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Motor activity possesses a multiscale regulation that is characterized by fractal

activity fluctuations with similar structure across a wide range of timescales

spanning minutes to hours. Fractal activity patterns are disturbed in animals

after ablating the master circadian pacemaker (suprachiasmatic nucleus,

SCN) and in humans with SCN dysfunction as occurs with aging and in

dementia, suggesting the crucial role of the circadian system in the multiscale

activity regulation. We hypothesized that the normal synchronization between

behavioural cycles and the SCN-generated circadian rhythms is required for

multiscale activity regulation. To test the hypothesis, we studied activity fluctu-

ations of rats in a simulated shift work protocol that was designed to force

animals to be active during the habitual resting phase of the circadian/daily

cycle. We found that these animals had gradually decreased mean activity

level and reduced 24-h activity rhythm amplitude, indicating disturbed circa-

dian and behavioural cycles. Moreover, these animals had disrupted fractal

activity patterns as characterized by more random activity fluctuations at

multiple timescales from 4 to 12 h. Intriguingly, these activity disturbances

exacerbated when the shift work schedule lasted longer and persisted even in

the normal days (without forced activity) following the shift work. The dis-

rupted circadian and fractal patterns resemble those of SCN-lesioned animals

and of human patients with dementia, suggesting a detrimental impact of

shift work on multiscale activity regulation.
1. Introduction
Outputs from a wide variety of physiological systems, such as heart rate and

motor activity, exhibit complex fluctuation patterns characterized by fractal/

scale-invariant structures with properties that remain invariant over a wide

range of timescales [1–9]. These fractal patterns appear to be a hallmark of

healthy physiology because they are robust in healthy physiological systems

but are significantly disrupted or abolished in degraded systems that are

more vulnerable to catastrophic events and less adaptable to perturbations

[2,4,10–13]. For instance, fractal patterns of motor activity are disturbed in Alz-

heimer’s disease (AD) [11] and the degree of disturbances is correlated to AD

severity [14]; and fractal regulation of heartbeat fluctuations is perturbed in

patients with cardiovascular diseases [9,10,15] and can help to predict the sur-

vival rates of these patients [16,17]. However, the underlying mechanisms of

fractal regulation in physiology are yet to be elucidated.
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The circadian system orchestrates rhythms of approximately

24 h in behaviour and physiology and their synchronization

with light/dark (LD) cycles [18]. In mammals, the master circa-

dian pacemaker is located in the hypothalamic suprachiasmatic

nucleus (SCN) [19,20]. Consisting of approximately 20 000

coupled neurons and driven by a complex and redundant

genetic network [21], the SCN generates sustained oscillations

in synchrony with the environmental LD cycles and transmits

rhythmic messages to downstream neural and physiological

processes [20,22]. Beyond a simple pacemaker functioning at a

fixed timescale of approximately 24 h, recent studies indicate

that the SCN also plays a crucial role in physiologic func-

tions at multiple timescales [23]. This multiscale functionality

of the SCN is evidenced by the disrupted fractal activity pat-

terns in SCN-lesioned rats [7] and in elderly humans with AD

and/or dementia accompanied by SCN dysfunction [11].

These findings suggest that intact circadian orchestration invol-

ving the SCN may be essential for normal fractal activity

regulation [24].

Circadian regulation can be disturbed not only by dysfunc-

tion of central circadian control nodes such as the SCN but also

by the interruptions of normal active–inactive behavioural

cycles. Many studies have shown that desynchrony or misalign-

ment between behavioural cycles and endogenous circadian

rhythms, as occurs in shift workers, can disrupt sleep and circa-

dian profiles of activity [25,26] as well as hormonal and

metabolic variables, leading to increased risks for developing

diabetes and cardiovascular diseases [27–31]. We hypothesize

that the synchronization between behavioural cycles and

endogenous circadian rhythms is required to maintain multi-

scale activity regulation. To test this hypothesis, we studied

activity fluctuations of rats in a simulated work protocol that

consisted of a regular weekly working schedule with five 8-h

workdays followed by 2 days of rest. The protocol was per-

formed under 12 L : 12 D cycles which were used to entrain

the SCN-generated circadian rhythm. The 8-h working period

in each workday was scheduled either during the light phase

when animals were normally inactive—shift work or during

the dark phase when animals were normally active—normal

work. Our hypothesis predicts that scale-invariant activity pat-

terns are disrupted in rats under the shift work schedule while

persisting in rats under the normal work schedule.
2. Material and methods
2.1. Animals and protocol
We studied 19 Wistar rats at the age of seven to eight weeks

throughout a four to five weeks protocol in which animals under-

went a simulated work schedule. Each animal was housed in an

individual transparent acrylic cage (40 � 50� 20 cm) placed in a

soundproof monitoring room with circulating air and constant

temperature (22+18C). Rats had free access to water and food

(Rodent Laboratory Chow 5001, Purina, Minnetonka, MN, USA)

and were maintained in a 12 L : 12 D cycle throughout the protocol

to ensure stable circadian oscillations of the SCN as confirmed by

the expressions of PER1 and PER2 in the SCN [32]. In each week,

animals had 5 days with scheduled ‘work’ (workday: Monday to

Friday) followed by 2 days without ‘work’ (weekend: Saturday

and Sunday). During the workdays, animals were assigned to

either: (i) a shift work schedule (N ¼ 12): ‘work’ during the habit-

ual resting phase from 2 to 10 h after lights on (zeitgeber time: ZT

2–10); or (ii) a ‘normal’ work schedule (N ¼ 7): ‘work’ during the

normal active phase from 2 to 10 h after lights off (ZT 14–22) [32].
2.2. Simulated work procedure
In order to ensure that animals were active during a specific work

period, animals were removed from their cages and put on slowly

rotating drums that were designed for forced activity (Omnialva

SA de CV, Mexico City, Mexico). The drum (33 cm in diameter �
33 cm long) rotated with a speed of one revolution/3 min such that

animals had to stay awake and move slowly but were not required

to perform effortful movements. Food and a small bottle of water

were available ad libitum from a concentric middle tube. Except for

during work periods, all animals stayed in their home cages and

were continuously exposed to LD cycles (more details have been

reported in Salgado-Delgado et al. [32]).
2.3. Data acquisition
Locomotor activity was monitored with movement sensors

placed under individual cages that were designed to continu-

ously detect motion-associated vibrations of the cages. The

system for monitoring and data collection was developed in

the Departamento de Anatomı́a, Facultad de Medicina, Universi-

dad Nacional Autónoma de México, Mexico [32]. Data were

collected with a digitized system and automatically stored

every 1 min and resampled to 2-min epochs for further analysis.

Note that there were no activity recordings for the animals

during scheduled work periods because the animals were

taken out of their home cages (figure 1 and electronic sup-

plementary material, figures S3 and S4). To avoid artefacts

when transferring animals between their home cages and the

working cages, data of 30 min before and after the transitions

in each workday were excluded.
2.4. Multiscale activity patterns
To assess multiscale activity control, we performed detrended

fluctuation analysis (DFA) to estimate correlations in the activity

fluctuations at different timescales [33]. Compared with tra-

ditional correlation analyses such as power spectral analysis

and Hurst analysis, the DFA can accurately quantify correlations

in data that may be masked by underlying non-stationarities or

trends [34,35]. This method quantifies the fluctuation amplitude,

F(n), at different timescales n. A power-law form of F(n) indicates

multiscale regulation in the fluctuations, yielding F(n) � na. The

parameter a, called the scaling exponent, quantifies the correlation

properties in the signal as follows: if a¼ 0.5, there is no correlation

in the fluctuations (‘white noise’); if a . 0.5, there are positive cor-

relations, where large activity values are more likely to be followed

by large activity values (and vice versa for small activity values).

Particularly, a � 1, which has been observed in many physiologi-

cal outputs under normal conditions, suggests the most complex

behaviour in the fluctuations with a fine balance between random-

ness and excessive regularity [23]. Specifically, decreased a (less

than 1) in activity fluctuations at large timescales has been

observed in animals after the lesion of the SCN (more than

approx. 4 h) [7] and in humans with aging and in dementia

(more than approx. 2 h) [11]. On the other hand, spectral analysis

can also be used to estimate correlations in a signal (i.e. examining

the relationship among power densities at different timescales

in the log–log plot of the spectrum) and the spectrum-derived

scaling exponent is mathematically related to the DFA-derived

exponent if the signal is stationary [36]. However, as biological sig-

nals are often non-stationary with varying mean and standard

deviation, DFA and other nonlinear analytical approaches are pro-

posed for a more reliable estimation of long-range correlations in

biological systems [10,14,15,23,33,37].

Here, the segments of activity recordings with missed data due

to simulated work periods were stitched together for this analysis

as suggested by Chen et al. [34]. To minimize the effect of trends

[35], we used the second-order polynomial fit in the DFA. We
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also selected the range of timescales to ensure reliable estimation of

the scaling exponent, such as avoiding the spurious crossover

region at small timescales (i.e. the smallest timescale was 5

epochs) and analysing data with sufficient number of boxes (i.e.

the DFA-derived amplitude function at each timescale was based

on data with at least six windows at that timescale).

2.5. Simulating effects of missing data
To simulate the effects of missing data on DFA results, we analysed

10-day activity recordings that were collected from seven additional

Wistar rats—a control group—under the same 12 L : 12 D cycle but

without any disturbances (no working periods) [7,38]. We artifi-

cially removed the data points in these recordings corresponding

to the work periods and 30-min data before and after the work

period, i.e. ZT 1.5–10.5 for the shift work schedule and for ZT

13.5–22.5 h for the normal work schedule.

2.6. Statistical analysis
Results were represented as mean + s.e. To assess the effect of shift

work on multiscale activity patterns, ANOVA was performed to

assess differences in correlations at different timescales between

the simulated shift work schedule, the simulated normal work

schedule and the control condition. To explore the time course of

the changes in activity regulation throughout the shift work proto-

col, mean activity level and correlations in activity fluctuations

within subjects in different weeks were also compared by

ANOVA. The multivariate analysis was used to assess the differ-

ences in 24-h activity profile between different weeks within

subjects. To determine whether the effect of shift work on activity

regulation is transient, we analysed data during the workdays

and during the weekends separately.
3. Results
3.1. Effect of shift work on mean activity level
Based on data collected from the animals in the same study, we

previously reported that body weight of the rats during the shift

work protocol gradually increased and that the associated gain

of weight became significant after two work weeks [32]. To

examine whether the weight gain was associated with

decreased locomotor activity, we investigated individual

activity levels throughout the protocol. We found a significant

reduction in the mean activity level of shift work animals after

first or second week consistently for workday ( p , 0.0001)

and weekend ( p , 0.0001). Specifically, the activity level

during workdays remained similar in Week 2 (compared with

Week 1, p ¼ 0.43), but began to decrease in Week 3 (50+4%
decrease from Week 2 to Week 3; p , 0.0001) and remained at

the similar low level in Weeks 4–5 (figure 2a). During week-

ends, the significant decrease of activity level was observed

after Week 1, i.e. 42+7% decrease from Week 1 to Week 2

( p ¼ 0.0007) (figure 2b). By contrast, animals that underwent

the normal work protocol did not show reduction in mean

activity throughout the protocol. Instead this group even had

a significant increase in the mean activity in Week 4 for the

workday activity (57+12% increase from Week 3 to Week 4;

p ¼ 0.0002) and in Week 3 for the weekend activity (71+19%

increase from Week 2 to Week 3; p , 0.0001) (figure 2d,e).

3.2. Effect of shift work on 24-h activity profile
In addition to reduced mean activity level, the amplitude of

24-h rhythm during the weekends (not quantified during

the workdays due to missing data) was decreasing in shift

work animals throughout the protocol ( p ¼ 0.0029), even

after adjusting for daily mean activity. When compared

with Week 1, the peak in the normalized power spectrum

at 24 h decreased by 18+8% in Week 2, 30+4% in Week

3, 25+5% in Week 4 and 23+8% in Week 5 (figure 2c).

Moreover, the amplitude of the 24-h rhythm (Week 3) and

one of the harmonics of the 24-h rhythm, i.e. 12 or 6 h, in

shift work animals were different from those of normal work

animals in Week 2 to Week 4 ( p , 0.01), although the harmo-

nics of both groups were similar in Week 1 ( p . 0.05) (see the

electronic supplementary material, figure S1).

Moreover, the shape of the 24-h activity profile in the shift

work animals during the workdays was also altered from

Week 1 to Week 5 (figure 3a,b). This alteration can be well

demonstrated when considering normalized activity level

(normalized by daily mean level) in the following time

periods during the workdays (figure 3c,d).

3.2.1. Diminished response to lights on
As expected, animals showed decreased activity after lights

on in Week 1 ( p , 0.05), i.e. 65+ 21% of daily mean level

at ZT 23.15223.45 (before lights on) when compared with

28+ 4% at ZT 0.1520.45 (after lights on). However, the

response was diminished in Weeks 225, as indicated by

similar activity levels before and after lights on ( p . 0.18).

3.2.2. Increased activity levels after the work period
When animals returned to their home cages after the scheduled

shift work (ZT 10), activity at ZT 10.45211.15 h was 58+5%
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of daily mean level in Week 1. The activity level increased sig-

nificantly in Weeks 2–5 (98+11%, 223+27%, 183+23% and

187+17% of daily mean level, respectively; p , 0.0001).
3.2.3. Reduced response to lights off
At ZT 11.15211.45 (approx. 1.2 h after scheduled shift work),

activity level was about 55+5% of daily mean consistent for

all five weeks ( p . 0.05). Immediately after lights off (ZT 12 h),

animals had a higher activity level at ZT 12.15212.45 in Week

1 (114+15%) when compared with that at ZT 11.15211.45

(43+5%). Such a response to the light–dark transition was

significantly reduced in Week 225 ( p , 0.05), i.e. mean activity

at ZT 12.15212.45 was 81+13%, 94+12%, 85+17% and

92+19% of daily mean level for Week 2–5, respectively.

On the weekends, a consistent reduction in the response

to lights on was also observed in the shift work animals

( p , 0.05; see the electronic supplementary material,

figure S2) but the response to light–dark transitions showed

no significant change ( p . 0.5). All above changes in the

shift work animals were not presented in the normal work

animals (all p-values . 0.3) (figure 2f ).
3.3. Scale-invariant activity correlations were disrupted
by the shift work schedule

Under the normal work schedule, the activity fluctuations of

animals during the workdays exhibited strong long-range

correlations across a broad range of timescales from minutes

up to 12 h, as indicated by a power-law form of F(n) � na

(a straight line in a log–log plot) with a ¼ 0.98+0.01

(figure 4a,b). On the contrary, the shift work group showed

significantly disrupted fluctuation patterns during the work-

days, displaying different correlations in two timescale

regions separated by a break point at timescale approximately

4 h (figure 4a,b). The correlations were much weaker at time-

scales above the break point (Region II: large timescales

from 4 to 12 h, a2 ¼ 0.72+ 0.03) than those at smaller

timescales (Region I: timescales less than 4 h, a1¼ 1.08+
0.02) ( p , 0.0001). Moreover, the difference in the scaling

exponent between two regions (Da ¼ a12 a2 ¼ 0.36+0.04)

depended on the number of weeks into the protocol ( p ¼
0.0014), and Da was significantly larger in Weeks 3–5 when

compared with Weeks 1–2 (figure 4f ), indicating more

disrupted multiscale regulation.
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During the weekends, the shift work group still exhibited

different correlations in the two regions with a smaller scal-

ing exponent at timescales more than 4 h and a larger

exponent at smaller timescales (Da ¼ 0.13+0.03) ( p ¼
0.0033) (figure 4c,d). However, the difference in correlations

between the two regions was significantly reduced when com-

pared with the difference during the workdays ( p ¼ 0.0001)

(figure 4e). For the normal work group, the long-range

correlations remained unchanged during the weekends

with consistent correlations in the two timescale regions

(a1¼ 0.89+ 0.03; a2¼ 0.84+ 0.02; Da ¼ 0.05+ 0.04; p . 0.2).

In the surrogate data from rats that underwent 10 days of

LD cycles without being disturbed, removing data points

between ZT 1.5210.5 h of these recordings did not disrupt

long-range correlations. There was no difference in the corre-

lations between Region I and II (Da ¼ 0.005+ 0.033, not

different from 0; p . 0.8) (figure 4e), indicating that the

observed disrupted activity correlations in shift work animals

were not due to the missing data.
4. Discussion
Previous studies have shown robust multiscale activity regu-

lation in humans and animals, which remain unchanged

during LD cycles and constant darkness, and persist over time-

scales from minutes to hours [1,7]. In this study, we further

showed that the multiscale regulation was preserved even

when animals were placed in a slowly rotating drum for 8 h

each day during the normal active phase (ZT 14–22). Note

that the experiment set-up was previously used to induce
sleep deprivation [32,39,40] and was used in this study to

induce forced activity. Remarkably, when forced activity was

scheduled during the habitual resting phase (ZT 2–10), the

patterns were significantly disrupted as characterized by

different correlations in two timescale regions (less than 4 h

and more than 4 h). The disruption appeared in the first

week and worsened after two weeks (figure 4f). In addition,

the disruption was mitigated but still remained during the

weekends when shift work was absent, suggesting that 2

days were not sufficient for the complete recovery of

disrupted activity regulation following 5 days of shift work.

As the disrupted activity patterns resemble those obser-

ved in animals with lesion of the SCN [7] and in humans

with dementia/AD [11], these findings indicate a multiscale,

adverse impact of shift work on motor activity control that

outlasted the shift work exposure itself.
4.1. Scale-invariant activity control requires normal
circadian regulation

The control mechanism of multiscale activity regulation is

still to be elucidated. Our previous studies showed that an

intact SCN is required for maintaining such multiscale

activity regulation. Lesioning the SCN in the animals

breaks down fractal activity patterns, leading to abolished

correlations at large timescales more than 2 h [7]. In human

studies, aging and dementia disrupt activity fluctuations in

a similar manner as the SCN lesion [11]. The degree of the

disruption, as characterized by the difference between

the correlations at small and large timescales, is highly
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with simulated effects of missing data corresponding to work schedule were presented for comparison. The scaling exponents were significantly different between
two timescale regions for shift work animals during workdays and weekends ( p , 0.01, indicated by ‘*’). ( f ) Disruption of correlation patterns in each week. The
disruption in the shift work animals was much more severe in Week 3 – 5 as compared with the first two weeks. Asterisks ‘*’ indicate a significant disruption in
fractal patterns (i.e. Da different from 0; p , 0.01). Plus ‘þ ’ indicates a significant changes in Da between the two consecutive weeks ( p , 0.05). (Online
version in colour.)
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correlated with amyloid plaques in the brain (a biomarker for

AD) and can better predict changes of two major circadian

neurotransmitters (vasopressinergic and neurotensinergic

neurons) in the SCN than traditional circadian measures

(e.g. circadian amplitude and daily variability of motor activi-

ties) [14]. In this study, we found that forced activity during

the habitual resting phase can also disrupt the multiscale
activity regulation. As the SCN still displayed stable circadian

rhythmicity under the shift work schedule [32], the disrup-

tion is likely caused by perturbed dynamic interactions

between the SCN and other neural nodes in motor activity

control network [41]. This is consistent with our previous

study in which we showed that the SCN itself cannot gener-

ate scale-invariant patterns [24] despite the fact that the
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neural network within the SCN is composed of tens of thou-

sands of coupled neurons each acting as a cell-autonomous

oscillator. Taken together, our results suggest that a network

of neural nodes with feedback interactions involving the SCN

is required for multiscale activity control and that the syn-

chronization between circadian rhythms of behaviour,

physiology and LD cycles is crucial for the normal function

of the network.

A number of neural and hormonal pathways and control

nodes that are linked to the SCN and affected by shift work

may be involved in fractal activity regulation. For instance,

shift work modified the rhythm of food intake which is

known to affect daily rhythms of metabolic variables and

peripheral circadian clocks [18]. The changes in peripheral

circadian oscillations may also modify motor activity directly

or indirectly via its feedbacks to the circadian neural nodes

including the SCN and the dorsomedial hypothalamic

nucleus [42]. Further studies are warranted to determine

which pathways and control nodes are involved in fractal

activity regulation.

4.2. Differences between animals under the shift work
schedule and animals after the suprachiasmatic
nucleus lesion

Despite the similar disruption in shift work animals and

SCN-lesioned animals, we note that there are clear differences

between the two cases. First, 24-h activity rhythms were still

present in shift work animals (though reduced), whereas

those rhythms were almost abolished in the SCN-lesioned

animals even under LD cycles. Second, shift work led to

decreased activity levels (figure 2), whereas SCN-lesioned

animals did not have significant changes in mean activity

level. The decreased activity level in shift work animals

may, to a certain degree, explain the previous observation

that the body weight of these animals increased despite the

similar food intake [32]. Third, a certain degree of activity

correlations was preserved in shift work animals at timescales

more than 4 h (indicated by the scaling exponent a close

to but still more than 0.5) (figure 4), whereas the SCN-

lesioned animals demonstrated a complete breakdown of

correlations over the same region of timescales (as indicated

by a � 0.5) [7]. This difference is expected because the

misalignment of the behavioural cycle with respect to the cir-

cadian cycle only attenuated the SCN-imparted neural

interactions between control nodes, rather than completely

abolishing its function.

4.3. Scale-invariant activity correlations and 24-h
activity rhythm are two complementary features of
dynamics of activity control

Altered activity correlations are generally associated with or

even caused by the changes in activity fluctuations or

rhythms at different timescales. This is supported by our

observations that, in addition to disrupted activity corre-

lations, the 24-h activity profile and the relative weights of

power densities of circadian rhythm and its harmonics

were also altered in the shift work animals (figure 3).

However, the 24-h rhythm per se cannot determine scale-

invariant correlations from the views of both biology and

mathematics. For instance, in our previous study of the
SCN neural activity [24], we found that the neural activity

of the SCN in vivo display both circadian rhythms and

scale-invariant correlations from 0.02 to 12 h and that the

patterns were completely abolished in the SCN in vitro
while the circadian rhythm persisted. To further demonstrate

this point, we did more simulations using the activity data of

this study. Specifically, we artificially imposed an additional

24-h rhythm in the activity data of shift work animals during

weekends such that the power density at 24-h was equal to

the value for normal work animals. We found that the scaling

behaviour at 4–12 h remained unchanged, indicated by the

similar scaling exponents as compared with the values of

the raw data. In addition, the correlations at less than 4 h

also remained the same in the surrogate signal such that

the difference in the correlations between two timescale

regions persisted in the surrogate data of shift work animals

(see the electronic supplementary material, figure S5).
5. Limitations
This is the first study demonstrating how shift work affects

activity regulation at multiple timescales (not only at approx.

24 h). There are certain limitations of the current approach.

5.1. Differences between species
In our rat model for shift work, the animals were scheduled

to work during the light phase when these nocturnal animals

are normally inactive. Thus, the exposure to light during the

working environment did not further interfere with the light-

entrained circadian rhythm of the SCN. The lack of interfer-

ence has been confirmed by intact circadian rhythms of

PER1 and PER2 in the SCN under these conditions [32].

However, humans are diurnal and normally inactive during

the dark phase such that light exposure during the shift

work at nights will introduce additional circadian disruption

via disturbed LD cycles and light-induced phase shift in the

SCN. Thus, it is likely that shift work may have large impacts

on humans as compared to rats. Further studies are war-

ranted to verify our findings and to determine the possible

differences between diurnal and nocturnal species.

5.2. Missing data
Another major limitation in our experimental design is

missing data during the scheduled working hours. Using sur-

rogate data generated from recordings of un-disturbed

animals, we showed that missing data could not account

for the altered correlation patterns in the shift work protocol.

However, it is still not clear what occurred during the

working hours. The similar concern applies to animals under-

going the normal work protocol. To address these concerns,

continuous 24 h recordings are needed in future studies

of shift work.

5.3. Lack of stable baseline
In this study, we studied the correlation properties of activity

fluctuations only during the weeks in either shift or normal

work protocol. No baseline data were included because

activity patterns during approximately one week before the

start of the protocol were not stable in terms of multiscale

regulation. The underlying mechanism is not clear. We

speculate that instability might be caused by the fact that
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the animals were still in a transitional stage when moving to a

new cage. The altered correlation patterns in the shift work

animal might be a combined effect of removing animals

from their home cages and scheduled shift work during

inactive phase. In human studies, it has been shown that

depressed people had disrupted fractal activity patterns

[4,12]. It is possible that the stress associated with the tran-

sition to a new environment disrupted long-range activity

correlations in these animals before they fully adapted to

the environment. Further studies on animals that are simply

moved to another cage without scheduled work are required

to test the hypothesis.

One related concern about the interpretation of our find-

ings is whether the disrupted multiscale regulation in

animals under the shift work schedule was caused by the

unstable baseline instead of shift work. This is unlikely for

the following reasons: (i) both shift work and normal work

animals underwent the same baseline condition but normal

work animals showed robust long-range activity correlations

since Week 1 and throughout the work protocol; (ii) long-

range correlation patterns were more disrupted in the shift

work animals during Weeks 325 as compared with Weeks

1–2; and (iii) the disruption was significantly reduced

during the weekends when the shift work schedule was tem-

porarily suspended. However, we cannot fully exclude the

possibility that long-range correlation patterns might not be

stable in Weeks 1–2 when the work schedule was introduced

and that the normal work schedule might help the animals to

restore long-range correlations. Nevertheless, our results

highlight the adverse impact of shift work on activity regu-

lation and the importance of maintaining the normal

behavioural cycles in synchrony with the LD cycles.
5.4. Adaptation to long-term shift work
We only examined the effect of shift work on activity control

for up to five weeks. It is not known whether the animals can

eventually adapt to the shift work schedule. In humans, it has

been shown that shift workers have difficulties adjusting

physiological rhythms to shift work schedules even after

years of shift work experience [29,31]. Thus, it is unlikely

that the disrupted correlation patterns in animals would be

restored when the simulated shift work protocol lasts longer.
5.5. Technique
In this study, we only examined one statistical property,

namely correlations, of activity fluctuations at different time-

scales. A signal with scale-invariant correlations does not

necessarily imply it possesses fractal patterns in other statistical

properties such as multifractality and nonlinearity [15,43]. In

addition, there are many other methods for the assessment of

correlations that have comparable or even better performances

than that of DFA [44]. Further studies using different analytical

tools should be encouraged to confirm the observed influence

of shift work on multiscale motor activity control.
6. Conclusion
Our results clearly showed that shift work substantially dis-

rupted activity regulation at multiple timescales. Multiscale

activity regulation requires a network of control nodes

(e.g. the SCN) with normal feedback interactions. Disrupted

correlation patterns suggest that the network cannot maintain

the ideal system performance during misalignment between

imposed abnormal behavioural cycles and the endogenous

circadian rhythm. Therefore, the synchronization between be-

havioural cycles and SCN-imparted circadian rhythms is

crucial for the normal function of the activity control network.

Moreover, multiscale activity patterns may provide a useful

tool for monitoring physiological conditions and health

status of individuals who engage in shift work.

The study complies with the national guidelines for the care and use
of experimental animals under Mexican law (Decreto de Ley de
Protección a los Animales del Distrito Federal, Gaceta Oficial del
DF, 26/02/02) and was approved by the committee for ethical evalu-
ation at the Facultad de Medicina, Universidad Nacional Autónoma
de México.
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