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Introduction: Assessing objective measures of sleep fragmentation could yield important
features reflecting impaired sleep quality in people with insomnia. Survival analysis allows
the specific examination of the stability of NREM sleep, REM sleep and wake. The objective
of this study was to assess the differences between survival dynamics of NREM sleep, REM
sleep and wake between people with insomnia and healthy controls.

Methods: We analyzed retrospective polysomnography recordings from 86 people with
insomnia and 94 healthy controls. For each participant, survival dynamics of REM sleep,
NREM sleep and wake were represented using Weibull distributions. We used lasso pena-
lized parameter selection in combination with linear regression to analyze the difference
between participant groups with respect to the Weibull scale and shape parameters, while
correcting for age, sex, total sleep time and relevant interaction effects.

Results: Significant effects of group were found for the NREM scale parameter, and for the
wake scale and shape parameters. Results indicated that people with insomnia had less stable
NREM sleep and more stable wake after sleep onset compared to healthy controls.
Additionally, the altered distribution of wake segment lengths indicated an increased diffi-
culty to fall asleep after longer awakenings in the insomnia group. However, these differ-
ences were mainly observed in younger participants. Significant effects of group for the
survival parameters of REM sleep were not found.

Conclusion: As illustrated by our results, survival analysis can be very useful for disen-
tangling different types of sleep fragmentation in people with insomnia. For instance, the
current findings suggest that people with insomnia have an increased fragmentation of
NREM sleep, but not necessarily of REM sleep. Additional research into the underlying
mechanisms of NREM sleep fragmentation could possibly lead to a better understanding of
impaired sleep quality in people with insomnia, and consequently to improved treatment.
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Introduction

Worldwide, insomnia is the most common sleep disorder.' Insomnia greatly affects
general health, work productivity and quality of life,' and is probably caused by
a combination of psychological and physiological mechanisms.”> Gold-standard
polysomnography (PSG) measurements are often performed to objectively study
sleep. When performing PSG in the clinical setting, sleep is typically quantified
using standard overall parameters, such as total sleep time (TST), sleep onset
latency (SOL), wake after sleep onset (WASO) and percentages of sleep stages.
These parameters are mainly suitable to quantify the amount of sleep on the whole-
night level. Part of the people with insomnia have a reduced amount of sleep as
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reflected by these parameters, but often, these general
indicators do not fully explain the seriousness of the
sleep complaints.>> Apparently, sleep quantity and per-
centages of sleep stages per se are not always sufficient to
define a good night of sleep. Instead, a broader concept of
sleep quality could be defined, which may be reflected by
other PSG-derived features.

Sleep fragmentation, ie, disturbed sleep continuity as
represented in the hypnogram, has been proposed as
a measure of impaired sleep quality.®*® For instance,
a meta-analysis showed that people with primary insomnia
have an increased number of awakenings compared to
healthy sleepers.” Additionally, both PSG-defined and sub-
jectively reported number of awakenings were correlated
with measures of subjective sleep quality in healthy
sleepers.'®'? Furthermore, interruptions of sleep at the
beginning of the night have been proven to play a role in
the misperception of the sleep onset in people with
insomnia.'*'* This is a relevant finding, because it has
been assumed that sleep onset misperception can be
caused by a reduced sleep quality at the beginning of the
night.®> Identifying objective parameters reflecting sleep
quality is potentially a useful way to increase our under-
standing of the characteristics that are important for per-
ceiving a good night of sleep.

We previously identified two main challenges that may
complicate research into the influence of sleep fragmenta-
tion on sleep quality.'> First, because sleep is influenced
by many different psychological and physiological factors,
a large variability between people may be expected.
A possible strategy to reduce interindividual variability
may be to assess differences between multiple nights
within the same individual.'> Second, sleep fragmentation
can be assessed using many different parameters, making
it difficult to compare results across studies. Currently,
there is not a standard set of parameters to adequately
describe sleep fragmentation.

Traditionally, sleep macrostructure is mainly described
using parameters such as WASO, sleep efficiency, number
of awakenings and sleep stage percentages.'® However,
more sophisticated methods to analyze the sleep architec-
ture have been proposed, including survival analysis.'”
Survival analysis can be used to analyze the expected
amount of time until the end of a sleep or wake
fragment.'” Subsequently, a hazard function can be calcu-
lated to evaluate the probability of a sleep or wake frag-
ment to end at any given time point. Or similarly,
a survival function can be calculated to evaluate the

probability of a fragment to survive. This survival func-
tion not only provides information about the average dura-
tion of the fragment concerned but also about its
probability distribution. For example, sleep is often mod-
elled as an exponential distribution,'® implying that awa-
kenings occur at a constant average rate, independently of
the occurrence of previous awakenings. In contrast, the
survival dynamics of wake fragments are usually mod-
elled using power law transition dynamics, because the
probability of falling asleep becomes lower if the length of
the wake fragment increases.'®> A power law distribution
indicates that the rate of occurrence of events of falling
asleep is dependent on the wake time.'® This is important
information about sleep/wake regulation that cannot be
obtained using traditional PSG-derived parameters.
Another benefit of survival analysis over other parameters
such as sleep stage percentages, is that survival analysis is
more specific. Survival curve analysis can be used to
assess if low percentages of certain sleep stages reflect
the presence of many interrupted fragments of that sleep
stage, or a reduced probability to enter that specific sleep
stage.

Earlier research of Roth et al showed differences of
sleep survival dynamics between healthy people and peo-
ple with insomnia, indicating that people with insomnia
had less stable sleep.'” However, a distinction between
NREM and REM sleep was not made, although NREM
and REM sleep are two different processes with different
survival curve dynamics®® and different functions.?'
Additionally, the survival dynamics of wake were not
assessed. In previous research, we examined sleep and
wake survival parameters in a sleep medication interven-
tion study.'>** We found that elderly people with insomnia
complaints and healthy controls had an improved self-
reported sleep quality when using zopiclone for one
night compared to using placebo. These improvements of
self-reported sleep quality co-occurred with an increased
stability of NREM sleep and a decreased stability of
wake.'> No alterations of REM sleep were found.
However, these findings were based on the specific cir-
cumstances of a medication study in a small, elderly
sample. Therefore, in the present study, we further exam-
ine the presence of altered NREM sleep, REM sleep and
wake survival dynamics between insomnia and controls, in
a larger and younger population of medication-free parti-
cipants. We hypothesize that people with insomnia have
decreased stability of NREM sleep and increased stability
of wake compared to healthy people.
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Methods
Study Design
We analyzed retrospective polysomnography (PSG)
recordings from 86 insomnia patients and 94 healthy con-
trols. The insomnia data were recorded between 2013 and
2017 as part of usual clinical care at Sleep Medicine
Center Kempenhaeghe, Heeze, the Netherlands. The data
of the healthy controls were collected in 2017 and 2018 as
part of the HealthBed study, which was performed to
obtain sleep recordings in healthy people to develop new
technologies for sleep assessment. The applicable protocol
(W17.128) was approved by the medical ethics committee
of Maxima Medical Center, Veldhoven, the Netherlands.
Consent was obtained prior to study commencement. The
current data analysis protocol (20190523.3) was approved
by the medical ethics committee of Sleep Medicine Center
Kempenhaeghe.

Insomnia Patients

All PSGs of insomnia patients were obtained from
a previously selected dataset of clinical PSG recordings.
In case more than one recording was available, the first
PSG of a participant was selected. We included patients
with a clinical diagnosis of “psychophysiological insom-
nia” or “paradoxical insomnia” according to ICSD-2
criteria,”> and grouped these diagnoses together. This
way, patients with circadian sleep problems and patients
with insomnia due to shift work were excluded. Additional
inclusion criteria for the study were: 1) age above 16, 2)
complete PSG recording of at least one night available
and 3) a complete subjective sleep diary of the PSG
night available. Exclusion criteria were: 1) major medical
comorbidities potentially influencing sleep (as determined
by an experienced somnologist), such as neurologic or
psychiatric disorders, or other somatic disorders, 2)
major sleep-related co-morbidities other than insomnia
that could fully explain the sleep complaints of the patient
and 3) using prescribed medication that could impact
sleep. To improve the comparability with the healthy con-
trol group, we left the PSGs of the two patients between 16
and 18 years old out from the current analysis.

Healthy Controls

Inclusion criteria of healthy controls were: 1) age between
18 and 65 and 2) the ability to read and speak Dutch.
Exclusion criteria were: 1) any diagnosed sleep disor-
ders 2) a Pittsburgh Sleep Quality Index** >6 or

Insomnia Severity Index®® >7, 3) indication of depression
or anxiety disorder measured with the Hospital Anxiety
and Depression Scale’® (score >8) 4) pregnancy, shift
work, use of any medication except for birth control med-
ication, and 5) presence of clinically relevant neurologic or
psychiatric disorders or other somatic disorders that could
influence sleep.

Assessments

Polysomnography

A clinical video-polysomnography was performed accord-
ing to the AASM recommendations. All sleep recordings
were first-night recordings. Visual sleep staging was per-
formed according to AASM criteria.?’ Specifically, in
accordance with AASM criteria,”” epochs were scored as
wake if alpha activity was present for more than 50% of
the epoch, or in case of major body movement, with alpha
activity present for any part of the epoch. Arousals were
not separately scored. All recordings were (re)scored by
one single experienced technician from this team (BH).
The hypnograms obtained with this rescoring were pro-
cessed for further analysis.

Subjective Sleep

Subjective sleep was assessed the morning after the PSG
measurements by asking the participants to indicate time
awake in bed, lights off time, time asleep and time outside
of bed using a graphical sleep diary with a time resolution
of 15 minutes.

Survival Analysis

Survival dynamics of NREM sleep, REM sleep and wake
were modelled separately. For NREM sleep, REM sleep
and wake, all fragments were listed and sorted based on
length (Figure 1). A NREM fragment was considered
terminated if it was followed by either wake or REM
sleep. When fitting the Weibull distributions to the
NREM sleep lengths, we excluded NREM sleep fragments
shorter than one minute. This was done to limit the influ-
ence of isolated 30s-epoch N1 fragments occurring during
wake and REM (N1 being a subset of NREM sleep). REM
fragments were terminated if they were followed by wake
or NREM sleep epochs. We excluded REM fragments
shorter than one minute, again to limit the influence of
short fragments. Wake fragments were terminated when
followed by any epoch scored as sleep, except single N1
epochs. Single N1 epochs during wake were replaced by
wake, because they may give a false impression of wake
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Figure | Conceptualization of the survival curve analysis.

Notes: Please note that this figure is fictional and does not represent real data. Step | depicts a schematic example of sleep and wake over time. Only one sleep cycle is
depicted. During step 2, all fragments of NREM sleep are listed and sorted based on their length. Fragments of NREM sleep are assumed to be terminated if they are
followed by either wake or REM sleep. In step 3, NREM fragments shorter than | minute are excluded from the analysis. At the right, the resulting survival function is
plotted. The survival rate represents the percentage of NREM fragments longer than a certain length, e.g. after | minute, three out of five (60%) of the sleep fragments is still
left (ie, “has survived”), and after 5 minutes only one sleep fragment (20%) is left. In other words, only 20% of the sleep fragments is longer than 5 minutes. In reality, there
are multiple sleep cycles, and thus more sleep fragments. Survival curves of REM sleep and wake were calculated using a similar approach. Reprinted under a Creative
Commons Attribution 4.0 International License from: Hermans LWA, Regis M, Fonseca P, et al. Assessing sleep-wake survival dynamics in relation to sleep quality in a

placebo-controlled pharmacological intervention study with people with insomnia and healthy controls. Psychopharmacology. 2020;238:81-94."°

being divided into many shorter fragments. Wake frag-
ments shorter than one minute were not excluded from
analysis, because they generally constitute a large part of
the total number of awakenings. Additionally, from pre-
vious research, we concluded that awakenings as short as
one epoch already have a large influence on the perception
of the sleep onset.”®

Parametrization

We parametrized the survival dynamics of each participant
using the Weibull distribution. Individual Weibull para-
meters were compared across group and treatment.
A Weibull distribution is characterized by two parameters:
a shape parameter (k) and a scale parameter (£). The shape
parameter characterizes the shape of the distribution.
A shape parameter k below one indicates that the prob-
ability of an event, ie, the end of a wake or sleep fragment,
decreases over time. This is often the case for wake frag-
ments, because most awakenings are very short, and the
chance of falling asleep again is largest during the first
couple of minutes. A shape parameter above one indicates
an opposite trend. When the shape parameter is equal to
one, the distribution is exponential. An exponential distri-
bution is the probability distribution of the time between
events in a Poisson process, where events occur continu-
ously at a constant average rate, independently of the time
elapsed. In case of an exponential distribution, the scale
parameter is equal to 4, ie, the rate of an event. Thus, in
a near-to-exponential distribution, £ can be interpreted as
the inverse of the mean duration of the sleep or wake

segment length. In this case, a lower scale parameter,
and thus longer segments on average, indicates an
increased stability.

Modelling

Modelling and statistical analysis were performed in
R version 3.6.2.%° For NREM and REM sleep, we used
lasso penalization for parameter selection.>® Subsequently,
a linear regression model was used to assess the difference
between groups (insomnia/healthy controls) on the survi-
val curve parameters, while accounting for the possibly
confounding effects of age, sex (0 male/l female), TST,
and all possible second-order interactions between these
variables. Age and TST were normalized and centered.
The lasso algorithm was used in combination with boot-
strapping with 100 replications to estimate the regulariza-
tion parameter. For this, we used the HDCI package.>' For
the linear regression, the Im function of R was used.

We expect that TST may be a possible confounding
parameter for sleep survival parameters, because the
degree of sleep fragmentation may vary over the night.
From experimental sleep studies, we can learn that the
arousal threshold is at its maximum near the middle of
the night.*> Therefore, we may expect a higher number of
awakenings at the end and the beginning of the night, and
less awakenings in the middle of the night. However, for
wake, the relation between TST and the survival para-
meters is more complicated. Research shows that the
average length of the awakenings somewhat increases
over the night** which could imply that people with
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a shorter TST on average have shorter awakenings.
However, people with insomnia often have excessively
long awakenings at any moment of the night. In a sleep
center, where the opportunity to spend time in bed is
limited, these long awakenings will most likely result in
a reduction of TST. Therefore, TST and wake survival
parameters mutually influence each other, and assessing
the confounding influence of TST would not provide any
meaningful results for the wake parameters. For this rea-
son, for wake survival parameters, we did not incorporate
PSG-derived quantities in the analysis. Instead, we only
incorporated group, age, sex and all interactions in the
lasso algorithm.

Note that in previous research,'> we reported the
results about the scale parameter in terms of the mean
fragment length 1/£, instead of the mean hazard rate A
itself, to facilitate the interpretation. In this study, we used
K, because performing an inverse transformation would
alter the distribution of the parameters, and make it more
difficult to apply a linear model.

Statistical Analysis

Because comparisons were done for scale and shape para-
meters of REM sleep, NREM sleep and wake, a Bonferroni
correction was applied, resulting in an alpha value of 0.05/6 =
0.0083. Group statistics were expressed as mean + standard
deviation (sd) in case of a normal distribution, and as median
+ inter quartile range (IQR) in case of a non-normal distribu-
tion. Prior to analysis, we used the rule of thumb proposed by
Tabachnick and Fidell** to assess if the dataset contained
a sufficient number of observations for the intended analysis.
The rule of thumb states that the sample size for a multiple
linear regression model should be at least 50+8*m,
where m is the number of factors evaluated in the model.
Counting the four basic variables and their second-order
interaction effects, the lasso regression model would yield
a maximum of ten factors. This would result in a sample size
of 130, which is less than the sample size used in this study.

Results

General Sleep Statistics and
Demographics

All sleep recordings had a duration of at least 4.5 hours. In
Table 1, demographics and general descriptive sleep sta-
tistics are listed for both participants groups. Insomnia
patients had a shorter objective TST and WASO and
a longer SOL compared to healthy sleepers. An objective

sleep duration of less than six hours was found in 25
participants with insomnia and five healthy controls.
People with insomnia had a higher ISI value and
a shorter subjective SOL compared to healthy controls.
In the insomnia group, a large discrepancy could be
observed between the median objective TST and the med-
ian subjective TST (objective 389 vs subjective 233).
Additionally, a large variability of ISI scores as well as
subjective and objective sleep variables could be observed
within the insomnia group. In Table 2, co-morbidities
within the insomnia group are listed.

Onmitted Data

For two participants with insomnia, the REM shape para-
meter could not be calculated, because all REM sleep
bouts had the same length. These participants both had
a TST of less than 2.5 hours, and only a few very short
fragments of REM sleep. In these participants, both the
REM shape and scale parameters were omitted from the
analysis. Furthermore, in one healthy participant, the wake
shape parameter could not be calculated due to the same
cause. One healthy participant had only one REM frag-
ment. In this case, again both the REM shape and the
REM scale parameters were omitted from analysis.

Survival Parameters in Patients versus

Controls

Results of the statistical analysis on the sleep and wake
survival parameters are shown in Table 3. The two groups
differed significantly in the NREM scale parameter, the
wake scale parameter and the wake shape parameter, after
correcting for possible confounders. For ease of interpreta-
tion, we report the scale parameter A: a larger £ indicates
a higher hazard rate (which in turn is equal to a shorter
segment on average). Results indicate that people with
insomnia had a higher hazard rate for NREM sleep, and
a lower hazard rate for wake compared to healthy controls.
Additionally, people with insomnia had a smaller wake
shape parameter, which was further away from one.
Thus, the distribution was further away from an exponen-
tial distribution in people with insomnia. This can be
interpreted as a larger effect of elapsed time awake on
falling asleep again, ie, it takes longer to fall asleep after
longer awakenings. The unstandardized model coefficients
of the sleep scale parameters can be interpreted as awa-
kenings per hour, indicating that, in this regression model,
the effect of group would result in a difference of 0.79
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Table 1. Descriptive Statistics of Participants

Descriptive Statistics Insomnia (n=86)

Healthy People (n=94) Statistical Test

Age (years) Median 47.0 = IQR 19.0

Median 35.9 = IQR 26.3 Wilcoxon W=5759, p<0.001

Sex (n females, n males) 57 females, 29 males

59 females, 35 males

ISI Mean 21.0 + SD 3.7 (12-28)

Mean 1.8 + SD |.4 (0-6) t-test t=47, p<0.001

Objective TST (minutes) Median 389 * IQR 75 (92-533)

Median 440 * IQR 57 (229-511) Wilcoxon W=2043, p<0.001

Objective SOL (minutes) Median 17 * IQR 26 (1-157)

Median 7 IQR 8 (1-67) Wilcoxon W=5645, p<0.001

Objective WASO (minutes) Median 68 * IQR 60 (8-292)

Median 47 * IQR 44 (8-260) Wilcoxon W=5336, p<0.001

Subjective TST (minutes) Median 233 * IQR 176 (0—465)

Median 420 * IQR 60 (180-510) Wilcoxon W=841, p<0.001

#Awakenings Median 27 + IQR 16 (8-59)

Median 20 + IQR 10 (8-45) Wilcoxon W=5686, p<0.001

Note: Text in bold indicates statistical significance.

Table 2. Frequency (Percentage) of Co-Morbidities Within the
Insomnia Group

Co-Morbidities # (%)
Depression and/or anxiety 13 (15.1)
ADHD 2 (23)
Other psychiatric diagnosis 7 (8.1)
PLM® index >15 4 (47)
Mild OSA: 4 < AHI <I5 2 (23)

Note: *The total number of periodic leg movements per hour of total sleep time.

awakenings per hour of NREM sleep. This difference
would result in a total amount of four to five awakenings
during a regular night, assuming eight hours of sleep with
75% NREM sleep.

The Effect of Age, Sex and TST on
Survival Parameters

Age was a statistically significant confounder for none of
the survival parameters (Table 3). Sex was a statistically
significant confounder for the NREM scale parameter
(Table 3). Males had higher NREM hazard rates com-
pared to females. When assessing the NREM scale para-
meters separately in the insomnia patients and the healthy
controls, we found that males had a significantly higher
NREM hazard rate in both groups (Insomnia t=3.3,
p=0.002; Healthy controls t=4.2, p<0.001). TST was
a statistically significant confounder for none of the
parameters.

Model Evaluation and Sensitivity Analysis

Residual diagnostics for the models for NREM and REM
sleep survival dynamics did not indicate any violation of
the model assumptions. Evaluating the model for the wake
shape parameter indicated the presence of relatively large
studentized residuals, which were not normally distributed.
These large residuals were found only in young people
between 18 and 28 years old from the control group, who
seemed to have shorter awakenings than expected based
on their age and sex. We performed a sensitivity analysis,
including only participants older than 29. This approach
yielded a sample size of 76 people with insomnia and 51
healthy controls. In this sensitivity analysis (Table 4), no
significant effects were found. The signs of the coefficients
were the same as those reported in Table 3.

Correlations Between Survival
Parameters and Subjective Sleep

Complaints

Within the insomnia group, we did not find a significant
correlation between the NREM scale parameter and the
wake scale parameter (Figure 2A; Spearman rho=—0.001,
p=0.99). We also did not find a significant correlation
between the NREM scale parameter and the wake shape
parameter (Figure 2B; Spearman rho=0.05, p=0.63). When
assessing the correlation between the NREM sleep frag-
mentation and sleep quality, we did not find a significant
correlation between ISI and the NREM scale parameter
(Figure 2C; Pearson corr=—0.06, p=0.57). Additionally, no
correlation was found between subjective TST and the
NREM scale parameter (Figure 2D; Spearman rho=
—=0.21, p=0.006).
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Discussion
Sleep fragmentation is a potential mechanism underlying
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impaired sleep quality in people with insomnia, with mul-
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tiple dimensions. To study sleep fragmentation in more
detail, we assessed both sleep and wake survival dynamics
in patients with insomnia and healthy controls. We found
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that people with insomnia had a decreased stability of
NREM sleep compared to controls. In contrast, dynamics
of REM sleep did not differ between groups. Additionally,
altered wake dynamics were found in people with insom-
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people with insomnia indeed often underestimated their
total sleep duration. These findings further emphasize the

—0.46
0.64
0.8l

need to find other sleep parameters that could explain the

=—0.019
—0.24

Group*Age

B=—1.8

t
p
B
t
p

insomnia complaints of the patients. In our more specific

statistical analysis of sleep fragmentation, we corrected for
the effects of age, sex, TST and interaction effects. Taking

TST
(Hours)
Not
assessed
Not
assessed

the influence of TST into account for sleep survival para-

meters is important, because the number of awakenings

may vary over the night.>*> Additionally, correcting for

0.0098

age was of particular importance for this study, since the

0.20
0.84

Sex (Male/

Female)
X

t
p

participants were not age-matched. The limited amount of

information available on the topic of sleep and wake

1.9
0.054

fragmentation made it difficult to select relevant interac-

—0.080 | B

Age
(Years)
=—4.3
=-2.1

=0.040

B
t
P
B
t
P

tion effects based on prior knowledge. Therefore, we used

lasso penalized regression to make a first selection of
relevant parameters that can possibly explain the sleep
and wake survival parameters. The intention of using the
lasso algorithm was exploratory, to choose the variables

1.6
0.12
0.039

that could explain the survival parameters, and not to build

4.7

Group (Healthy/
B

t=1.

p

Insomnia)
B=0.13
2.1

t
p

a model that adequately predicts those parameters.

Evaluating the model diagnostics showed that our
approach of using a linear regression model was valid
for sleep survival parameters. For the wake survival para-
meters, sensitivity analysis indicated the possibility that
the effect of group was largely driven by a small number

32

of participants within the age range of 18 to 28 years. We

Intercept, Adjusted

R-Squared

R2=0.07
=0.86
R2=0.07

B

B=

observed that several young people in the healthy control

group had very short average wake lengths and a small
percentage of longer awakenings. It is possible that these

scale, £
shape

Wake
Wake

Table 4. Results of Sensitivity Analysis of Wake Parameters, Including Only Participants Older Than 29

Notes: Asterisks (*) indicate interaction effects. For wake survival parameters, we did not incorporate TST in the analysis.
Abbreviations: B, unstandardized effect size; X, parameter for which the lasso algorithm determined a coefficient of zero.

participants were college students, who may have been
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Figure 2 Correlations between survival parameters and subjective sleep.
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sleep deprived because of different sleep habits compared
to the other people in the study sample. However, we did
not find signs of rebound sleep, such as high percentages
of slow wave sleep, in their PSG recordings. Another
possibility is that the effect of age on the wake survival
parameters was not linear. When only analyzing partici-
pants older than 29, the predicting effect of group on the
wake shape parameter was no longer significant, even
though the sample size was still sufficiently large.
Evaluation showed that a linear model was a valid choice
for this subset of the dataset.

We did not find linear confounding effects for age on
any of the survival parameters. Earlier research reported
that older participants have higher hazard rates of NREM
sleep compared to younger participants.® Therefore, we
would have expected an effect of age for NREM sleep. It
is possible that the interaction effect age*TST and the
effect of TST partly accounted for the effect of age,

since older people usually sleep shorter. Alternatively, it
is possible that we did not find an effect because of the
relatively low percentage of elderly people in the dataset.
For example, only nine participants were older than 65.
Additionally, our model results indicated that men had less
stable NREM sleep compared to women. Although women
have an increased risk of developing insomnia and report

more sleep problems,*®?’

the finding that women objec-
tively sleep better than men is commonly described in the
literature.>” Women were reported to have a lower sleep
efficiency,’® less WASO,>® a lower percentage of
SWS,”’40 and a lower arousal index.*® Finally, we did
not find linear confounding effects for TST on the survival
parameters, implying that sleep fragmentation did not lar-
gely change over the course of the night.

In this analysis, we chose to incorporate age, sex, TST
and interaction effects as confounding factors in a lasso
penalized linear model. For age and sex, matching would

Nature and Science of Sleep 2021:13

submit your manuscript

357

Dove


http://www.dovepress.com
http://www.dovepress.com

Hermans et al

Dove

present an alternative solution. Our main problem was that
the available insomnia dataset contained only a small per-
centage of younger participants. However, since insomnia
is more prevalent in older people, we consider our dataset
as a good representation of the general insomnia popula-
tion. Moreover, younger people with insomnia may have
different
insomnia.*' More research into the effect of age on wake

profiles compared to older people with
survival parameters is needed.

Survival analysis has important advantages and disad-
vantages. As an important caveat, this type of analysis is
very sensitive to sleep staging differences between experts.
We sometimes observe differences between scorers
regarding the number of awakenings, possibly because
scorers have different sensitivity to events during sleep
that may lead to scoring an epoch as wake, such as alpha
activity and eye movements. Such a difference can even be
observed in the presence of a very high general agreement
between scorers. A small difference in the number of 30s-
awakenings scored during sleep can already greatly affect
the average segment length. Therefore, in this study, the
PSGs of both the insomnia patients and the healthy con-
trols were scored or rescored by one and the same expert.
Unfortunately, manual sleep staging is time-consuming,
and thus the need to rescore all sleep recordings limits
the availability of sleep recordings for statistical analysis.
For research using sleep recordings from multiple scorers,
we would strongly recommend to specifically assess the
inter-scorer reliability of the number of awakenings.

There are different methods to compare survival curves
between groups of participants. We chose to use the
Weibull distribution to represent survival dynamics for
each participant rather than pooling the sleep and wake
fragments of all participants together, because the latter
approach would not take into account the effect of cluster-
ing within participants.?® Additionally, when pooling all
fragments together, participants with many short fragments
would influence the pooled survival dynamics more than
participants with few longer fragments. However, this
approach may introduce additional uncertainty in the
results due to the estimation of the parameters.
Moreover, in a few participants, we were not able to
calculate the Weibull parameters due to a limited amount
of either REM sleep or wake segments. Nonetheless, in
our opinion, the advantage of not pooling the data out-
weighs the limitations of this approach. Furthermore, para-
meterization of the survival curves allows for the use of
a linear model to correct for possible confounders, which

is an important additional advantage. It has been shown
that a mono-exponential distribution, which involves cal-
culating the average of the segment length, is a good
representation of sleep survival dynamics.'” We chose to
use the Weibull distribution instead because of its ability to
model exponential distributions and its increased flexibil-
ity. By allowing different types of shape parameters, we
took possible dependencies into account between the time
slept and the probability to wake up/fall asleep again.

As illustrated by our results, survival analysis can be
very useful for disentangling different types of sleep frag-
mentation. For instance, the current findings suggest that
people with insomnia have fragmented NREM sleep, but
not necessarily fragmented REM sleep. We also separately
analyzed sleep fragmentation and dynamics of wake frag-
ments. Since a normal night of sleep mainly contains short
awakenings, we would expect that the stability of wake, ie,
the length of the awakenings, has more influence on the
total amount of WASO than the stability of sleep, ie, the
number of awakenings. Therefore, we can consider sleep
stability as an aspect as sleep quality, while the stability of
wake after sleep onset is strongly connected to sleep
quantity. Long awakenings could be an important charac-
teristic of people with an objective short sleep duration,
a subtype of insomnia discovered by Vgontzas et al.** In
our dataset, less than one-third of the insomnia patients
had a sleep duration shorter than six hours, indicating that
large sleep quantity problems were only present in
a subgroup. This could explain why no differences of
wake survival parameters were found on the group level
in patients older than 29. Moreover, the absence of
a correlation between NREM sleep and wake survival
parameters in our insomnia group suggests that people
with many awakenings during NREM sleep, do not neces-
sarily have long awakenings. Therefore, separate assess-
ment of sleep and wake survival mechanisms is important.

This study has some limitations. First, the participants
only spent one night in the sleep laboratory, and no data
about sleep habits or sleep durations prior to the measure-
ment night was available. Therefore, we cannot determine
how representative the first night in the sleep laboratory
was for the normal sleep pattern of the participants.
Research into the validity of sleep laboratory investiga-
tions shows that sleep characteristics of people with pri-
mary insomnia and healthy controls did not differ with
respect to the first night effect.*® Therefore, the first-night
effect on the comparison of the survival parameters
between group was probably limited. Still, for a fully

submit your manuscript

358

Dove

Nature and Science of Sleep 2021:13


http://www.dovepress.com
http://www.dovepress.com

Dove

Hermans et al

representative insight into daily sleep patterns of people
with insomnia, future studies obtaining ambulatory sleep
recordings in combination with behavioral data would be
needed. As a second limitation, we only used sleep stage
information as input data for the survival analysis and did
not incorporate arousals. This can explain why our results
on REM sleep are not consistent with earlier research,
with
a combined index of awakenings and arousals compared

where people insomnia scored higher on
to good sleepers.**

From the current findings, we concluded that fragmen-
ted NREM sleep may be an important mechanisms of
impaired sleep quality in people with insomnia. This phe-
nomenon requires additional examination. For instance,
further research should address whether increased NREM
sleep fragmentation is present in all patients with insomnia
or only in a subgroup. The heterogeneity of the insomnia
group in terms of insomnia severity and subjective and
objective sleep parameters, together with the absence of
a correlation between subjective sleep quality and NREM
sleep fragmentation suggest that different mechanisms of
impaired sleep quality could be present in different
patients. As such, sleep fragmentation is potentially
a valuable parameter for subtyping patients with insomnia
and identifying different sleep mechanisms. Additionally,
currently, it is not known what exactly causes sleep frag-
mentation, how much it varies over different nights of
sleep, and if improvement can be observed after cognitive
behavioral therapy for insomnia (CBT-I). Learning more
about fragmentation of NREM sleep can possibly lead to
a better understanding of impaired sleep quality in people
with insomnia, and consequently to improved treatment.
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