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Abstract
Many physiological signals in healthy systems show fractal fluctuations characterized 
by similar temporal structures at different time scales. The loss of the fractal pattern 
is associated with pathological conditions. To test whether fractal patterns in motor 
activity are altered in patients with bipolar disorder, we first analyzed 14-day actigra-
phy data collected from 106 patients with bipolar disorder type I in euthymic state, 73 
unaffected siblings, and 76 controls. Compared to controls, bipolar patients showed 
altered fractal patterns with excessive regularity in fluctuations at small time-scales 
(<90 min), quantified by a larger scaling exponent (α1). The value of α1>1 indicates a 
more rigid motor control system. In the siblings, α1 lay between that of patients and 
controls. Further examinations revealed that group differences in α1 were only ob-
served in females (not in males). Sex also affected the group differences in fractal pat-
terns at larger time scales, i.e., female patients and siblings had more random activity 
fluctuations at >2h as quantified by a smaller scaling exponent (α2<1) as compared to 
female controls; and male patients showed an increased α2 as compared to male con-
trols. Second, to examine the link between altered fractal patterns and symptoms, we 
analyzed 180-day synchronized actigraphy and mood symptom data of 14 bipolar pa-
tients. Interestingly, the depression score during one week was associated with a lower 
α1 during the subsequent week. Our results show sex- and scale-dependent alterations 
in fractal activity regulation in patients with bipolar disorder. The mechanisms under-
lying the alterations are yet to be determined. 
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Introduction
Bipolar disorder is one of the leading causes of disability worldwide (1). Patients with 
bipolar disorder experience characteristic episodes of mood symptoms, ranging from 
depressive episodes to manic episodes (2). With a delay of 5-10 years between illness 
onset and diagnosis, finding diagnostic markers to allow earlier therapeutic interven-
tions is one of the key challenges in bipolar disorder (3,4). Ideally, these diagnostic 
markers are non-invasive, reliable and cost-efficient. 

Many physiological signals, such as motor activity, show complex fluctuations with sim-
ilar temporal structures at different time scales (5). These patterns, called fractal fluctu-
ations, are robust in healthy human biology, but are altered under physiological distur-
bances and in diseases (6). For instance, fractal patterns are perturbed with ageing and in 
Alzheimer’s disease (7,8). It is believed that fractal patterns represent the integrity and 
adaptability of biological systems, i.e., maintaining the internal stability while being able 
to respond to changes from external influences. Thus, fractal patterns are accepted as a 
biomarker for healthy biology.  

Recent studies have provided evidence for the role of the circadian control system in 
fractal regulation. An example is the breakdown of fractal patterns in rodent motor 
activity following the lesioning of the suprachiasmatic nucleus (SCN)—the master cir-
cadian clock located in the hypothalamus responsible for the coordination of circadian 
rhythms in various physiological processes (9,10). Importantly, fractal activity patterns 
appear to be more sensitive to the neuronal changes in the SCN as compared to the 
traditional circadian measures estimated by daily rhythms (7). As the link between the 
dysfunctioning circadian timing system and bipolar disorder has been shown, fractal 
patterns may serve as a promising route for a diagnostic biomarker of bipolar disorder 
(11). In the current study, we test the hypothesis that bipolar patients have altered frac-
tal regulation compared to healthy controls, and that unaffected siblings of the bipolar 
patients share a milder alteration. Furthermore, to study whether this is a state or trait 
effect, we examined the relationship between fractal regulation and daily mood in a 
small group of patients followed over 180 days.

Methods
Participants
Two different samples were used for the analyses.

Cross-sectional sample
For the analysis in the euthymic sample, participants were included from the Dutch 
Bipolar Cohort (DBC) study, a collaboration between the University Medical Center 
Utrecht, University Medical Center Groningen, various other mental health care provid-
ers in the Netherlands and the University of California, Los Angeles. The DBC study is 
developed to investigate genetic and (endo)phenotypic vulnerability factors for bipolar 
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disorder. The medical ethical committees of the three University Medical centers approved 
the study and their follow-up studies and the studies were in accordance to the Declaration 
of Helsinki. The DBC study consisted of a baseline study and several follow-up studies, 
including an actigraphy study to investigate the circadian rhythm and sleep disturbances 
in patients with bipolar disorder. All participants had a minimum age of 18, and did not 
suffer from major self-reported somatic illness or pregnancy. Inclusion criteria for patients 
was a bipolar type I diagnosis, which was verified using the Structural Clinical Interview for 
DSM-IV (SCID-I) (12). For further selection procedures and dropout rates, see Verkooijen 
et al.(13) Participants with valid actigraphy and sleep diary data for at least 8 days were 
included in the analysis. Non-wear periods, that were documented in the sleep diary, were 
excluded from the analysis. For the analysis data from 106 patients, 73 unaffected siblings 
and 76 control participants were included. Medication use of the patients was checked and 
mood stabilizer (lithium, carbamazepine, lamotrigine or valproate acid) was noted.

Longitudinal sample
Participants for the longitudinal sample were from the Sleep-Wake patterns In The CHange 
of mood in Bipolar Disorder (SWITCH-BD) study. This protocol was designed to study the 
temporal relation between sleep, circadian rhythm and mood changes in a naturalistic set-
ting. Patients were recruited from the outpatient clinic of the University Center for Psychi-
atry of the University Medical Center Groningen and through a newsletter in the patient 
society for manic depressive illness. Patients came to the hospital 5 times, the first time for 
a baseline interview with the Mini-International Neuropsychiatric Interview (MINI) (14) and 
to receive instructions about the actiwatch and the online diaries. The other times were to 
read out the actiwatch, change the battery and to make sure everything was clear for the 
participants. Patients were followed for 180 days with actigraphy, a sleep diary filled out 
in the morning and a mood diary filled out in the evening, consisting of question on affect, 
agitation and energy on a visual analog scale. Furthermore patients received two validated 
questionnaires every week to fill out to assess mood status: the Inventory for Depressive 
Symptomatology (Self-Report) (IDS-SR) (15) and the Altman Self-Rating Scale for Mania 
(ASRM) (16). Ten patients were included over a winter period (starting in September/Octo-
ber) and 5 patients were included over a summer period (starting in April-June). One patient 
dropped out due to the large time burden of the study. To study differences between a mood 
episode period and a euthymic period, mood episodes were selected. Mood episodes were 
assessed using the validated weekly questionnaires combined with the Lifechart method 
(LC-self) (15–17). For a manic episode, a patient had to score above 5 on the ASRM on two 
consecutive weeks, making sure there was at least one full week of manic symptoms (16). 
Furthermore, patients had to report their daily mood above the midline on the life chart for 
at least 75% of the time. For a depressed episode, a patient had to score above 26 on the 
IDS-SR on at least 3 consecutive weeks, resulting in at least 2 consecutive weeks of symp-
toms. This is one week longer than the strict DSM-IV diagnosis (2 weeks for a depression and 
1 week for a mania), to be sure at least two (or one for manic) full weeks the symptoms were 
present. They also had to report their daily mood below the midline on the life chart for at 
least 75% of the time. Stable euthymic episodes were defined as 5 consecutive weeks of 
no manic or depressive symptoms and a lower variability on the life chart compared to the 
full 180 days, as seen by the standard deviation. Episode according to these criteria were 
selected by two independent raters and any discrepancies were discussed.

Chapter 8: Fractal biomarker of activity in patients with bipolar disorder
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Data acquisition
Motor activity data were collected using triaxial actigraphy, using Actiwatch 2 (Philips 
Respironics) for the euthymic sample and the Motionwatch 8 (CamNTech) for the longi-
tudinal sample. Activity counts were stored every minute. Sleep data was collected by 
use of a sleep diary. 

Fractal analysis
As only data of periods of wakefulness were used for the fractal analysis all sleep data was 
excluded. This was done with a rigorous method, as not all diaries were filled in complete-
ly. For every participant, both in the cross-sectional and longitudinal study, the mean of 
the bedtime and the get-up time was calculated. For the bedtime, subject specifically, two 
times the standard deviation of the mean was subtracted to minimize the inclusion of any 
sleep in the analysis. Similarly, for the get-up time two times the standard deviation of the 
mean was added to the mean got-up time to minimize the inclusion of sleep.

To assess fractal patterns in motor activity, we performed detrended fluctuation analy-
sis (DFA) to examine the temporal correlations of activity fluctuations at multiple time 
scales (18,19). This method involves the following four steps: i) integrating the activ-
ity counts recording after removing the global mean, i.e., cumulative summation from 
the first epoch all the way to the end; ii) dividing the integrated signal into non-over-
lapping windows of the same window size n (i.e., time scale); iii) removing the trend 
estimated using polynomial functions in the integrated signal within each window to 
obtain residuals; and iv) calculating the root mean square of residuals from all windows 
which was named as the fluctuation amplitude F(n). The last three steps are repeated 
for range of different time-scales.

To reliably estimate F(n) at a specific time scale n, at least 6 windows of size n without 
gaps are required. Otherwise, the iteration stops and F(n) will not be calculated at that 
time scale and larger. The 2nd order polynomial functions were used to extract the trend 
within each window (19). A power-law form of F(n), i.e., F(n)~nα, indicates a fractal struc-
ture in the fluctuations. The parameter α, called the scaling exponent, quantifies the tem-
poral correlation as follows: if α = 0.5, there is no correlation in the fluctuations (“white 
noise”); if α > 0.5, there are positive correlations, where large values are more likely to 
be followed by large values (and vice versa for small values). If α is greater than 1 and be-
comes closer to 1.5, it indicates that the control system becomes more rigid or excessive 
regular. Note that α=1 indicates the most complex fluctuation patterns (i.e., not too regular 
while not being random). The α values that are close to 1.0 have been observed in many 
physiological outputs under healthy conditions (5,20–22). 

Previous human studies showed that degraded fractal patterns, as occurred with aging 
and in dementia, lead to distinguished behaviors of F(n) over two distinct time scale 
regions with the boundary at ~1.5-2 hours (i.e., different α values) (7–9). We thus calcu-
lated the α value for each participant at two non-overlapping time scale regions, i.e., α1 
at 1.5-90 min and α2 at 2 and up to 10 hours with the transition region from 90 min to 
2 hours excluded.

Chapter 8: Fractal biomarker of activity in patients with bipolar disorder
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To ensure good signal quality, all actigraphic recordings were checked with the assis-
tance of a self-designed MATLAB GUI program (Ver. R2016b, the MathWorks Inc., Natick, 
MA, USA). The most common types of quality issues were: i) isolated spikes with an 
amplitude 10 standard deviations (SD) beyond the individual global mean level; and 
ii) sequences of zeros with duration > 60 minutes during the daytime (likely occurred 
when participants took the device off). The episodes with those issues were marked as 
gaps (5,19) and were skipped when performing the DFA in order to avoid any potential 
effects of interpolating missing data and/or manipulating the signal (e.g., stitching the 
rest data after removing the missing data) on F(n) (7). Because of gaps, it is possible that 
the maximum time scale cannot reach 10 hours. To assure a reasonable fit, no α2 value 
was calculated if the maximum time scale was smaller than 6 hours. Furthermore, we 
excluded α (usually α2) values for which the goodness of the log-log fit between time 
scale n and F(n) was smaller than 0.8.

Statistical analyses
Group differences in continuous variables were tested using analysis of variance (ANO-
VA) with Bonferroni-corrected post hoc tests. Group differences in categorical variables 
were tested using chi-square tests. To determine group differences in scaling exponents, 
analysis of variance (ANOVA) and post-hoc Student T-tests were used, with post-hoc tests 
to establish final group differences. State differences in the longitudinal study were test-
ed using multiple regressions with participant as a random effect to test within-subject 
differences. To assess the lag relation between mood ratings and scaling components, 
linear regression was used using the scores of previous days as the dependent variable.

Results
Cross-sectional sample
The characteristics, mood symptoms, and medication use of the 255 participants in the 
cross-sectional analysis are provided in table 1. Age differed between the groups, with 
the siblings being somewhat older than the patients and controls (post-hoc analysis, Stu-
dent’s t-test, sibling vs controls, t(1,252) = 3.38, p < 0.001, sibling vs patient, t(1,252) = 
2.00, p = 0.046). Furthermore, scores on the manic and depressive scales were higher and 
psychotropic medication use more frequent in patients compared to the other two groups.

Fractal patterns in cross-sectional group
Patients with bipolar disorder showed a higher α1 (β = 0.009, p = 0.028, table 2) in 
an unadjusted model compared to healthy controls (figure 1). When the model was 
adjusted for age and sex, patients still showed a higher α1 (β = 0.009, p = 0.04, table 
2). Post-hoc tests showed that in the adjusted model the difference was significant in 
female patients (t(1,246) = 3.26, p = 0.001), but not in male patients (figure 2). In the 
unadjusted and adjusted model, patients and siblings do not show a difference com-
pared to the control group in α2 although there was a significant sex interaction effect. 
When the sample is split in males and females, it is shown that male patients have a 
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higher α2 compared to controls (post-hoc Student’s t-test, t(1,102) = 2.22, p = 0.028) 
and in females both patients (post-hoc Student’s t-test, t(1,141) = -2.78, p = 0.006) and 
siblings (t(1,141) = -2.66, p = 0.009) show a lower α2 compared to controls (figure 2).

To test if the difference in α1 is caused by depressive or manic symptoms in the patient 
group, depressive and manic symptoms as measured with the IDS-SR and ASRM were 
added to the model independently, and the scores had no significant effect on α1 or α2 
and showed no different results.

Post-hoc sex difference explorations
To understand the unexpected sex effect within the patient group, post-hoc tests were 
conducted to explore differences between men and women in the patient group. There 
were no differences in medication use between men and women, and no association be-
tween medication use and either α1 or α2. For daily rhythm variables, of which the meth-
ods are described in another paper, male patients showed a lower interdaily stability 
compared to female patients. This is unlikely an explanation for the larger α2 in male pa-
tients, as a lower α2 is linked to an increase in circadian disturbances, which would mean 
a decrease in stability. Disease characteristics between male and female patients were 
studied as well. Although male patients had a later age of onset, this was not related to α2.

Fractal patterns in the longitudinal group
For the longitudinal analysis, 14 patients with bipolar disorder type 1 were included, 
11 women and 3 men, mean age ± SD 44.7 years ± 10.7. No differences in the scal-
ing components assessed on a weekly basis were found between stable, depressive 
or manic states. There was no relation between the scaling components (both on time 
scales < 2 hours and > 2 hours) and the weekly mood scores (ASRM and IDS-SR) within 
the same week. However, when a lag effect was tested, a significant negative correla-
tion was found between the IDS score during one week and α1 during the next week, 
indicating a higher IDS-SR score resulted in a lower α1 during the next week (mixed 
model, β = -0.0007, p = 0.047). To understand the finer-grained temporal dynamics of 
this relationship better, the day-to-day scores were analyzed and a relation was found 
between the depression score (measured by the visual analog scale from the question 
“I am feeling down”) and α1  computed on a daily basis with a lag of 5 and 7 days, in-
dicating that there is approximately a one week delay between changes in depressive 
symptoms and the change in α1 (figure 3).

Discussion
This is, to our knowledge, the first study showing altered fractal activity patterns in 
patients with bipolar disorder. The effect of the disease was pronounced at lower time 
scales, i.e., more excessive regular activity patterns at< 1.5 hours (larger α1, >1) in pa-
tients with bipolar disorder. Interestingly, this effect was sex-dependent, where female 
bipolar patients showed a higher α1 compared to female controls while this was not the 
case in men. The sex difference was more distinct for fractal activity patterns at larger 
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time scales (> 2 hours, α2). Specifically, we show that female patients show a lower α2 (<1) 
compared to controls, while male patients show a larger α2. The female unaffected siblings 
also showed similar smaller α2 as female patients, which was not expected and requires 
further studies to investigate the underlying mechanism. One possibility is that there 
is a genetic effect on α2 in people affected by (patients), or vulnerable to (i.e., siblings), 
bipolar disorder. As both α2 and bipolar disorder have been associated with disturbances 
in circadian regulation, and α2 specifically with lesioning of the suprachiasmatic nucleus, 
we hypothesize both bipolar disorder and fractal regulation have a shared underlying 
vulnerability within the circadian regulation systems (9,10,23). As no differences were 
found between a stable period and a mood episode in the longitudinal study, we confirm 
that a fractal pattern might be a trait feature, present independent of major mood epi-
sodes. When within analyses are conducted to see the week-to-week fluctuations, we did 
find a negative lag effect between depression score and the scaling component on a later 
time point. We confirmed this finding using a higher time resolution, where we look at 
day-to-day fluctuations of mood and α1, showing that the depressed mood is associated 
with a lower α1 5 and 7 days later. Note that we also used a different method to quantify 
depressed mood, showing this is a robust finding. This negative correlation appears to 
contradict our observation of larger α1 in bipolar patients and a previous observation of 
larger α1 in patients with major depression by another group (24). One implication of this 
finding may be that the group effect is not immediately translated to within-individual 
patient variations across time. A hypothesis for the negative lag correlation between the 
depressed symptoms and α1 is that the patients in the longitudinal sample might respond 
to the depressive symptoms with coping behavior, activating themselves and implement-
ing learned techniques from psychotherapy. This is possible because the patients in this 
sample are familiar with their disease status and they had the motivation to participate 
in such a long-term study. This selection bias is likely in intensive studies like these (25).

The difference between men and women in the scaling components, especially in pa-
tients, has never been shown before and has not been systematically studied. Additional 
analysis provided no support for differences in medication use, interdaily stability, or 
disease characteristics as explanation for the observed sex differences. This link between 
α and sex in patients with bipolar disorder should be further explored. The sex difference 
in α2 is interesting, because of the critical role of the central circadian clock in α2 and be-
cause sex differences in fundamental properties of the human circadian system and in 
human clock gene expression have been demonstrated (26,27). Furthermore, the specific 
relation with α1 and the patient group is something which needs to be replicated before 
drawing strong conclusions.

Fractal regulation is believed to reflect system integrity and adaptability (i.e., the abil-
ity to respond to external changes while maintaining certain stability for orchestrated 
internal physiological functions). The balance between regularity and flexibility can be 
estimated by the scaling exponent (i.e., α) derived from the detrended fluctuation anal-
ysis (6,28). When α is larger than 1 and increases toward 1.5 as observed in female pa-
tients, the fluctuations become overly regular, suggesting that the system might be less 
responsive to external changes. This loss of responsiveness has previously been shown in 
depressed patients in network structures of depressive symptoms, where the resilience 
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of patients to counter an external influence to their own symptom network structure is 
decreased (29,30). This rigidity, or loss of responsiveness, in both the fractal patterns and 
network structures shows this might be a core characteristic within mood disorders. Fu-
ture studies should aim to link the responsiveness in both symptom networks and fractal 
motor control to see if they might be a suitable biomarker of mood disorders.

The current study has some limitations. In the cross-sectional study, although we took med-
ication effects into account, controlling for all different medications was impossible to do, 
as patients use all different types of medications, with different mechanisms of action. The 
longitudinal part is limited by the low number of patients and there might be a selection 
bias of well-functioning patients with bipolar disorder, as they were all able to complete an 
intense and long protocol (25). Furthermore, there were mainly depressive symptoms in 
this group, and the low prevalence of manic symptoms in this group leaves the question on 
how manic symptoms and fractal patterns are related partially unanswered.

In summary, we showed in two separate studies, looking cross-sectional as well as longi-
tudinal patterns, that there is a relationship between fractal regulation of motor activity 
and bipolar disorder. We showed that fractal activity patterns at lower time scales (<~2h) 
are less complex in bipolar patients, supporting the possibility that fractal measures may 
serve as a possible biomarker for bipolar disorder. Note that the patterns appear to be 
a stable trait feature, as no differences were found in mood episodes. Fractal activity 
patterns on larger timescales might be regulated with a heritable component as both 
female patients and unaffected siblings show a lower α2 compared to controls. Future 
work should focus on replicating these findings in other samples, ideally with a larger 
sample size. The temporal relation between depressive symptoms and the scaling ex-
ponent should be studied in a larger sample and if possible in a less well-functioning 
sample. These results indicate that, when replicated, fractal patterns are an interesting, 
cost-effective and non-invasive biomarker.

Table 1. Cross-sectional sample characteristics.

Chapter 8: Fractal biomarker of activity in patients with bipolar disorder
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Table 2. Models for bipolar genetics analysis – α1 and α2

Figure 1. Left panels show 14 day actigraphy recording of an example control participant (A) and an example 
patient participant (B). The right panel shows the scale invariance of these participants (C). The scaling com-
ponent is the coefficient of the regression line. The line before the dotted vertical line is α1 as it is from lower 
timescales, while the regression line on the right from the dotted line is α2.
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Figure 2. Scaling components differences between groups and between men and women.

 

Figure 3. Lag effect of “I’m feeling down” on α1. Note that the effect is significant on lag -5 and -7. As the “I’m feel-
ing down” question is answered on a visual analog scale with a range from 0 to 100 the estimates are very small.
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