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Abstract
Introduction
Patients with bipolar disorder suffer from sleep disturbances both during, as well as 
prior to a mood episode. Still, sleep disturbances implicated in the transition to a mood 
episode have not been formally assessed using objective sleep measurements. This 
study aims to understand the temporal relation between sleep disturbances and mood 
symptoms in the transition to a mood episode.

Methods
Thirteen patients with bipolar disorder were studied for 180 days with continuous ac-
tigraphy and a daily mood diary and a weekly validated mood questionnaire, of which 
eight were suitable for analysis. Sleep measures were calculated from actigraphy. From 
the daily measures mean shifts and sudden peaks were obtained and plotted together 
to understand the temporal relation. To find the direct interplay between mood and 
sleep items, the week around the start of a mood episode is specifically studied.

Results
In two of the eight patients, the mean shift in mood symptoms was preceded by either 
a mean shift or a sudden peak in sleep symptoms. Closer analysis showed that the 
start of a depressive episode preceded sleep disturbances by 1.5 days (for sleep mean 
shifts) and 4.0 days (for sudden peaks in sleep variables), while sleep disturbances 
(both mean shifts and sudden peaks) preceded the start of a manic episode by respec-
tively 2.4 days and 0.3 days.

Discussion
With a novel method, we showed that in almost all patients sleep disturbances are hap-
pening at the same time as the start of a mood episode. Studying the exact order with 
this method we conclude that the start of a depressive episode precedes sleep distur-
bances, while the start of a manic episode is preceded by sleep disturbances.
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Introduction
According to the Global Burden of Disease, bipolar disorder is one of the top causes of 
disability worldwide (1). Bipolar disorder is a chronic psychiatric disorder characterized 
by episodes of mood symptoms, ranging from depressive episodes to manic episodes 
(2). The course of the disease differs for every patient and the main treatment focus is 
preventing new mood episodes, especially as patients with more mood episodes ex-
perience a worse course of the disorder with more harmful consequences of the dis-
ease in daily life (3,4). Psycho-education, alongside pharmacological treatments, aims 
to decrease the number and the severity of episodes through finding early markers of 
an upcoming mood change. For instance, an action plan, such as the wellness recovery 
action plan, enables a patient to acknowledge changes in their own behavior and mood 
(5,6). However, patients and clinicians lack objective markers to signal upcoming mood 
episodes. A possible objectively assessable marker of an upcoming manic or depres-
sive episode might be disturbances of the sleep/wake rhythm.

Sleep alterations are clearly implicated in bipolar disorder, being one of the diagnostic 
criteria for both depressive and manic episodes (2,7). Sleep disturbances are also shown 
in the euthymic phase of the disease, the period where patients show no severe mood 
symptoms (8). Furthermore, Takaesu et al. showed in a sample of 104 patients with bipo-
lar disorder that patients with circadian rhythm sleep wake disorders had a shorter time 
to relapse (9). A more direct relationship between sleep and mood symptoms has been 
shown in patients with bipolar disorder as well. When patients are asked what preceded 
their onset of a mood episode, a median of 77% of the patients reported sleep distur-
bances as an early symptom of a manic episode, making it the most prominent prodrome 
(early symptom of a disorder) for manic problems (10). In contrast, 24% of the patients 
reported sleep disturbances as a prodrome for a depressed episode. In a study using 
sleep measures, obtained from a sleep diary, a mood change was preceded by a change 
in sleep and or bedrest duration the night before the change in mood (11). Objectively 
sleep has been implied as a potential marker for change in mood in patients with bipolar 
disorder, however this was in the late 70s and early 80s of the previous century (12,13). 
These studies show sleep disturbances and mood changes happen at about the same 
time, although their relation, and the exact order, in the transition to a mood episode is 
still unknown. To examine whether sleep disturbances precede the start of a depressive 
or manic episode, objective and non-invasive measurement of sleep and frequent mood 
assessment in daily life are needed. Furthermore, in order to be able to register a mood 
episode, patients with bipolar disorder should be monitored for a long term.

A non-invasive way to study sleep objectively is using a wrist-worn device, a so called 
actiwatch, measuring activity over the day and night (14,15). Actigraphy is validated 
with the golden standard of sleep, polysomnography, in bipolar disorder and is proven 
to be a cost-effective method to assess sleep in patients in their everyday life (16). We 
showed in a case report that sleep as measured with actigraphy, combined with the 
patients’ own experiences, could be useful in preventing clinical relapses, as a clear 
later sleep onset, and a shorter sleep duration was seen (17). This method of studying 
patient behaviour in real time and in their own setting, is called ecological momentary 
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assessment (EMA) and provides a unique opportunity to study the link between sleep 
and mood problems when combined with a mood diary (18). To study the temporal or-
der of sleep and mood disturbances in patients with bipolar disorder we studied 13 pa-
tients for 180 days, using both subjective mood ratings and objective sleep measures. 
We will study both sudden peaks in sleep measures (for example, one extreme short 
sleep duration) and mean shifts in both sleep and mood items. We expect to find more 
abrupt changes in sleep preceding a manic episode and no abrupt changes in sleep 
preceding a depressive episode (11).

Material and methods
Patients
Patients with bipolar disorder were recruited from the outpatient clinic of the Univer-
sity Center Psychiatry of the University Medical Center Groningen. The treating psychi-
atrist informed the patient about the study and asked if he or she could be approached 
for the study. If so, patients were called by the investigator and after a phone screening 
to exclude for obstacles regarding wearing an actigraph or filling in a mood diary daily 
for 180 days, they were invited for the baseline interview in the hospital. Furthermore, 
patients were recruited from the Dutch patient society (Vereniging voor Manisch De-
pressieven en Betrokkenen). 

Inclusion criteria were bipolar disorder type I, and the motivation to participate in such 
a long-term protocol. Exclusion criteria were somatic diseases which could hamper ac-
tigraphy measures, and somatic sleep disorders (such as sleep apnea). Bipolar disorder 
type I and comorbid psychiatric disorders were confirmed using the Mini-Internation-
al Neuropsychiatric Interview (MINI) (19). Chronotype was assessed using the Munich 
Chronotype Questionnaire (20). All patients gave written informed consent and the 
medical ethical committee of the University Medical Center Groningen waived the ne-
cessity to review the study due to its non-invasive nature and as it is an extension of 
care as usual. All procedures were in accordance with the declaration of Helsinki. Fif-
teen patients provided informed consent for the study, of which one (participant #14) 
dropped out during the study for personal reasons. Data from one participant (partici-
pant #5) showed to be largely incomplete after the study and were excluded from the 
analysis as well. In total data from 13 patients were suitable prior to the analyses.

Data acquisition
Sociodemographic variables were assessed using a questionnaire, where health prob-
lems, recent doctor visits and medication use were noted as well. Patients were mea-
sured for 180 consecutive days. All daily and weekly data were assessed online, with 
the patient receiving a text or an email notification that the diary is available to fill in.

Sleep
Patients were instructed to wear the Motionwatch 8 (CamNtech), a light weight, water-proof 
accelerometer, continuously, only taking it off when absolutely necessary, for instance 
during a sauna visit. Patients completed an electronic sleep diary daily in the morning re-
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porting when they turned the lights off the evening before, when they tried to fall asleep 
and how many minutes it took to fall asleep. They also reported at what time they got up 
and how they rated their own night. Sleep variables were calculated from the actigraphy 
data, using our own developed script in R. The script for the analysis can be retrieved from 
https://github.com/compsy/ACTman/ (21,22). The functionality of the script is to select a 
rest period where sleep is possible using the sleep log. From the activity during that period 
likely wake bouts are calculated. After the rest period was defined, the sleep algorithm was 
used to calculate sleep duration, timing of sleep onset, timing of sleep offset, sleep onset 
latency, sleep efficiency (i.e. minutes asleep divided by minutes in bed), wake after sleep 
onset (WASO). As a marker of circadian misalignment the composite phase delay is comput-
ed, which is the distance of the midpoint of sleep of the current night to the past night and 
to the ideal midpoint of sleep based on the chronotype of a subject (23).

Mood 
In the evening patients filled in daily the electronic Life-Chart (LC-self), reporting their 
mood on a VAS scale from ‘depressed’ (0) to ‘manic’ (100) (24). On the LC-self they also 
reported medication use, alcohol and drug use and reported important life events. Fur-
thermore, they filled in a set of questions daily on a VAS scale ranging from ‘Not at all’ 
to ‘Totally’. Such questions included “I feel down”, “I feel excited” and “I feel satisfied”, 
a full list of items can be found in table S1. These questions were selected by three 
people and aimed to reflect day to day fluctuations in bipolar disorder. Ten questions 
were mandatory to fill in, covering both an elevated and a decreased mood. Patients 
could select three additional ‘manic’ items, and two additional ‘depressed’ items, and 
they could provide one question themselves as well.

Manic and depressive episodes
Manic and depressive episodes were defined using validated questionnaires. On a week-
ly basis patients completed the Inventory of Depressive Symptomatology – Self Rating 
(IDS-SR) and the Altman Self Rating Scale for Manic symptoms (ASRM) (25,26). For a 
manic episode, patients had to score above 5 points on the Altman Self Rating scale for 
Manic symptoms (ASRM) on two consecutive weeks, making sure there was at least one 
full week of manic symptoms (26). Furthermore, patients had to report on the Life-Chart 
above the midline at least 75% of the time. For a depressed episode, patients had to 
score above 25 points on the IDS-SR on at least 3 consecutive weeks, resulting in at least 
two full consecutive weeks of symptoms. They also had to report their daily mood below 
the midline at least 75% of the time. Selection of the episodes was performed by two 
independent raters (first and last author) and discrepancies were discussed.

Data analysis
Finding disruptions in the symptoms
Sudden peaks in sleep and mood were defined as extreme outliers and quantified using 
a method known as a process control chart (27), which has been used before to detect 
special-cause variation in health care management (28). First, a stable period before 
the manic or depressive episode was selected in order to define the outliers. Stable 
periods were defined as five consecutive weeks of no manic or depressive symptoms 
and a lower variability on the Life-Chart compared to the full 180 days. This five-week 
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period was selected to reflect 35 days, which is similar to a previously found ideal pe-
riod to detect special-cause variation (29). The stable periods were selected as early as 
possible in the data, and had to end at least two weeks before the onset of an episode. 
All selections were done by two independent raters, and discrepancies were discussed. 
When conforming to all the rules was not possible, for instance due to too many mood 
symptoms in the stable period, the most ideal stable period was selected. Of the 11 
patients with a mood episode, three experienced a mood episode, following the defi-
nition above, during the selected ‘stable’ period, and were therefor excluded from the 
analysis (two depressed, one manic). This resulted in eight patients which were suitable 
for analysis. Using data of the stable period, we computed the mean of each variable of 
interest and included upper and lower limits which consist of three times the standard 
deviation of that variable during the stable period. Whenever a variable scored out of 
these limits, this was marked as an outlier (fig 1A). 

To detect mean shifts in the sleep and mood variables, changepoint analysis was per-
formed using the strucchange package in R. This package determines the earliest mo-
ment on which a significant structural change in the time series can be detected (30). 
For every variables (both mood and sleep items) the change point and confidence in-
tervals around the change point were estimated using the sequential F-test from the 
strucchange package in R (30,31), requiring a minimal segment size of 7 days (fig 1B). 
The period from the start of the stable date up until the end of the episode period was 
used for the changepoint analysis.

Figure 1. Example of detection of mean shifts and extreme values based on raw data 

Note: Panel A shows the outlier analysis, where the dashed lines show the upper and lower limit as calcu-
lated by 3 times the standard deviation of the variable in the stable period (marked as yellow). Point above 
or below those limits are marked red and transferred to the final plot (C). Panel B shows the change point 
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detection, where the black dashed horizontal lines show the mean of that the variable during that period, 
the vertical black dashed lines and the red and blue dot show the change points, and the horizontal blue and 
red lines represent the confidence intervals.  Change points and confidence intervals are transferred to the 
image in panel C, which shows an example of how the CPs (points with confidence intervals) and outliers 
(triangles) are plotted together. The size of the triangle is based on how much the extreme value deviates 
from the mean.

Testing the temporal order
All outliers from the process control chart method and change points (CPs) from the 
change points analysis were exported and plotted over time for the analysis (fig 1C). 
This process was repeated for all variables, resulting in one large CP/outlier plot (figure 
2). First, the timing of the start of an episode was determined based on the change 
points in the mood variables. For every patient, we selected all CPs in the transition 
period preceding a mood episode (i.e., the period between the stable period and the 
mood episode) and counted the number of CPs that were a maximum of 7 days apart 
and of which the confidence intervals were overlapping. If multiple CPs on the same 
items were found, the cluster of mood items with the largest number of CPs in the same 
period closest to the episode, was defined to be the start of the mood episode. 

Second, the occurrence of CPs and outliers in sleep items 7 days around the start of the 
mood episode were studied. If the CPs (with confidence interval) or outliers in sleep 
were not overlapping with the start of the mood episode (i.e. falling within the confi-
dence interval of one of the CPs in the mood cluster) change in these variables was re-
ported to occur as ‘before’ the start in the mood episode. If the sleep items were over-
lapping, it was reported as occurring ‘simultaneously’ with the start of a mood episode. 
To further understand the direct interplay between mood CPs and sleep variables, the 
distances in days between the average sleep CPs, sleep outliers and average mood CPs 
indicating the start of a mood episode were calculated and analyzed between type of 
episode between the patients. See figure 2 for a graphic explanation of this process.

Results
Group characteristics
Eight patients were suitable for analyses, aged between 31 and 67 years, of which seven 
women and one man. Further characteristics of the patients can be found in table 1. The 
weekly scores, together with the highlighted selection of stable and episode periods for 
all individuals can be found in the supplementary information (fig S1-S8). Of the eight 
patients with a mood episode, three experienced a manic episode and five a depressive 
episode. Figure 1 shows the data of one participant to illustrate how we approached the 
analysis (plots of the other patients are included in the supplementary information).
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Figure 2. The selection of mean shifts and extreme values in one patient.

Note: First, the cluster of mood variables which constitute the switch to a mood episode were selected (as-
terisks). Next, the outer confidence interval of these selected variables was used to determine whether sleep 
symptoms preceded or followed on the mood symptoms (dotted line). In this case, the sleep disturbances (both 
changepoint and outliers) were all within in the confidence interval of the mean shifts in mood (red oval).

Chapter 7: The temporal order of sleep disturbances and mood changes before the transition to a mood episode in bipolar disorder
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 Table 1. Characteristics of the study patients.

Table 2.  The temporal order of mean shifts and extreme values in mood and sleep. 

 

*points were found more than 7 days away from the change in mood, but were within 14 days of the change. 
D = depressive, M = manic, NA = not available. If the sleep measure preceded the mood changepoint an arrow 
is shown in the table, if the symptoms were found simultaneously an equal to sign is shown. The distance is 
calculated by looking at the distance of the points only in the week before and after the mean mood change-
point. If the distance in days is negative, the sleep measure preceded the mood mean shift, when positive it 
followed the mood mean shift.

→

→

→

→
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Do sleep disturbances occur before a mean shift in mood?
Table 2 shows whether sleep mean shifts and sudden peaks preceded or occurred si-
multaneous with the mood change point, based on the individual plots including the 
mean shifts and extreme values (see supplementary information).  We found in one 
subject (#011) that a mood mean shift was preceded by a mean shift in sleep variables 
(sleep offset and sleep duration) and in one subject (#001) that the mood mean shift 
was preceded by sleep sudden peaks (sleep efficiency and minutes awake after sleep 
onset) within 7 days. When the analyzed period was expanded to 14 days, the mood 
mean shift was preceded in three patients by a sudden peak in sleep variables. In other 
patients both mean shifts and sudden peaks in sleep variables were seen within the 
confidence intervals of the start of the episode.

What is the amount of time between sleep disturbances and 
the start of a mood episode?
Distances are calculated from the mood mean shift to both the sleep mean shift and the 
sleep sudden peak within a week of the mood mean shift and studied in all patients to-
gether. When we look at the calculated average differences in time between the sleep 
mean shift and mood mean shift for both types of episodes together, the sleep mean 
shift followed the mood mean shift by 0.2 days. Sleep sudden peaks followed the mood 
mean shift after on average 1.4 days. In the transition to depressive episodes the sleep 
mean shift followed the mood mean shift with 1.5 days and the sleep sudden peaks 
followed the mood mean shift by 4.0 days, in all depressive episodes analyzed. In the 
transition to a manic episode the sleep mean shift preceded the mood mean shift by 
2.4 days and sleep sudden peaks preceded the mood mean shift by 0.3 days, in all man-
ic episodes analyzed. Note that not all episodes follow the same order as the calculated 
average for all patients (table 2).

Zooming in on patient #011: what changes besides  
sleep disturbances?
We further studied the patients that showed a change in sleep before change in mood 
to examine whether there were other changes happening around the days that the 
sleep disturbances started. In patient #011, who showed a sleep mean shift before 
the mood mean shift, the weekly questionnaires show a peak in manic symptoms two 
weeks before the onset of the depressive episode. This can be traced back as well 
in the plot with the CPs and outliers, where the mean shifts linked to the depressive 
episode were clearly preceded by a lot of mean shifts in the opposite direction. For 
example, the score on “I feel down” first decreased, and at the start of the depressive 
episode it increased. The opposite happened with “I feel excited” and “I feel satis-
fied” with an increase first and later a decrease indicating the onset of the depressive 
episode. This shows that the depressive episode were preceded by manic symptoms. 
This also explains the decrease in sleep duration and earlier sleep offset which pre-
ceded the depressive episode, it could be that this was related to the manic symp-
toms the patient experienced.
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Zooming in on patient #001: what happened besides sudden 
peaks in sleep variables?
In patient #001, a peak in manic symptoms was found before the onset of the depres-
sive episode. However, not sufficient mood mean shifts were found in the CP/outlier 
plot. Two mean shifts which were found in that plot showed that the patient had an in-
crease in irritated (“I feel irritated”) and stressed feelings (“I feel stressed”). This might 
have resulted in the sudden peak in minutes awake after sleep onset and therefore the 
sleep efficiency. Studying the self-reported events which the patient wrote down in the 
Life Chart showed no particular activities or life events on the day of those mean shifts.

Discussion
In this paper, we set out to study the temporal order between sleep disturbances and mood 
symptoms in the transition from euthymia to a mood episode in patients with bipolar dis-
order. In the eight patients with a mood episode which were suitable for analysis, we found 
that only two out of eight patients showed sleep disturbances occurring significantly ear-
lier than the change in mood symptoms. The other six patients showed sleep disturbances 
occurring simultaneously with the mean shift in mood symptoms. However, when examin-
ing the mean time in days between mean shifts and sudden peaks in mood and sleep, we 
found that sleep disturbances in the transition to a depressive episode were following the 
changes in mood (on average 1.5 days later for mean shifts and 4.0 days later for sudden 
peaks), while sleep disturbances in transition to a manic episode preceded the change in 
mood (on average 2.4 days for mean shifts and 0.3 days for sudden peaks).

When studying the transition to manic episodes specifically, it seems that especially in 
the sudden peaks in the sleep timing parameters are involved (sleep onset, offset and 
duration). We only found this using the less restrictive method, as the disturbances are 
very close to the mood change, which results in overlapping confidence intervals. This 
is in line with the literature, where only one shorter night of sleep can result in more 
manic symptoms (11,12). Specifically the study by Bauer et al., showed that sleep dura-
tion was significantly decreased according to the sleep diary the night prior to a mood 
shift in the manic direction (11).

Studying the transition to a depressive episode specifically we see that the sleep distur-
bances are in the same period and sometimes later than the change in mood. This is in 
line with what can be expected from the literature, as a much smaller percentage of the 
patients report sleep disturbances as a possible prodrome for a depressive episode (10). 

To study the temporal relation, we developed a new method based on existing methods 
in statistical process control. We combined the process control chart, developed to find 
outliers, or sudden peaks, in a process, with a change point analysis, which is developed 
to find changes in the distribution, such as mean shifts in a variable. To our knowledge, 
we are the first to use a process control chart method to select sudden peaks of interest 
in studying sleep and mood. One earlier study by Rosenfield et al. showed that change 
point analysis might be useful to detect cardio-respiratory changes prior to panic attacks, 
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showing it might be useful in psychiatry (32). In the current study, both methods are com-
bined in one large plot, in which the temporal relation was studied. Different techniques 
can be used to obtain mean shifts in the data. Some methods not only use a change dis-
tribution of the mean score, but also in variance. We tested the strucchange breakpoints 
method against a more robust analysis with the ECP package in R, and change points were 
found on the same dates (analysis not included) (30,31,33). As strucchange is currently the 
only method which also reports confidence intervals, this method was chosen for the anal-
ysis, as this resulted in more strict results. With this method, we show that it is possible to 
study the association between mood symptoms and sleep disturbances on an individual 
level. When we zoomed in on individual patients, it seems that information is lost when 
looking solely at the days on which the change in mood happens. This discrepancy shows 
our method might be an interesting add-on for the current clinical practice, where patients 
keep track of their symptoms together with their treating physician. 

Our results indicate sleep disturbances might precede the transition to a mood episode, 
specifically manic episodes. This indicates that sleep disturbances might be a useful early 
warning signal to prevent further mood disturbances (17). A next step would be to look at 
the sleep variables from our analysis to see if we could actually predict a mood episode, 
without having any prior knowledge on when the mood episode would happen. This is 
especially interesting since commercial activity trackers become more advanced and more 
readily available, there is a great opportunity in analyzing ambulatory rest-activity rhythms 
and their relation to mood (34). Specifically in patients with bipolar disorder this is prom-
ising, as patients show an interest in a wide range of applications for self-management of 
their disease (35).

This study is, to our knowledge, the first studying objectively assessed sleep variables spe-
cifically in the transition to a mood episode. Although patients have been studied in the 
clinic for a longer time, studying patients in their own daily life with objective measures, 
without any restrictions, has never been done before. However, there are some limitations 
to this paper. Most notably is the small sample size with only eight patients suitable for 
analysis. This resulted in only 5 depressive episodes and 3 manic episodes to be analyzed. 
Although there a no other studies with this type of data, the generalizability of our findings 
is hampered by this number. Another limitation is the fact that we mainly studied sleep 
variables, while it is also possible to calculate circadian rhythm variables from actigraphy 
data. As changes in the rhythm might be an interesting early warning signal itself as well, 
this might be a promising extension of this current work (9,36). Although circadian rhythm 
regulation might be interesting to study, the methods we used are specifically suitable for 
variables assessed on a daily basis and the circadian rhythm variables are typically calcu-
lated over a period of at least a week (37). In order to still retain some circadian rhythmicity 
variables in the data, a variable which can be calculated on a daily basis, the composite 
phase delay was computed and used in the analyses as well (38).

In conclusion, we showed a novel method to study the temporal order of changes in 
symptomatology related to mood episodes and showed that patients suffer from sleep 
disturbances in the two to three days prior to the mood change in the transition to a 
manic episode, while this is not the case in the transition to a depressive episode.

Chapter 7: The temporal order of sleep disturbances and mood changes before the transition to a mood episode in bipolar disorder
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Supplementals
Table S1. VAS items, both obligatory to report and other possible items patients could choose.

 

* Patients were allowed to pick maximum three items 
** Patients were allowed to pick two items
*** Patients were allowed to set their own item
 

“Own factor”
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Chapter 7: The temporal order of sleep disturbances and mood changes before the transition to a mood episode in bipolar disorder

 
Figure S1. Weekly scores and CP / outlier plot of subject #001 
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Figure S2. Weekly scores and CP / outlier plot of subject #002
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Figure S3. Weekly scores and CP / outlier plot of subject #003
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Figure S4. Weekly scores and CP / outlier plot of subject #004
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Figure S5. Weekly scores and CP / outlier plot of subject #008
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Figure S6. Weekly scores and CP / outlier plot of subject #009
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Figure S7. Weekly scores and CP / outlier plot of subject #011
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Figure S8. Weekly scores and CP / outlier plot of subject #015
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