assessing sleep and wake. The most
common are polysomnography, sleep diaries and actigraphy.

Polysomnography. The gold standard for sleep measurement is polysomnography
(Grote & Zou, 2017, p. 1624). Multiple sensors are placed on the participant’s body and
attached to a computer with wires. Polysomnographic assessment is usually performed
overnight, in a laboratory or in a controlled environment, where sleep technicians can observe
the participant on a monitor throughout the night in a sleep laboratory. In addition, it can be
performed as an ambulatory procedure, which allows for daytime data collection as well.
Polysomnography permits for discrimination between sleep stages and assessment of
additional parameters, for example cardiac rate and rhythm, detection of hypopnea and
apnoea, as well as limb movements (Berry & Wagner, 2014). It is also widely used as a
diagnostic tool for sleep disorders (Kushida et al., 2005) . Thus, it is a specific and well-
standardized sleep assessment tool (Basner, Brink, & Elmenhorst, 2012).

Polysomnographic examination is, however, costly and invasive in that wearing the
equipment may disrupt the participants’ natural sleep (Blackwell et al., 2008). A well-known
data collection bias for polysomnography is the first-night effect, where participants show
substantial changes in their sleep characteristics during the first night of polysomnography
(Agnew Jr, Webb, & Williams, 1966; Blackwell et al., 2017). Polysomnography is not
indicated for measuring sleep/wake patterns on a longitudinal 24h basis due to its complex
electronic equipment and resource intensiveness.

Sleep diary. When assessing subjective sleep, researchers use various kinds of sleep
diaries. It is an affordable method, completed on paper or electronically. Participants report
bed time, rise time, when they fell asleep and awoke, and number of awakenings during the
night. The sleep diary is also a survey, making it a flexible tool. Researchers can add
questions of interest to their research project, and subjective sleep quality is often assessed in
sleep diaries (see e.g., The Pittsburgh Sleep Diary, Monk et al., 1994; The Consensus Sleep
Diary, Carney et al., 2012). The sleep diary requires the participants to actively register and
remember the times when they went to bed and fell asleep. This makes sleep diaries prone to
memory bias.

Studies seeking to validate sleep diary parameters against polysomnography report
contradictory results. In one study investigating one bipolar group and one control group,

there were no significant differences between the sleep diary and polysomnography in total
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sleep time and sleep efficiency. The sleep diary had, however, a significantly lower number
of awakenings and longer time lapse between bedtime and sleep onset (sleep onset latency)
than polysomnography (Kaplan, Talbot, Gruber, & Harvey, 2012). Another study found
significant differences between polysomnography and sleep diary in depressed insomniacs.
They reported shorter mean total sleep time, and longer sleep onset latency and wake after
sleep onset (McCall & McCall, 2012). Thus, the validity of the sleep diary assessment varies.

Actigraphy. Actigraphy is an objective method for sleep assessment. It is also the
methodological standard for assessment of circadian rhythms of sleep. Actigraphy is a well-
established sleep research method, and the number of actigraphy publications increases every
year (Sadeh, 2011) . It allows for continuous, non-invasive longitudinal sleep assessment in
large samples at low cost (Kushida et al., 2001). An actigraph is a portable, lightweight, and
battery-operated wristwatch device. It records movements in the form of activity counts
through an inbuilt accelerometer (Ancoli-Israel et al., 2003) . The accelerometer converts
movement into electrical units which is stored digitally in predefined time modules called
epochs. Epoch length is adjustable, varying from 1 second to 2 minutes in different brands.
Short epochs provide a dataset with high temporal resolution, whereas long epochs yield
coarser data. Short epochs require more data storage. Long epochs are more beneficial in
longitudinal studies, enabling long-term data storage. Activity data is downloaded to a
computer, and through actigraphy software the activity counts are visually presented in an
actogram. The actogram displays activity count columns for each epoch, making a continuous
activity curve. Some actigraphs also collect light information and have event markers. Event
markers are buttons the participants can press to mark specific events in time, such as
removing the actigraph from the wrist, turning lights off to try to sleep or waking up in the
morning. The light and event marker information are visible in the actogram (for examples of
actograms, see Appendix, Attachment 1).

Actigraphs are often worn as a watch on the participants’ wrist, but they can also be
placed on the participants” trunk, upper arm and leg. Reports suggest that wrist placement is
superior to ankle placement, which in turn is superior to trunk placement when measuring
sleep and circadian rhythms (Littner et al., 2003).

There are several well-established suppliers of activity monitors and associated
software customized for research, including Philips, ActiWare, Motionlogger and
Ambulatory Monitoring. In addition, several brands have launched commercial consumer-

targeted smartwatches and fitness monitors that measure activity and sleep. A recent review
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regarding the use of consumer-targeted devices in research found high agreement between the
consumer-targeted devices. However, when these devices were compared to
polysomnography, the agreement was moderate to poor (Baron et al., 2017).

In sum, polysomnography, sleep diary and actigraphy are valuable tools for sleep
assessment. Polysomnography is the golden standard for sleep measurement, but it is
resource intensive and impractical for circadian rhythm assessment. Sleep diaries are
affordable and assess subjective sleep, although they are prone to human memory bias.
Actigraphy allows for objective, longitudinal measures of sleep/wake cycles as well as being
the standard for assessment of circadian rhythms of sleep in large samples. In this thesis, we
will discuss the actigraphic tool in depth.

Actigraphic Sleep and Circadian Variables

There are several sleep variables that can be extracted from actigraphy. Rest interval
duration is the number of minutes between the time participants begin attempting to fall
asleep and the time they get out of bed in the morning or are fully awake. Total sleep time is
the number of minutes scored as sleep during the rest interval, and sleep onset latency is the
time between rest onset and sleep onset. Sleep efficiency is the percentage of the time in bed
spent asleep. Wake after sleep onset is the time in minutes between sleep onset and sleep
offset scored as wake.

The actigraph records activity data on a continuous basis, thus capturing longitudinal
variations in activity and sleep. Circadian variables are extracted by fitting activity data to a
24h cosine curve that shows increases and decreases in activity over time. Three circadian
variables can be extracted: acrophase, amplitude and mesor. The acrophase refers to the apex
of the cosine curve, marking the time of peak activity. The activity level difference between
the curve minimum and maximum is called the amplitude, and the mesor is the mean activity
of the fitted curve (Ancoli-Israel et al., 2003) . Actigraphically measured sleep patterns
correlate with the established markers of circadian rhythm melatonin release and body
temperature fluctuations (Morgenthaler et al., 2007).

Sleep Research and Actigraphy

Sleep research is necessary for a better understanding of human behaviour as well as
to understand the relationship between sleep and psychological dysfunction (Siegel, 2003).
Actigraphy is widely used to bring this relationship to light (Sadeh, 2011) .

Sleep disturbances occur as core symptoms in (World Health Organization, 1993),

predictors for (Riemann, Berger, & Voderholzer, 2001), and are comorbid to several
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psychiatric disorders, for example depression (Tsuno, Besset, & Ritchie, 2005). When sleep
itself is the core problem, it is defined as one or more sleep disorders. The most common
sleep disorder is insomnia (Mai & Buysse, 2008; Pallesen et al., 2001). Insomnia is described
as difficulty in falling asleep and/or remaining asleep (American Psychiatric Association,
2013; World Health Organization, 1993). Actigraphy is a reasonable tool for diagnosing
insomnia (Sadeh, 2011), making it valuable for assessing the relationship between impaired
sleep and health.

To assess the relationship between sleep and health outcomes, researchers can
manipulate sleep conditions. Sleep deprivation is one such manipulation. It is induced by
instructing participants to sleep less than normal, followed by a study of the effects of sleep
loss. Actigraphy is a valuable tool for assessing compliance to a set sleep schedule (Sadeh,
2011) , and it has been applied to investigate how sleep deprivation influences several
constructs, such as mood (Talbot, McGlinchey, Kaplan, Dahl, & Harvey, 2010) and attention
(Sadeh, Dan & Bar-Haim, 2011).

Actigraphy can also be used in research that investigates circadian rhythms in
naturalistic settings, as in how shift work affects a variety of health outcomes (Saksvik et al.,
2011). Actigraphy can also be used as a diagnostic tool for circadian rhythm sleep-wake
disorders (American Academy of Sleep Medicine, 2014), including shift work disorder
(Morgenthaler et al., 2007) and jet lag disorder (Sack et al., 2007).

Software Processing and Algorithms

Tailored software is used to translate the activity counts gathered by the actigraph into
sleep estimates. Activity data is analysed in the software by applying mathematical
algorithms to the data collected through the actigraph.

For each epoch, the algorithm integrates activity data from surrounding epochs to the
current epoch, scoring it as sleep or wake. The algorithms are developed to identify
sleep/wake as precisely as possible, often assessed by agreement with polysomnography.
There is a continuous process to further develop the algorithms to reach higher levels of
agreement with polysomnography (Sadeh, 2011). Existing algorithms rely on activity data
only. Other available data sources, such as light or event marker information, have yet to be
integrated into the algorithms (Patel et al., 2015).

Algorithms perform the sleep analysis within a given interval of immobility, the rest
interval. A weakness of using activity as an indicator of sleep is that the algorithms cannot

distinguish between sedentary behaviour, rest and sleep (Morgenthaler et al., 2007; Whiting
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& Murdock, 2016). The algorithm calculates, based on activity levels, the time it is most
likely that the participants started to rest before falling asleep and when they fell asleep.
Therefore, estimates of rest onset and offset may be imprecise and risk overestimating the
rest interval. To amend this problem, the rest intervals can either be edited or set manually in
the software by a scorer. Opinions differ regarding how this process should be conducted.
Boyne, Sherry, Gallagher, Olsen, and Brooks (2013) found that setting the rest interval based
on visually inspecting the actigraphic data is superior to the algorithms in setting rest
intervals compared with polysomnography. Others argue that a combination of subjective and
automatic scoring provides the best results (Chow et al., 2016; Ustinov et al., 2015) and
Kushida and colleagues (2001) found that actigraphy sleep estimates became more similar to
polysomnography when combined with subjective sleep data. Ancoli-Israel et al. (2015)
recently manualized the process of actigraphy assessment and recommend having at least one
supplemental data source when scoring the rest interval. Self-reported rest onset and offset
can validate the algorithmically estimated rest intervals or indicate where they should begin
and end.

Several specific algorithms have been compared (de Souza et al., 2003; Kim et al.,
2013) and validated against polysomnography. Examples of well-established and extensively
applied algorithms are the Cole-Kripke algorithm (Cole, Kripke, Gruen, & Gillin, 1992;
Marino et al., 2013), the Sadeh algorithm (Sadeh, Sharkey, & Carskadon, 1994), the SDSU
algorithm (Action-W User’s Guide, Version 2.0. ; Jean-Louis, Kripke, Mason, Elliott, &
Youngstedt, 2001), and the algorithm validated by Oakley (1997), El Baz, Quera-Salva,
Oakley, Lecendreux, and Gajdos (1998) and Kushida et al (2001). Sadeh & Acebo (2002)
and Sadeh (2011) criticize the widely accepted use of algorithms developed in the early
1990s and argue that as the technology evolves and studies find issues with existing
algorithms, new and better algorithms should be developed.
Validity and Reliability of Actigraphy

Questions about the reliability and validity of actigraphy scoring have been raised in
several literature reviews (Sadeh, 2011; Sadeh & Acebo, 2002; Sadeh, Hauri, Kripke &
Lavie, 1995). These reviews repeatedly call for better ways to standardize the use of
instruments, procedures and analytical methods to ensure the comparability of research.

Validity. Studies seeking to validate actigraphy against polysomnography provide
estimates of agreement between the two tools, assessing the accuracy, sensitivity and

specificity of the measurements. Accuracy is the total number of epochs of
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polysomnographic sleep/wake that are correctly identified by the actigraph, divided by the
total number of epochs. Sensitivity refers to the amount of polysomnographic sleep minutes
also scored as sleep minutes by actigraphy, and specificity is the number of epochs scored as
wake by the polysomnography that are also scored as wake by the actigraph (Sadeh & Acebo,
2002). Actigraphy has high agreement with polysomnography in sleep detection with an
accuracy of 88-93% and sensitivity of 90-95% (Morgenthaler et al., 2007). On the other hand,
the actigraph is less precise for wake detection. Several studies have found low specificity,
ranging from 24% (Sitnick, Goodlin-Jones, & Anders, 2008) to 34% and 44% (de Souza et
al., 2003). In validation studies, actigraphy and existing algorithms tend to overestimate sleep
and underestimate wake (Sadeh, 2011).

Actigraphy enables measurement of sleep/wake in natural settings, and therefore it
has high ecological validity. Actigraphic tools monitor sleep/wake and activity rhythms
continuously across multiple 24-hour cycles (Ancoli-Israel et al., 2003) and gather activity
data while participants carry out their daily tasks. An example of the low interference of
actigraphy with routine is that the first-night effect of actigraphy is reduced compared to
polysomnography (Jean-Louis et al., 1997).

Reliability. The reliability of actigraphy refers to the consistency of the tool for
sleep/wake assessment. Two types of reliability are especially relevant for actigraphy, namely
alternate-forms reliability and interscorer reliability.

Alternate-forms reliability. Agreement between different actigraphs, software
packages and algorithms are referred to as alternate-forms reliability. Even though
independent actigraph brands and algorithms have high agreement with polysomnography,
the inter-device and inter-algorithm agreement needs to be tested as well. One study (Meltzer,
Walsh, Traylor, & Westin, 2012) found similar agreement with polysomnography for the two
devices Ambulatory Monitoring Motionlogger Sleep Watch and the Philips Respironics
Mini-Mitter Actiwatch-2, but inter-device reliability was poor. This indicates that the
different brands need further comparison to establish the alternate-forms reliability of
actigraphy.

Interscorer reliability. Scorers have the ability to manipulate or set their rest intervals
manually. This raises the question of agreement between scorers. Nonetheless, as stated in
Berger et al. (2008), strict procedures can provide a reliable means of processing raw
actigraphic data. This was illustrated in Chow et al. (2016), in which scorers followed a

detailed procedure and between-scorer agreement was high.
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To improve both forms of reliability, researchers must apply similar methods and be
transparent about them. There is still a need for standardized procedures for setting and
editing the rest interval in actigraphy (Ancoli-Israel et al., 2003; Meltzer et al., 2012) that
researchers can use and cite.

Current Thesis and Objectives

Actigraphy is widely used in sleep assessment, yet there is a need for standardized
guidelines in actigraphy research (Ancoli-Israel et al., 2015; Sadeh, 2011; Sadeh & Acebo,
2002) to allow for between-study comparability. One aspect of actigraphy research that
require standardization is the processing of actigraphic data.

This thesis consists of two studies. The objective of Study 1 is to perform a systematic
literature review. We will examine how researchers process their actigraphic data and report
their process. In the review, we seek to identify common practices for processing of
actigraphic data and investigate whether standardized guidelines for setting the rest interval
exist. We will attempt to develop a standardized manual for setting rest intervals based on
results from the review. The objective of Study 2 is to empirically test the reliability of this
novel manual by comparing results from three independent scorers and assessing how sleep

outcomes change after applying the procedure.
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Study 1: Literature Review

In this exploratory literature review, we investigated how researchers process their
actigraphic data and how they report their process. We did this to chart the tendencies and
common practices for setting and editing rest intervals in the field of actigraphic research. In
the review, we also identified if any established guidelines for setting or editing rest intervals
exist. When such guidelines did not exist, we developed a novel manual for this procedure
based on the results of the review.
Method

The basis for our literature search was six major databases consisting of peer-
reviewed journals. We included the cross-disciplinary databases Web of Science, SCOPUS,
Wiley and Science Direct to ensure the inclusion of articles from a wide spectrum of research
fields. Further, Psychnet and PubMed were included. These databases comprise journals in
the fields of psychology, medicine and other health sciences. All searches were performed on
the same date, April 1, 2018.

The literature search was limited to publications from the past 10 years. The 10-year
limit was set to avoid overlap with previous systematic reviews (Ancoli-Israel et al., 2003;
Berger et al, 2008; Sadeh, 2002). We also chose the limit to capture the modern use of

actigraphy and possible technological advances.

Table 1.1
Keywords Applied in Literature Search

*Web of Science
Science SCOPUS  Wiley Psychnet Direct *PubMed
Search  Actigraphy Actigraphy Actigraphy Actigraphy Actigraphy Actigraphy
criteria ~ AND in in in in in MeSH
Sleep in Keywords Keywords Keywords Keywords Major Topic
Topic AND AND AND AND Sleep AND
Sleep in Sleep in Sleep in in Abstract  Sleep in
Abstract Abstract Abstract Abstract
Number 1944 1514 148 20 333 301
of hits

*Note. The search engines in Web of Science and PubMed had different search options

compared to the other databases. Instead of “keyword” and “abstract” options, these
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databases offered to search in “topic” and “major topic”, and thus have different search

specifications. We attempted to perform as similar searches as possible for all search engines.

Exclusion criteria. The total number of research articles that resulted from the

literature search was 4,260 (Figure 1.1). All articles were imported to EndNote X8. After

removing duplicates, 2,566 articles remained.

a)
b)

d)

g)

Our exclusion criteria were:

Articles with non-human samples.

Articles with samples including participants younger than age 12. We chose this
threshold because children under the age of 12 may not be eligible to complete their
own sleep diary or consistently press the event marker. Research on this group may
benefit from a tailored manual for setting the rest interval in actigraphy.

Studies assessing sleep in Parkinson’s disease and restless leg syndrome were
removed due to involuntary movements creating a potential need for specialized
algorithms and procedures in this population (Maglione et al., 2013).

Articles assessing sleep using other instruments than actigraphy (e.g.,
polysomnography, sensor in mattress or placed in the room, questionnaires,
ambulatory blood pressure monitoring, sleep logs).

Articles using consumer-targeted activity watches instead of research-targeted
accelerometers were removed due to differences from actigraphy in polysomnography
validation studies (Baron et al., 2017; Mantua, Gravel, & Spencer, 2016).

Studies where the actigraph was placed on other locations than the wrist (i.e., ankle or
waist) were excluded due to the possibility of differences in activity patterns for
different placement locations (Littner et al., 2003).

Studies seeking to compare actigraphy with sleep diaries or polysomnography. We
assume that these studies did not process their raw actigraphic data because the raw

actigraphic data was directly compared to other sleep measures.
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4,260 records were identified

through the database search

A 4

1,694 duplicates removed

2,566 records reviewed

1,505 records removed

A 4

according to exclusion criteria

1,061 records remaining for

analyses

Figure 1.1: Number of records included and excluded in each step of the study selection.

Extracting information. The method sections of all remaining articles (N = 1,061)
were examined for material about rest interval setting, algorithm application, the use of event
markers and sleep diaries, and the degree to which this was reported. Furthermore, to ensure
we collected all relevant data, we applied a simple search within the article comprising the
keywords, “algorithm”, “software”, “diary”, “sleep log”, “button”, “event marker”, “marker”
and “actigraphy”. These words often appear along with the description of actigraphy data
processing. “Algorithm” and “software” describe the software processing, whilst “diary” or

99 ¢¢

“sleep log”, and “event marker” “marker” or “button” refer to the subjective measures of
sleep that can be used in setting the rest interval. Finally, we searched for the word
“actigraphy” to detect important information about the actigraphic data in all sections of the
article.

For each article, we noted whether sleep diaries and/or event markers were present.
This information was coded into Yes/No conditions. We also noted how the actigraphic data
process was reported in the articles and the reported degree of corroboration of sleep diaries
and/or event markers into the actigraphic data. Information about how researchers reported

the software and algorithms applied and validation study citations for the algorithm were
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extracted. Finally, we determined whether articles reported using technicians or professionals
to score the actigraphic data and if intraclass correlations for scorers were reported.

After coding each article, we became familiar with common practices. We clustered
articles that had similar reporting of data processing methods.

Analyses. Information extracted in the literature review was imported into IBM SPSS
Statistics 25. We initially extracted descriptive statistics for sleep diary and event marker use,
and the identified clusters were coded into a categorical variable in SPSS. To extract the
number of articles and sleep diary/event marker use, we ran descriptive analyses.

Results

In this literature review we found inconsistent practices in actigraphic data processing.
We identified clusters of articles describing how researchers report the processing of their
actigraphic process; specifically, how they set rest intervals, how they analyse the data and if
they collected event markers and/or sleep diaries.

The practice of actigraphic processing varies widely. We found two main types of
articles; one in which sleep diary and/or event markers were collected, and one in which no
additional data sources were collected. Practices varied within each group. Articles that
collected sleep diaries and/or event markers were further divided into three clusters. The first
cluster consisted of articles that did not report any interaction between the sleep diary and/or
the event marker and the actigraphic data; the second contained articles that reported
corroboration of sleep diaries and/or event markers into the actigraphic dataset, but not how
this corroboration was performed in detail. The third cluster was composed of articles that

either reported or cited a stepwise procedure for setting the rest interval.
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1061 articles
Sleep diary and/or event marker present
No sleep diary or event marker N =809
N =252 No interaction cluster Corroboration cluster Stepwise procedure cluster
N =449 N =349 N=11
Actigraphic software Software or Provide inter-rater Provide inter-rater
—— 9 ,\f_ 129 N> unspecified algorithm agreement agreement
_ N = 258 N=13 N=1
) ) I . Software or validated Software or validated
N Valldat’iled_aslgorlthm N Valldat’flad_zggonthm algorithm algorithm
- - N =347 N=10
Visual inspection N External scorers
N=4 N=19
N External scorers — No information
N=2 N =80
N No information
N =62

Figure 1.2. Overview of clusters. The two main partitions and the three clusters of interaction

between sleep diaries and/or event markers and actigraphic data are illustrated.

Research articles without sleep diaries or event markers. A total of 252 research
articles (23.75%) from our literature review did not report collecting sleep diaries and/or
event markers (Figure 1.2). Of these articles, 129 reported data processing via a specific or
unspecific actigraphic software, and 55 reported a validated algorithm used to extract sleep
variables and cited the validation study for that algorithm. Only four articles reported having
visually inspected their actigraphic data and set their rest intervals based on a subjective
evaluation. External scorers were employed to process the data in two of these articles, but
the process they applied was not reported. Finally, 62 articles did not contain any information
about how their actigraphic data was processed.

Research articles with sleep diary and/or event marker. In all, 809 research
articles (76.25%) from our literature review reported collecting sleep diaries and/or event
markers (Figure 1.2), although 449 of them collected sleep diaries and/or event markers but
presented no information about how these inputs were used in the actigraphic scoring.
Similarly, 258 either reported the software they applied or that they used sleep diaries and/or
event markers with their actigraphic data but did not specify how. These studies typically
reported software brand but no algorithm, or the use of unspecified software or algorithms.

Of the remaining articles, 92 cited a validated algorithm for sleep analysis, 19 reported
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having technicians or professionals scoring their data or reported intraclass correlation, and
80 articles did not report any specific process details.

A cluster of 349 out of the 809 articles with sleep diaries and/or event marker
described the corroboration of the sleep diary or event marker data with software analyses of
activity, sleep and wake. In this cluster, 13 studies also reported inter-rater correlation of their
procedure. All articles in this cluster either cited a validated algorithm or at least a specific
actigraphic software brand.

The last cluster of 11 articles provided or cited a stepwise procedure for setting the
rest interval. One of the articles in this group provided a validated, inter-rater tested
procedure for setting the rest interval (Chow et al., 2016). Furthermore, some articles referred
to a validated procedure providing interscorer correlations for outcome variables, but not for
rest intervals (Patel et al., 2015). The remaining articles in this group provided stepwise and
detailed explanations of how they integrated sleep diaries and/or event markers with their
actigraphic data, but that procedure is not reported as validated or inter-rater tested.
Discussion

In this review, we examined how the processing of actigraphic data was reported, how
set rest intervals were set and how the data was analysed in 1,061 actigraphy studies. We
found large variations in the practice of data processing. In addition, we searched for
validated procedures for the setting of rest intervals. We found no established procedure that
governed common practice for actigraphic data processing.

A major observation is that most actigraphic studies collect sleep diaries and/or event
markers simultaneously with the actigraphic data. This is in concordance with actigraphy data
scoring recommendations by Ancoli-Israel et al. (2015) that scorers have at least one
supplemental source of data in addition to the actigraphic data when setting the rest interval.
However, the number of studies that collected event markers was considerably lower than the
number of studies that collected sleep diaries. This implies that the preferred, or available,
supplemental data source for actigraphy over the past 10 years has been the sleep diary.

There was great variation in data processing reporting practices. Many studies cited a
validated algorithm for actigraphic data analyses, but a majority did not mention which
algorithm was applied. This also held true for software reporting, as many papers reported
that their analyses were conducted using a specific software, but a majority of these did not
specify the brand or version of the software. Furthermore, there were large variations in the

detailing of the descriptions of how the rest intervals were set, including the report of
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corroboration of supplemental sources of data. The inconsistencies that appeared in our
review are in line with a previous review (Berger et al., 2008) that found no common practice
for reporting actigraphic data processes.

In our review, we found that researchers report processing actigraphic data
differently. Furthermore, we did not find an established manual for setting rest intervals.
Thus, we could not identify any common practice, indicating a need to establish common
guidelines. We did find procedures that were inter-rater tested, but these were rarely cited in
the reviewed articles and thus cannot be said to have gained traction in the field of
actigraphy. To address this issue, we proposed a manual for setting rest intervals based on
existing literature and the results from this review.

Development of a Novel Manual for Setting Rest Intervals

Based on the literature review, we developed a manual for a stepwise procedure with
a distinct screening process for defining rest intervals in an actigraphy software. In the
literature review, we identified two stepwise procedures for setting the rest intervals. One of
the identified studies provided an inter-rater tested, stepwise procedure for setting the rest
interval (Chow et al., 2016) relying on light, activity and event markers. It does not apply
sleep diary entries or an initially set rest interval to guide scoring, nor does it provide criteria
for exclusion of rest intervals. The second procedure that was identified in the literature
review (Patel et al., 2015) suggested varying thresholds of accepted agreement between sleep
diaries, event markers, activity and light data. This study did not define any exclusion criteria
of rest intervals or report inter-rater agreement. Later studies with the same author cited this
procedure.

In addition to the studies identified in the review, we found two relevant studies when
searching for guidelines specifically. One study (Boudebesse et al., 2014) assessed agreement
with polysomnography for multiple different approaches for setting the rest interval. This was
itself not one stepwise procedure, but it provided information about the strengths and
weaknesses of each approach. Finally, the MESA study (Bild et al., 2002) developed, but has
not published, a stepwise procedure for setting the rest interval, assessing event marker, sleep
diary, activity and light. No scientific publication has, to the best of our knowledge, tested the
reliability of this procedure.

The existing procedures applied different combinations of both objective and
subjective data sources to guide editing or setting of rest intervals. Objective inputs included

initially estimated rest intervals from the validated algorithm, activity counts and light data.
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Subjective inputs include self-reported lights off/on or attempts to fall asleep gleaned from
sleep diaries and event markers indicating trying to fall asleep and waking up. We wanted our
manual to be applicable for all researchers independent of what supplemental data they chose
to collect. Therefore, we included all these data sources in our manual.

There are two possible ways to define rest intervals in actigraphy. The first is to set
the rest interval manually in the software. The other is to run an analysis where a validated
algorithm defines initial rest intervals that can either be validated or changed. In our manual
we chose to run an initial sleep analyses and integrate the initially defined rest onset and
offsets into the manual. By initially running a validated algorithm, the scorers can save time
by not making changes to rest intervals that are validated by other data sources.

Procedures for actigraphic data editing applied different thresholds of accepted
agreement between data sources. Agreement within a threshold refers to the accepted
distance in time between one input and another. Thresholds ranged from 10 minutes (Chow et
al., 2016; Eidelman, Gershon, Kaplan, McGlinchey, & Harvey, 2012), to 15 minutes (Bild et
al., 2002; Patel et al., 2015) to 30 minutes (Boudebesse et al., 2013). Patel et al. (2015)
applied both a 15-minute and 30-minute threshold. Chow and colleagues (2016) assessed
their procedure by investigating their interscorer agreement and successfully scored rest
intervals using an arbitrary 10-minute threshold. Only two inputs were assessed at the same
time in this study. In our procedure, we sought to set the rest interval by initially assessing
inputs three by three. Therefore, we chose a threshold of 15 minutes and required that all
three inputs must fall within 15 minutes of one other in order for the rest interval to be
considered valid. In some stages of our manual, inputs were assessed two by two. For the
sake of simplicity, we chose to keep the 15-minute threshold throughout the manual.

The proposed procedure follows the example of previous research granting the event
marker precedence over the sleep diary (Lauderdale, Knutson, Yan, Liu, & Rathouz, 2008;
Pesonen et al., 2010). The event marker is argued to be less prone to human error than the
sleep diary (Ustinov & Lichstein, 2013) since participants are not required to remember what
time they pressed the button. The diary, on the other hand, requires participants to check the
time before falling asleep and remember it until the following morning, making it more prone
to memory bias than the event marker. Therefore, a present event marker is placed in a higher
rated zone than the sleep diary. However, the sleep diary is still a valuable tool (Sadeh &
Acebo, 2002), and we chose to include it in our manual because the validity of actigraphy

increases when it is analysed in conjunction with sleep diaries (Kushida et al., 2001)
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Actigraphy studies usually collect information over a large number of nights, but an
inspection of all collected nights is resource intensive. There is a need for a manual that is
both meticulous and time saving. A unique aspect of this manual that we did not find in the
literature is a screening process that identifies rest intervals that do not require editing. The
three inputs applied in the screening process are event markers, sleep diaries and rest
intervals initially calculated by the algorithm. These inputs are static, predefined points of
time set by the participant or the actigraph/software. This automated screening process will
save the scorers hours of visual inspection of rest intervals that are valid.

When using actigraphy, there is always a risk of having to exclude invalid data. As
our literature review uncovered no guidelines for when rest intervals should be excluded, we
proposed in our manual that rest intervals should be excluded if they cannot be set or
validated in any steps of the manual.

Proposed manual.

e
Z’ Do the initially set algorithm, the event marker and the sleepw YES | Make no changes to
S diary occur within 15 minutes of each other? J "1 the restinterval
NO s ~N
Does the event marker occur )
4 YES within 15 minutes of the initially| ygg Make no changes to
0 [ Is there an event marker? \ set algorithm? J >m
o NO
o Y
N e N\ —
NO NO Does the event marker occur | YES | Set the event marker
< within 15 minutes of a ” as rest onset/offset
| significant change of activity*? —_—
v ' N
[ tsmeroasopdar? YES ol cour within 15 minutos of the | =S| Make no changes to
P . the rest interval
o initially set algorithm?
g NO
N NO (" Does the sleep diary entry YES Set the activity
< occur within 15 minutes of a »  change as rest
significan change of activity* onset/offset
A
( A
Is there a significant change in activity* YES | Make no changes to
within 15 minutes of the initially set ”1  the rest interval
L algorithm? ) N~
*Activity change:
% A NO Set the point of light A sudden drop or increase in activity
S| — . — YES | change* as rest levels from one epoch to another.
N| |Is thgrg a S|gn|_f|cant chang(_a in _alctlvny* ?___ onset/offset
within 15 mlnute_s c_>f ajlgmflcant “*Change in light
L change in light**? ) NO 'S Exclude the rest Use only if there is a large drop/increase
interval in light from one epoch to another.
Do not use if light changes gradually
across multiple epochs

Figure 1.3: Procedure for manual correction of actigraphic rest intervals.
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Before applying the manual to the actigraphic data, researchers will need to run an
initial sleep analysis, then use the rest intervals estimated in this analysis to set new rest
intervals. Therefore, to use this manual, scorers must make a conscious decision about which
validated algorithm to use and apply it to the dataset.

The first step of the procedure (Figure 1.3) is the automatic screening process that
identifies rest intervals that do not require editing. This analysis can be carried out by most
available statistical software (i.e., Microsoft Excel or SPSS Statistics). A rest interval does
not require visual inspection if the compared inputs occur within 15 minutes of each other.
The screening process starts in zone A, where entries of event markers, sleep diaries and the
algorithmically defined rest intervals are compared. If the event marker or sleep diary is
missing, the screening process takes place respectively in zone B, comparing event marker
and algorithmically defined rest interval, or in zone C, comparing sleep diary and
algorithmically defined rest interval.

Intervals that are not validated in the screening process need to be manually assessed
in order to set the rest interval. The first zone for manual assessment is zone B (Figure 1.3).
Here, the scorer assesses the event marker entry and corroborates it with a visual inspection
of activity decrease/increase. The rest interval onset/offset is set to the event marker entry if it
falls within 15 minutes of a significant change in activity. If the event marker entry occurs
outside the 15-minute threshold, or the event marker is not present, the sleep diary is assessed
in zone C (Figure 1.3). If the diary entry falls within 15 minutes of a significant activity
change, the point of significant activity change is set as the rest onset/offset.

If neither the event marker entry nor the sleep diary entry occurs within 15 minutes of
activity change, or if the event marker and sleep diary are missing, researchers are restricted
to zone D of the manual (Figure 1.3). In this zone, the initially defined rest intervals from the
algorithm are compared to changes in activity and light. Data should be excluded if these do
not fall within 15 minutes of each other. To avoid biases when manually scoring rest intervals
using zone D, we applied stipulations to the activity and light level criterion: if there is a
sudden drop/increase in activity or light from one epoch to the next, and this change occurs
within 15 minutes of the other variables, the initially defined rest interval is considered
validated by activity and/or light. Specifically, for light, if the changes are more gradual
across multiple epochs, the light condition is considered invalid and should not be applied
(Patel et al., 2015).
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Discussion of the Manual

We developed a novel manual for setting the rest interval in actigraphy. It is based
upon a hierarchy, and the purpose was to provide a standardized method for setting the rest
intervals. Its organization is based upon two assumptions: at the top of the hierarchy there is
more information available to the scorer than at the bottom and that at the top of the hierarchy
the researcher is more likely to define the correct rest interval, compared with lower parts of
the procedure. Before applying the manual, researchers should make a conscious choice as to
which algorithm they choose to use. The algorithm should be reported, and researchers
should make sure it is validated to ensure good quality of their research (Ancoli-Israel et al.,
2015).

When setting the rest interval in zone B, the event marker is set as the rest onset or
offset. In zone C, activity change defines the rest onset or offset. We chose to set activity as
the marker for rest instead of the sleep diary due to the possible inaccuracies in the sleep
diaries. If the activity drop occurs within 15 minutes of the sleep diary entry, this point in
time may be more precise than the diary entry due to the possible memory bias experienced
by the participant.

In all zones of the manual except zone A, a drop or increase in activity is assessed by
the scorer, a variable that requires subjective interpretation. When a scorer assesses the
changes in activity, he or she tries to identify the last drop in activity before the sleep period
and determines the significance of the activity drop by visually inspecting the actogram.
Therefore, we made sure activity is always assessed in conjunction with other inputs, either
subjective inputs from sleep diary or event marker or from the initially set rest interval or
light.

Drop/increase in light is a key input in the assessment of the rest interval in zone D.
This input should be included with caution in the process of defining rest intervals, as scorers
subjectively assess the changes in light and evaluate whether the significance of these
changes. Therefore, light is a vulnerable variable, especially in countries where natural light
exposure varies greatly across seasons. Light may change due to reasons other than a person
turning the lights off trying to fall asleep or waking up. For example, individuals other than
the participants may control the light, or clothing may cover the wrist watch. Also, in shift
work, the light conditions may vary according to the participants’ work schedule, meaning
light would not be indicative of sleep behaviour. Despite the vulnerability of the light

condition, it may be helpful. For example, Chow and colleagues (2013) successfully used the
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light variable as a help criterion and obtained a high inter-rater reliability (Cronbach’s alpha
was .975 for bedtime and .995 for rise time) in defining the rest interval.

In zone D, scorers can set rest intervals in a manualized way when event markers and
sleep diaries are missing or invalid. Here, only inputs from the actigraph are used to set a rest
interval. This zone is necessary because we identified many actigraphy studies lacking event
markers and sleep diaries in the literature review. Our manual should serve all researchers
applying actigraphy.

In the literature review, we found no procedures for setting rest intervals with a
distinct exclusion criterion. We argue that if there is no way to set the rest onset or offset by
assessing agreement between at least two data sources (algorithmically predefined rest
interval, event marker, sleep diary, activity or light), the interval should be excluded. We base
this argument on the fact that such a rest interval would be based on one data source that is in
disagreement with other sources of information. Thus, a scorer would have to guess which
single data source is the most accurate for estimating the rest interval. This stands in contrast
to studies that use procedures to keep all rest intervals, regardless of disagreement between
objective and subjective data sources (i.e., Patel et al., 2015).

In sum, this manual for setting the rest interval was developed as a straightforward
and stepwise tool. It has a unique screening procedure and distinct criteria for exclusion of
rest intervals. Studies that use this manual and cite their process will achieve higher
transparency and comparability with other studies using the manual. We acknowledge that
inputs that require subjective evaluation may increase the risk of between-scorer variation.
Hence, the manual needed to be applied to an actigraphic dataset and tested for interscorer

agreement.
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Study 2: Empirical Testing of the Procedure

In this study, we tested the reliability of the manual we developed in Study 1. We
applied the manual to an actigraphic dataset from a study investigating effects of sleep
deprivation in healthy subjects using actigraphy (Saksvik-Lehouillier, Langvik, Saksvik,
Serengaard, & Olsen, 2018). We assessed interscorer agreement and changes in sleep
outcomes that resulted from applying the manual to the dataset.

Method

Participants. A total of 55 healthy subjects, 11 male (20%) and 44 female (80%),
were included in the SLEEPIC study (Saksvik-Lehouillier et al., 2018). Their mean age was
22.69 (SD = 3.02, range 19-33). Participants were recruited through a convenience sample
using social media, university lectures and information on bulletin boards throughout campus
at the Norwegian University of Science and Technology.

Procedure.

Data collection. Data was collected in 5 waves across 10-day periods. The
participants wore an actigraphic wrist watch (Philips Actiwatch Spectrum PRO) on their non-
dominant wrist and completed a personal sleep diary (Bjorvatn, 2010) for 10 consecutive
days. They were instructed to remove the actigraph only before bathing or using a sauna. The
participants were asked to press an event button on the actigraph to mark “lights off” when
they were going to sleep, and again when they woke up in the morning. In addition, all
participant received a leaflet with this information. Data was collected in 15-second epochs,
with a medium sensitivity threshold of 40 activity counts. The data was analysed by the
default algorithm in the Actiware version 6.0.9 software, an algorithm validated by Oakley
(1997) and Kushida (2001).

The sleep diary was developed by Bjorvatn (2010) at Haukeland University Hospital
in Bergen. In the morning the participants noted what time they went to bed, turned the lights
off and the time lapse between lights off and falling asleep the evening before. They also
noted wake-up-time, rise time and a rating of the previous night’s sleep. In addition, they
recorded the number of awakenings during the night, the duration of these awakenings and
information about the use of sleep medication and alcohol consumption. In the evening, the
participants registered the number of naps and perceived function during the day. Completing
the sleep diary was estimated to take 5 minutes each day.

Application of the manual. Three independent scorers applied the novel manual for

setting the rest interval developed in Study 1 to the SLEEPIC data set. The manual was
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developed by two of the three scorers (HSF and SBA). Scorer 1 (AMN) received training in
the procedure of the manual, and all scorers applied it to the dataset independently. The initial
screening process of the manual was conducted on the data before the scorers applied the
manual. This calculation was carried out using IBM SPSS Statistics 25. Further, the scorers
manually assessed the remaining intervals and noted in which zone each rest interval fell. By
noting the zone, the scorer indicated whether a rest interval was determined by using the
event marker in zone B, the diary in zone C or using the activity and light variables in zone
D. This was noted on a 5-point Likert scale (1- zone A, 2- zone B, 3- zone C, 4- zone D and
5- excluded). If scorers excluded either a rest interval onset or offset, the entire rest interval
was excluded from data analysis in the software. It is necessary to exclude the entire rest
interval because a rest interval needs a defined start and end in order to appear in software.

Analyses. All statistical analyses were conducted using IBM SPSS Statistics 25.
Initial analyses were performed, including descriptive analyses of the raw actigraphic data
and of the screening process by which rest interval on- and offsets that did not require manual
inspection were identified.

Furthermore, we assessed agreement between scorers. Firstly, we assessed in which
zones scorers assessed each rest interval on- and offset. Thereafter, we assessed intraclass
correlation (ICC) according to published guidelines (Landers, 2015). This was conducted by
running a reliability analysis and choosing the intraclass correlation coefficient in SPSS.
Because we had three fixed scorers, we chose the two-way mixed ICC model. Correlations
between scorers was conducted using Pearson correlation and internal consistency using
Cronbach’s alpha. We also investigated alpha if an item was excluded to differentiate
between scorers.

We also assessed disagreement between scorers. We isolated the cases where scorers
disagreed upon the time of rest onset or offset and assessed the mean difference between
scorers by conducting a paired-sample z-test. This meant we investigated the degree of
disagreement between scorers only in cases where they applied the manual to the data
differently and if these differences were of statistical significance.

Following the assessment of agreement between scorers, we selected one scorer
(HSF) and compared sleep outcome measures before and after the data had been edited using
the manual. Paired-sample #-tests were conducted to evaluate whether the application of the
manual made a statistical difference to the sleep data for each sleep variable (rest interval

duration, total sleep time, sleep onset latency, sleep efficiency and wake after sleep onset).
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To assess how the manual would perform in a dataset with a full set of event markers
and sleep diaries, we extracted a subsample from our total sample of nights. This subsample
consisted of rest intervals with both event marker and sleep diaries available. We considered
the number of rest intervals that were identified in the screening process and how the
remaining rest intervals were distributed in the zones.

Results
Initial analyses.

Description of raw actigraphic data. The raw dataset consisted of 537 actigraphically
measured nights, a total of 1,074 cases of bed time and rise time. Participants were instructed
to press the event marker at lights off and when waking up in the morning. In three out of
five waves of data collection, participants were mistakenly instructed to press the wrong
button on the actigraph. Therefore, the number of missing event markers was higher than in a
typical actigraphy study. Event markers were present for 143 rest interval onsets (394
missing) and 49 rest interval offsets (488 missing). Sleep diaries were present for all rest
interval onsets and offsets.

Screening process. For rest onset, the screening procedure automatically identified
199 out of 537 (37.1%) rest onset cases, leaving 338 cases to be processed using the manual.
In the screening process, the accepted rest onsets were distributed in the categories as
follows: 59 cases were identified in zone A, 14 cases in zone B and 126 in zone C. Thus, of
143 event markers, 73 automatically validated the rest interval onset in zones A and B. Of the
537 rest onset entries from sleep diaries, 185 automatically validated the rest interval onset in
zones A and C.

Turning to rest interval offset, 343 out of 537 (63.9%) cases were identified in the
screening process, meaning 194 cases remained to be processed using the manual. The
accepted rest offsets were distributed in the following manner: 35 cases in zone A, 1 case in
zone B and 307 cases in zone C. Subsequently, 36 of the 49 event markers automatically
validated the rest interval onset in zones A and B, and 342 of the 537 rest onset entries from
sleep diaries automatically validated the rest interval onset in zones A and C.

Agreement between scorers.

Distribution of rest intervals in zones. The scorers categorized all points of time on
the previously described 5-point Likert scale. In every step of the manual, scorers needed to
assess whether certain inputs were within 15 minutes of each other. To assess agreement, we

present the descriptive data from the categorization in Table 2.1.
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Table 2.1
Distribution of Cases Assessed in Zones by Scorer
Rest Interval Onset Rest Interval Offset
Scorer 1 Scorer 2 Scorer 3 Scorer 1 Scorer2  Scorer 3
Zone A 0 0 0 0 0 0
30 43 55 2 3
Zone B (8.88%) (12.72%) (16.27) 0 (1.03) (1.55%)
126 179 178 111 123 125
Zone C (37.27) (52.96%) (52.66) (57.22%) (63.4) (64.43%)
182 107 99 82 61 58
Zone D (53.85) (31.66%) (29.29) (42.27%) (31.44)  (29.90%)
9 6 1 8 8
Excluded 0 (2.66%) (1.78%) (0.52%) (4.12) (4.12%)
Sum 338 338 338 194 194 194

Note. The given percentages represent the percentage of the total number of cases for

evenings and mornings that were not accepted in the initial screening process (338 rest

interval onsets, 194 rest interval offsets).

Intraclass correlation. The intraclass correlation analysis showed a high degree of

reliability between scorers for rest interval onset. Average measure ICC was .976, 95% CI
[.972, .979] and the single measure ICC was .930, 95% CI [.920, .940], (F(522,1044) =

41.11, p <.001).

The average measure ICC for rest interval offset was .998, 95% CI [.998, .999] and
single measure ICC was .995, 95% CI [.994-.996], (£(525,1050) = 598.32, p <.001).

Correlations between scorers two-by-two and alpha if item excluded are reported in Table

2.2.
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Table 2.2

Pearson Correlations Between Scorers for Rest Onset and Offset

Scorer 1 Scorer 2 Scorer 3

Rest interval onset Alpha if item excluded 971 958 962
Scorer 1 1 926 920
Scorer 2 1 .944
Scorer 3 1

Rest interval offset Alpha if item excluded .997 .997 .998
Scorer 1 1 .996 .994
Scorer 2 1 .994
Scorer 3 1

Difference between scorers in rest intervals where scorers disagree. To further
assess the potential inaccuracies of the manual, we isolated the rest interval onsets and offsets
for which the scorers disagreed. Scorers 1 and 2 differed on 172 rest interval onset cases and
62 rest interval offset cases. Scorer 1 and 3 differed in 177 rest interval onset cases and 71
rest interval offset cases. Similarly, Scorers 2 and 3 had differing responses in 176 rest
interval offset cases and 75 rest interval offset cases. The differences between scorers are

reported in Table 2.3.
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Table 2.3

Mean Differences Between Scorers Regarding Changes in Rest Intervals
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95% confidence interval

di év[fe erzﬁce SD Lower Upper t-value
Rest interval onset
Scorer 1 and2  00:15:36  00:42:58 00:09:07 00:22:04 t(171)=4.76, p <.001
Scorer 1 and 3  00:14:00 00:46:55 00:07:02 00:20:57 #(176)=3.97, p <.001
Scorer2and 3  00:00:21  00:29:32 -00:04:02 00:04:45 t(175)=.159, p = .873
Rest interval offset
Scorer 1 and 2  -00:00:57 00:25:12 -00:07:21 00:05:26 H(61)=-297,p=.767
Scorer 1 and 3  -00:01:30 00:28:48 -00:08:19 00:05:18 #(70) =-.443, p =.659
Scorer 2 and 3  -00:00:31 00:27:22 -00:06:49 00:05:46 1(74) =-.168, p = .867

Outcome measures from one scorer. The results presented below are comparisons

of the sleep variables initially calculated by the algorithm and one of the scorers. We chose

Scorer 2 (HSF) because she correlated most highly with the other scorers for rest interval

onset and offset and had the lowest alpha if an item was removed. Prior to applying the

manual, there were 537 actigraphic nights. The total number of nights after data editing was

520 for Scorer 2. Thus 3.17% of the entire dataset was excluded.

Rest intervals. The initially defined mean rest interval duration was 08:15:06
(hh:mm:ss) (SD = 02:16:28, range = 03:03:45 - 21:55:15). After applying the procedure, the
mean rest interval duration was 07:37:20 (SD = 01:47:24, range = 03:03:45 - 13:50:00). The

paired-sample #-test showed a significant difference between the initially defined rest interval

duration and the new rest interval duration, #(518) = 8.64, p <.001 (two-tailed). The mean
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decrease in rest interval duration was 36m 19s after manual correction, with a 95%
confidence interval ranging from 00:28:04 to 00:44:34.

Out of the 520 rest intervals, Scorer 2 made changes to 224 rest intervals (43.08%).
In 3 cases, the rest interval duration was shortened by 10 or more hours, and in 14 cases the
rest interval duration was reduced by 5-10 hours. Furthermore, 15 rest intervals were
shortened by 3-5 hours, and 1 rest interval was elongated in duration by 3-5 hours. Also, 52
rest intervals were shortened and 5 were elongated by 1-3 hours. The remainder of the rest
intervals that were changed by Scorer 2 (134 intervals) were modified by -1 to 1 hours.

We performed a paired-sample 7-test on a subsample of the rest intervals, extracting
the rest intervals that Scorer 2 had redefined. These were compared to their corresponding
rest intervals from the uncorrected data. The mean decrease in rest interval duration
compared to initially set rest intervals for the subsample was 01:24:49 #(223) =9.69, p <.001
(two tailed), 95% confidence interval ranging from 01:07:33 to 01:42:04.

Variables calculated by the algorithm. Total sleep time from the initial algorithm was
06:42:10 (SD = 01:41:14, range: 00:16:00-18:14:00). After applying the procedure, mean
TST was 06:36:43 (SD = 01:35:09, range 02:37:15 - 12:15:30). The paired-sample #-test
showed a significant difference in TST, #(518) = 3.88, p <.001 (two-tailed). The mean
decrease in TST after manual correction was 6m 50s with a 95% confidence interval ranging
from 00:03:22 to 00:10:18.

Sleep onset latency was initially calculated to 34.82 minutes (SD = 54.54, range: Om -
494.5m) by the algorithm. In the corrected dataset, sleep onset latency was calculated to
14.73 minutes (SD = 20.02, range: Om -174m). The paired-sample #-test showed a significant
difference in sleep onset latency, #(518) = 8.27, p <.001 (two-tailed). The mean decrease in
sleep onset latency after manual correction was 19.69 minutes with a 95% confidence interval
ranging from 15.02 to 24.38.

Sleep efficiency was initially calculated to 83.00% (SD = 10.24%, range: 4.69% -
97.57%) by the algorithm. After applying the procedure, sleep efficiency was calculated to
86.85% (SD = 6.2%, range: 47.14% - 97.57%). The paired-sample #-test showed a significant
difference in sleep efficiency, #(518)=9.86, p <.001 (two-tailed). The mean increase in sleep
efficiency after manual correction was 3.85% minutes with a 95% confidence interval
ranging from 3.08% to 4.62%.

Wake after sleep onset was initially calculated to 29.59 minutes (SD = 22.53m, range:
Om - 243.75m) by the algorithm, shifting to 25.66 minutes (SD = 13.76m, range: 3.5m -
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92.5m) after applying the procedure. The paired-sample #-test showed a significant difference
in wake after sleep onset, #(518) =4.78, p <.001. (two-tailed). Similar to sleep efficiency, the
mean decrease in wake after sleep onset after manual correction was 3.63 minutes with a 95%
confidence interval ranging from 2.14 to 5.12.

Subset analysis. We analysed a subset consisting of rest on- and offset times in which
both event marker and sleep diary were present. The subset consisted of 148 rest onset and 39
rest offset cases. For rest onset, 79 cases (55.24%) were approved in the screening process:
59 cases were approved in zone A, 14 in zone B and 6 in zone C, leaving 69 for inspection
(see Table 2.4).

For rest offset, 45 cases (91.84%) were approved in the screening process. In zone A,
35 cases were approved, followed by 1 in zone B and 9 in zone C, leaving 4 for inspection.
The remaining rest intervals were manually assessed in the different zones of the manual (see

Table 2.4).

Table 2.4
Distribution of a Subsample of Rest Onset and Offset with Both Event Markers and Sleep

Diaries After Screening

Zone Rest Onset Rest Offset
A 0 0
B 43 2
C 9 0
D 9 2
Excluded 3 0
Total 69 4

Discussion

In Study 2, we applied the manual for setting rest intervals developed in Study 1 to a
data set of 537 actigraphic nights. The purpose of applying the procedure was to validate or
edit predefined rest intervals set by an algorithm. A substantial portion of the intervals was

successfully approved in the automatic screening process (542 rest interval on/offsets
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approved in total, leaving 532 rest interval on/offsets for procedural processing).
Furthermore, the agreement between scorers was high, and applying the procedure produced
significant changes compared to the unprocessed dataset for all sleep estimates.

From our initial analyses, it became apparent that the number of missing event
markers was high (394 missing for rest inset and 488 missing for rest offset). The quantity of
event markers directly affects the screening process. Therefore, due to missing event markers,
relatively few rest intervals were accepted. For this particular study, this was an advantage. It
allowed us to carefully test all of the zones of the manual. However, future researchers
applying our manual will save time when utilising a full sample with event markers, as
illustrated by the subsample consisting of rest onsets and offsets with present event markers
and sleep diaries. In this subsample, the screening process identified 55.24% of the rest
onsets and 91.84% of the rest offsets that did not need to be changed. Thus, by rigorously
collecting sleep diary and event markers from participants, a large proportion of the rest
intervals will be screened out by using the manual.

Agreement between scorers. Overall, our results indicate high agreement between
scorers. The results from the intraclass correlation analysis shows that the scorers’ settings of
rest intervals were highly similar (a =.975 for rest onset and a =.998 for rest offset). Our
results are similar to the findings of Chow and colleagues (2016) in their empirical testing of
their procedure for setting of rest intervals in actigraphy (Cronbach’s alpha of .975 for
bedtime and .995 for rise time). In addition, correlations between scorers were high. To
critically test the results of the ICC and correlations, we isolated the rest onsets and offsets
that scorers disagreed upon to test the degree and significance of the disagreement. The
results of this analysis indicate that there were no significant differences between scorers for
rest offset. For rest onset, there were no differences between Scorers 2 and 3, but Scorer 1
differed significantly from the two others. In these cases, however, the standard deviations
were much higher than the mean differences, even though the differences were non-
significant. This can be attributed to the outliers of disagreement that contributed to the
dispersion, but not to the significance of the differences. Disagreement between scorers is an
expression of the subjectivity required to set rest intervals that are not accepted in the
screening process. Thus, disagreement occurs when scorers assess the significance of changes
in activity and light. A plausible scenario explaining this effect is that one scorer evaluated a
change in activity or light as significant and used it to validate rest onset or offset, while the

other scorers did not approve that particular activity/light change as a significant marker for
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rest onset or offset. This is also true for exclusion of rest intervals, where scorers subjectively
assess whether the interval should be excluded. Our results suggest a need for a more rigid
definition of activity change. The greatest variation between scorers’ distribution of rest on-
and offset was in zone D, where they rely upon subjective assessment of activity and light.
Variation between scorers can be amended by rigorous collection of event markers and sleep
diaries, thus reducing the number of intervals edited without any supplemental data sources.

Two of the scorers (2 and 3) had higher agreement than the third. This is evident in
the intraclass correlation, where Scorers 2 and 3 had the highest correlations. In addition,
Cronbach’s’ alpha was highest if Scorer 1 was removed. The comparison of the mean
difference for rest interval onset where scorers disagreed indicate that Scorer 1 differed
significantly from Scorers 2 and 3, who were the researchers who developed the manual. This
implies that the application of the manual can be affected by how familiar the scorers are with
the manual. Scorers should be carefully instructed regarding the thresholds for making
changes to rest intervals.

Agreement between scorers was slightly lower for rest onset than offset throughout
our results. This was also the case in the procedure development conducted by Chow et al.
(2016). There are several possible reasons for this imbalance. We would argue that the
likelihood of the algorithm to define the correct rest onset is lower than setting the correct
offset. Existing algorithms are known to misinterpret sedentary behaviour as rest or sleep
(Morgenthaler et al., 2007; Whiting & Murdock, 2016). Differentiating rest from sleep can be
particularly challenging in the evening because people tend to engage in sedentary behaviour
before going to bed, creating difficulty when scorers assess rest intervals, especially if sleep
diaries or event markers are missing.

The sleep diary input may also be a reason for lower agreement between scorers for
rest onset than offset. This can be explained by the memory bias in participants when
completing their sleep diary in the morning, leaving them to guess when they fell asleep. In
our proposed manual, the event marker is given precedence over the sleep diary. Thus, the
issue with sleep diaries was especially apparent in our study sample due to the large amount
of missing event markers. Missing markers leave the scorers to correct the rest interval in the
zone considering the sleep diary.

Outcome measures from one scorer. All sleep variables changed significantly after
using the novel manual. These new sleep variables were compared to those initially defined

by the algorithm prior to applying the manual. The principle of the proposed manual is that



SETTING THE REST INTERVAL IN ACTIGRAPHY 38

scorers change the rest interval, and thus we observed significant differences before and after
applying the manual. The most evident change to the raw actigraphic data was that the
delineation of the rest interval in almost all incidents was shortened, generating shorter rest
intervals along with shorter total sleep time compared to the initially defined rest interval.
This was particularly true for the rest interval onsets that consistently occurred, with few
exceptions, later than the actigraphically estimated rest interval onsets. This was a direct
consequence of the participants” self-reported rest onset occurring later in the evening than
the initially defined rest interval. In some cases, the activity and light inputs also indicated
later rest interval onset than initially estimated. The manual contributed to a significant noise
reduction in the dataset, which was notable considering the many rest intervals that were
changed by several hours.

Changes also occurred in the actigraphic outcome variables of total sleep time, sleep
onset latency, rest sleep efficiency and wake after sleep onset compared to those initially
defined sleep estimates by the algorithm. Given that the rest interval was shortened in a
majority of the cases, shorter total sleep time was not surprising. This change was small but
significant. Actigraphy is known to overestimate total sleep time compared to
polysomnography (Kushida et al., 2001; Morgenthaler et al., 2007), and applying our
proposed manual shortened the total sleep time compared to the initially estimated sleep time.
However, until this manual is validated against polysomnography, we cannot ascertain
whether the observed changes in total sleep time occur where the actigraph misinterprets
wake as sleep.

Actigraphy is also known to underestimate sleep onset latency (Morgenthaler et al.,
2007; Tonetti, Pasquini, Fabbri, Belluzzi, & Natale, 2008), and applying our manual
significantly reduced sleep onset latency. Sleep onset latency was estimated based on two
calculations, namely rest onset and sleep onset. By using the manual, we moved only the
point of rest onset; therefore, sleep onset latency decreased compared to the initially set sleep
onset latency. We argue that to optimize sleep onset latency in actigraphy, the accuracy of
sleep onset also needs to be improved. Sleep onset is estimated by the algorithm, meaning the
issue of correctly defining sleep onset latency circles back to the actigraph and the
algorithm’s misinterpretation of sedentary behaviour as sleep.

Sleep efficiency was significantly higher and wake after sleep onset significantly
lower after applying the manual. These changes can be explained by the shortening of the

delineation of the rest intervals resulting from the manual, where sleep onset and offset are
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not directly altered, especially considering that parts of the rest intervals in the evening that
were removed could contain false sleep estimates with high counts of wake and thus skew
both sleep efficiency and wake after sleep onset for this period. Specifically, wake after sleep
onset was calculated within the boundaries of sleep onset and sleep offset. Given the modest
change in total sleep time, a substantial change in wake after sleep onset was not expected.
Thus, in addition to our manual, it is the algorithm’s ability to correctly distinguish sleep
from wake that would further improve these sleep estimates.

In sum, our objective was to improve the boundaries within which the algorithm sleep
analysis is conducted. Thus, common errors in actigraphically measured sleep are not
ameliorated. Such errors include low specificity, which refers to the actigraphs’ ability to
detect wake. What is amended for is the miscalculation of rest interval onset and offset and
thus false sleep epochs within these intervals.

Our manual was tested on a non-clinical sample by the developers of the manual and
has not been validated against polysomnography. Future research should aim to validate this
manual against polysomnography as well as in other specific and relevant samples, such as
insomniacs. Furthermore, other researchers should apply the manual to their datasets and
investigate their agreement. Finally, to ensure the best feasibility and quality of the proposed
manual, it should be tested using other actigraph brands and other software packages and
algorithms.

Conclusion

This study might be a helpful supplement to an already established field of actigraphy
research. In the literature review, we found great variation in data processing and reporting
practices. We conclude that researchers should strive to follow and cite established protocols
for use of actigraphy to allow between-study comparison. We also found no established
procedure for setting the rest interval. Our manual can serve as a contribution to one specific
part of such a protocol, namely the setting of the rest interval. To the best of our knowledge,
this is the only procedure with an automatic screening process that will save researchers time
when setting the rest interval compared to existing procedures.

When testing our manual, we achieved high inter-rater agreement (a = .975 for rest
onset, a = .998 for rest offset), and thus our manual provides a homogenous correction of rest
intervals. On average, the rest interval was shortened by 36 minutes and 19 seconds, and
there were significant changes in all sleep estimates. Removal of outliers showed that

applying our manual removed a large amount of noise in our dataset. Our subset analysis
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indicates that researchers with full sets of event markers and sleep diaries can swiftly validate
a large number of their rest intervals. It also indicates that not all rest intervals will be
automatically approved, creating a need for our manual even when researchers rigorously
collect event markers and sleep diaries.

We hope that the unique screening process, along with the high interscorer agreement,
the combination of subjective and objective measures, and its feasibility, make this manual a

promising candidate for common practice that will gain a foothold in the actigraphic research

field.
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Appendix

Attachment 1: Examples of Actograms
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The black bars indicate activity. The solid square indicates rest, while the larger dark
square indicates sleep. The triangle on the top of the actogram represents the event marker
being pushed by the participant.
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Attachment 2: List of Reviewed Articles
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The reviewed articles are listed in the partitions « Without» and «with» sleep diaries

and/or event markers. The articles with sleep diaries and/or event markers are further listed in

the clusters «No interaction», «Corroboration» and «Stepwise procedurey, illustrated in

Figure 1.2.
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