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Lack of exercise leads to significant and reversible loss
of scale invariance in both aged and young mice

Changgui Gu®'?, Claudia P. Coomans®', Kun HuP<, Frank A. J. L. Scheer®<, H. Eugene Stanley'

and Johanna H. Meijer®?

d.ef,g,2
y

2Department of Molecular Cell Biology, Laboratory for Neurophysiology, Leiden University Medical Center, 2300 RC Leiden, The Netherlands; ®Division of
Sleep and Circadian Disorders, Brigham and Women's Hospital, and “Division of Sleep Medicine, Harvard Medical School, Boston, MA 02115; and Departments
of 9Physics, *Chemistry, Biomedical Engineering, and 9Physiology, Boston University, Boston, MA 02215

Contributed by H. Eugene Stanley, December 31, 2014 (sent for review February 3, 2014; reviewed by Gene D. Block and Thomas Penzel)

In healthy humans and other animals, behavioral activity exhibits
scale invariance over multiple timescales from minutes to 24 h,
whereas in aging or diseased conditions, scale invariance is usually
reduced significantly. Accordingly, scale invariance can be a poten-
tial marker for health. Given compelling indications that exercise is
beneficial for mental and physical health, we tested to what
extent a lack of exercise affects scale invariance in young and aged
animals. We studied six or more mice in each of four age groups
(0.5, 1, 1.5, and 2 y) and observed an age-related deterioration of
scale invariance in activity fluctuations. We found that limiting the
amount of exercise, by removing the running wheels, leads to loss
of scale-invariant properties in all age groups. Remarkably, in both
young and old animals a lack of exercise reduced the scale
invariance in activity fluctuations to the same level. We next
showed that scale invariance can be restored by returning the
running wheels. Exercise during the active period also improved
scale invariance during the resting period, suggesting that activity
during the active phase may also be beneficial for the resting
phase. Finally, our data showed that exercise had a stronger
influence on scale invariance than the effect of age. The data
suggest that exercise is beneficial as revealed by scale-invariant
parameters and that, even in young animals, a lack of exercise
leads to strong deterioration in these parameters.

circadian rhythms | wheel running | behavioral activity |
multiple timescales | aging

M any physiologic variables, such as heart rate, respiration,
and locomotor activity, display scale-invariant or “fractal”
properties, characterized by temporal structures that are similar
across different timescales (1-6). Fractal patterns in physiologi-
cal systems are intrinsic characteristics that are independent of
external stimuli (7-9). The presence of fractal patterns is asso-
ciated with health advantages, such as system integrity, as well as
adaptability, and physiologic systems lose their scale invariance
under diseased or aging conditions. The scale invariance in, for
example, heart rate is reduced in congestive heart failure
patients, and moreover, changes in fractal patterns have been
demonstrated to be better predictors of morbidity and mortality
than classical biomarkers (2, 3, 10).

Detrended fluctuation analysis (DFA) is a widely used method
to quantify correlations in nonstationary physiological time series,
such as heart rate and gait (1-3, 11, 12). The DFA provides in-
formation on the amplitude of the fluctuations at different time-
scales. The correlation in the fluctuations is described by the
scaling exponent a. A value of a close to 1.0 indicates a delicate
balance between uncorrelated randomness (o = 0.5) and regularity
(x = 1.5), and is observed in healthy physiological systems (1).
Under pathological conditions such as Huntington’s disease and
Alzheimer’s disease, the physiological fluctuations are measurably
different from 1 and are either too random or too regular (11, 12).

Locomotor activity in both humans and rodents displays scale-
invariant fluctuations for timescales of seconds up to ~24 h (8,
12, 13). The mechanism for generating scale-invariant activity

2320-2324 | PNAS | February 24,2015 | vol. 112 | no.8

patterns is not understood. Recent studies showed that scale-
invariant activity patterns are disrupted with aging and in patients
suffering from dementia (12). The degree of the disruption is
strongly correlated with the circadian neurotransmitter content
in the suprachiasmatic nucleus (SCN) (14), the master clock in
mammals that regulates circadian rhythms in physiology and
behavior (15).

In the past few years, it has become increasingly clear that
exercise is beneficial for the circadian system (16-18). Further-
more, exercise improves the immune system, helps to prevent
obesity, cardiovascular disease, and type 2 diabetes mellitus, and
improves memory (19-23). The World Health Organization has
pinpointed a lack of exercise as a major risk factor for diseases,
including metabolic, cardiovascular, and immune diseases (24,
25). The aim of the present study is to determine whether a lack
of exercise affects age-related deterioration in scale invariance of
locomotor activity and whether, in turn, enhanced activity levels
can lead to improvement. We found that, unexpectedly, a lack of
exercise leads to loss of scale invariance not only in aged but also
in young animals. Following a period of inactivity, exercise
resulted in complete restoration of scale invariance in young
animals and substantial improvement in old animals.

Results

The activity patterns at baseline were determined by making and
analyzing passive infrared (PIR) recordings for at least 1 mo in
the presence of a running wheel. We then examined how the
activity patterns changed after the running wheels were removed.

Significance

Healthy systems are characterized by scale invariance across
multiple timescales. We investigated whether loss of scale in-
variance that occurs with aging and disease can be counter-
acted by exercise, in four age groups of mice. Surprisingly, we
observed that lack of exercise was detrimental not only in old
but also in young mice, raising the possibility of an unforeseen
role of behavioral activity for health in aged and young sub-
jects alike. Moreover, we show that scale invariance could be
restored by high levels of exercise, even in old animals. The
World Health Organization has pinpointed lack of exercise and
a sedentary lifestyle as a major risk factor for various diseases.
Our measures may guide health programs.
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Immediately after removal of the wheels in mice of 0.5 y, the
amount of behavioral activity was reduced during the active
period (nighttime for mice) (P = 0.001, paired ¢ test), whereas
during the rest period (daytime) the amount of behavioral ac-
tivity increased (P = 0.04, paired ¢ test, based on detrended time
series), resulting in a blunted day-night rhythm amplitude (Fig.
1). The DFA method was applied to examine the activity pat-
terns of the four groups with the age of 0.5y (n =9), 1 y (n = 6),
1.5y (n =12), and 2y (n = 6). The mice had access to running
wheels from the age of 3 mo onward.

In the presence of running wheels, 0.5-y-old mice exhibited
scale-invariant behavior in activity fluctuations over multiple
timescales ranging from minutes to 24 h (Fig. 24). The scaling
exponent o = 1.07, close to 1, indicates strong scale-invariant
correlations in activity fluctuations (Table 1). In the three other
groups, we observed different correlations over two regions of
timescales with a crossover at ~3 h (Fig. 2 B-D). The correla-
tions at timescales below the crossover (region I) characterized
by a scaling exponent a; remained the same (P > 0.35, Tukey’s
test, ANOVA; Table S1) in all age groups, whereas the corre-
lations at timescales above the crossover (region II) character-
ized by a scaling exponent a, differ among the groups. In the
mice of 1y, a, at timescales above the crossover (region II) was
1.00 and was not significantly different from the value in young
mice (P = 0.13, unpaired ¢ test). The oldest two groups of age 1.5
and 2 y showed significant alterations in activity patterns. Spe-
cifically, the two older groups showed weaker correlations at
timescales above the crossover (region II) than the younger
groups (P < 0.05, Tukey’s test, ANOVA; Table 1). The signifi-
cant difference in the group of 1.5 and 2 y compared with the
younger groups suggests that a key process of aging occurs be-
tween 1 and 1.5 y of age.

In the absence of running wheels, the scale-invariant behavior
of activity fluctuations was disturbed in 0.5-y-old mice, resulting
in different correlations over two timescale regions with a cross-
over at ~3 h (Fig. 24). In region I, activity fluctuations possessed
a strong correlation as characterized by a scaling exponent oy =
1.09. In region II, the correlation was reduced as characterized
by a scaling exponent a, = 0.63, which was significantly smaller
than oy (P = 0.001, paired ¢ test, Table 1). Notably, in the ab-
sence of a running wheel, a, was close to 0.5, which corresponds
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Fig. 1. Time series of behavioral activity in one representative animal in the
presence and absence of a running wheel shows 24-h rhythm in activity
levels. The PIR scores the animal’s movement in the cage per 1 min, and
higher levels of movement lead to a higher score for behavioral activity levels.
The animals are kept in alternating 12-h intervals of light and dark. Gray
background indicates lights off. In the absence of the running wheel, the pat-
tern in behavioral activity was altered compared with the pattern in the pres-
ence of a running wheel: the amount of activity was reduced during the night
(active period) and was increased during the day (rest period).
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Fig. 2. Removal of the running wheel as well as aging weakened the scale-
invariant correlation of behavioral activity fluctuations. The scale-invariant
correlation of behavioral activity was assessed in the presence or absence of
a running wheel in four age groups: (A) 0.5y, (B) 1y, (C) 1.5y, and (D) 2 y.
The recorded PIR data of the last 9 d in the presence of running wheels and
the first 9 d in the absence of running wheels were chosen for analysis. The
data were averaged from at least six mice in each group.

to uncorrelated “white” noise behavior patterns. Thus, removal
of the running wheels resulted in deterioration of the scale-
invariant correlation in activity fluctuations in young mice. Also,
in the age groups of 1, 1.5, and 2 y, scale invariance of activity
fluctuations in region II broke down after removing the running
wheels (Fig. 2 B-D and Table 1). Interestingly, a, reached the
same level in all groups in the absence of exercise (P > 0.23,
Tukey’s test, ANOVA). The change in o, was already observable
during the first 3 d without exercise (Table S2). In contrast, the
scaling exponent a; in region I remained the same independent
of the presence of running wheels (Table S1).

Following removal of the running wheels, in all age groups, the
scaling exponents o, in region II (3-12 h) in the resting period
deteriorated significantly (P < 0.01, paired ¢ test). Thus, the
scale-invariant correlation in activity fluctuations during daytime
(resting period) is influenced by the running wheel activity dur-
ing nighttime (active period; Table S3).

The Scale-Invariant Correlation in Activity Fluctuations Is Restored
After Returning the Running Wheels. Having established that re-
moval of the running wheels led to deterioration in scale-invariant
activity regulation, we next tested whether returning the running
wheels could restore the scale-invariant correlation. For all age
groups, Fig. 34 shows that the scaling exponents in region II
increased (P < 0.04, paired ¢ test) after returning the running

Table 1. «, at timescales from 3 to 24 h in region I

Condition 05y, m+SE 1y, m+SE 1.5y, m+SE 2y, m+SE
With wheels 1.07 + 0.007 1.00 + 0.03 0.84 + 0.04 0.82 + 0.08
Without wheels 0.63 + 0.03 0.66 + 0.03 0.68 + 0.02 0.63 + 0.05
P value* 0.001 0.001 0.003 0.02

The presence of a wheel was followed by the absence of a wheel, and
the last 9 d with a wheel are compared with the first 9 d without a wheel.
m, mean; SE, standard error.

*Paired t test.
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Fig. 3. (A) Voluntary exercise restored the scale-invariant correlation of
behavioral activity fluctuations. The scaling exponent o, at timescales from
~3 to 24 h obtained from the DFA versus experimental time in days. The
scale-invariant correlation of behavioral activity was measured in the pres-
ence or absence of a running wheel in four age groups: 0.5y, 1y, 1.5y, and
2 y. There were three successive stages in our recording: in the presence of
the running wheels (day <27), after removal of the running wheels (day >28
and day <54) and after returning the running wheels (day >55). The de-
terioration in o, was apparent following removal of the running wheel in all
age groups. In addition, directly following returning of the running wheel,
oy improved in all age groups. Each data point is averaged from at least six
mice in the same group. (B) Blocking the running wheel weakened the scale-
invariant correlation of behavioral activity fluctuations similar as removing
the wheel. The scale-invariant correlation of behavioral activity in response
to blocking of the wheel was assessed in 0.5-y-old mice. The data were av-
eraged from nine mice.

wheels (0.5 y: ap = 1.08 + 0.02; 1y: op = 0.88 + 0.04; 1.5 y: ap =
0.83 + 0.06; 2y: @, = 0.74 + 0.09; mean + SE). These values are
not significantly different from the values obtained before re-
moval of the wheels (P > 0.18, paired ¢ test), suggesting a full
restoration of correlations at large timescales (3-24 h). The
restoration of o, was already visible over the first 3-d period
when the wheel was returned (Table S4). Returning the running
wheels did not significantly affect the scaling exponents o in
region I (P > 0.3, paired ¢ test), which is not surprising because
removal of the wheels had not affected scale invariance in this
timescale domain either.

In a separate group of 0.5-y-old mice (n = 9), the running
wheels were blocked rather than being removed from the home
cage (Fig. 3B). Blocking the running wheels resulted in a similar
deterioration in scale invariance in activity fluctuations in region
II as removing the running wheel (blocking: a, = 0.68 + 0.03, P =
0.19, unpaired ¢ test). Similarly, unblocking the running wheels
had a similar effect as returning the running wheels (unblocking:
a = 1.06 + 0.02, P = 0.81, unpaired ¢ test). This suggests that it is
exercise rather than cage enrichment that accounts for the
observed effects.

The Scale-Invariant Correlation in Activity Fluctuations Is Determined
Both by the Amount of Exercise and by Aging. In the presence of the
running wheels, the scale-invariant correlation in activity fluc-
tuations decreases with aging. However, it is well known that the
amount of wheel rotations per day also decreases with aging of
the animal (26, 27). To determine the relative contribution of
aging versus the number of wheel rotations to the scale-invariant
behavior in activity fluctuations, we used a mixed-effect model,
including age and amount of wheel running per 9 d as covariates.
We found that the value of adjusted R* is 0.63, and the stan-
dardized multiple regression coefficients for the amount of
wheel running was 0.53 (P = 0.001) and for the age was —0.37
(P =0.01). These findings suggest that aging has an independent
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effect on the scaling exponent «,, but that voluntary exercise has
a stronger influence on a, at timescales from 3 to 24 h.

Within the oldest groups (1.5 and 2 y), there were larger dif-
ferences between individual mice (represented by larger SE) in
the scaling exponent o, than in the younger groups (0.5- and 1-y
groups) (Table 1). This larger SE suggests that a, is not so well
predicted by age alone. Therefore, we analyzed a5, as a function
of the amount of activity of individual animals in all age groups
(Fig. 4). In each age group, o, is larger in the more active
animals, which becomes apparent especially in the two older
age groups.

Summary and Discussion

This study addressed the question of whether a lack of exercise
affects scale invariance in locomotor activity and, if so, whether
scale invariance can be restored. We showed that in young-adult
mice that had access to running wheels the scale-invariant cor-
relation was high (o« ~ 1) and persisted over a wide range of
timescales (minutes to 24 h). Aging resulted in reduced scale-
invariant correlation in activity fluctuations. In the absence of
running wheels, scale invariance was attenuated at timescales
from ~3 to 24 h, whereas returning running wheels restored the
deteriorated correlation in activity fluctuations. The data in-
dicate that voluntary exercise restores the scale-invariant corre-
lation in activity fluctuations, resulting in a healthy behavioral
activity profile. This is the first study (to our knowledge) showing
that restoration of scale invariance is possible. Analysis using
a mixed-effect model showed that spontaneous activity levels are
a better and independent predictor for changes in scale-free
behavior than age.
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Fig. 4. The scale-invariant correlation from ~3 to 24 h in activity fluctua-
tions in individual mice demonstrates the dependence of scale invariance on
activity levels. Shown are separate curves for individual mice of (4) 0.5y,
(B) 1y, (O 1.5y, and (D) 2 y. The mice expressed different numbers of
running wheel revolutions, indicated in the middle of each panel. Values are
the mean from before and after wheel removal, and expressed in kilometers
per day. There was a small SE of the scaling exponent o5 in the group of 0.5
and 1y. There was a large SE in the group of 1.5 and 2 y. The activity levels of
the aged animals were highly related to a. For visibility and comparison, six
mice are shown for each age group. See Fig. S1 for all animals.
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Removal of the running wheel resulted in loss of scale in-
variance in activity fluctuations of mice, leading to a crossover at
~3 h with reduced correlations at larger timescales (>3 h) and
persisting correlations at the smaller timescales. A similar
crossover has been observed in humans and rats. Aging humans
and humans suffering from, e.g., dementia and/or Alzheimer’s
disease display different fractal patterns in activity fluctuations in
two scale regions, resulting in a crossover at 1.5-2 h (12, 28). In
rats, lesioning the SCN significantly reduced the scale-invariant
correlation at larger timescales (between 4 and 24 h), whereas
the patterns at smaller timescales (<4 h) were only minimally
affected, resulting in a crossover at ~4 h (7). The presence of two
scale regions (one at smaller timescales and the other at larger
timescales) in the scale invariance suggests the involvement of
different neuronal networks in the regulation of activity fluctu-
ations at the smaller and larger timescales.

The loss of scale invariance that we observed in aged mice is
consistent with previous studies in humans (12), whereas the
effect of exercise on scale invariance of locomotor activity has
not been studied before either in animals or in humans. When
we determined the activity fluctuations exclusively during the
resting period of the animal (i.e., the daytime), we observed
differences, depending on the presence/absence of running
wheels. We found that the correlation in activity fluctuations at
timescales from ~3 to 12 h during the resting period was reduced
in all age groups when no running wheel was present. In-
terestingly, this was the case, whereas the total amount of loco-
motor activity during daytime was larger in the absence of
a running wheel. This suggests that (i) the correlation in activity
fluctuations is not dependent only on the total amount of ac-
tivity, but rather reflects a complementary property of the tem-
poral activity profile; and (if) exercise during the active period is
beneficial for scale-invariant control during the resting period.

The SCN is one of several neuronal nodes of the brain net-
work controlling behavioral activity (8, 18). The deterioration in
circadian activity rhythms as a result of aging and night shift work
has been linked to deficits in functioning of the SCN (27, 29).
Furthermore, it has been shown that proper SCN functioning is
crucial for maintaining scale invariance in activity and heart rate
fluctuations over multiple timescales (8, 9, 30). Simulated shift
work as well as SCN lesions in rats reduces the scale-invariant
correlation of the locomotor patterns (7, 29). Moreover, scale
invariance is lost in the behavioral activity fluctuations of aged
humans and in Alzheimer’s disease patients, and this has been
attributed to dysfunction of the SCN (12, 28). Together, these
results indicate that proper functioning of the SCN is crucial for
scale-invariant patterns of activity (14). In the presence of run-
ning wheels, the scale-invariant correlation in activity fluctua-
tions was improved in aging mice (1.5- and 2-y group). This result
is consistent with the previous finding that voluntary exercise can
strengthen the circadian system (17, 31-34), suggesting that the
enhancement of scale-invariant correlation in activity fluctua-
tions in the presence of running wheels may be the result of
a restoration in circadian regulation.

Our mixed-effect model analysis showed that both the amount
of exercise and age play a role in the correlation of activity
fluctuation at timescales from ~3 to 24 h (represented by the
scaling exponent o), and that the amount of exercise influences
o, more than age does. In the older mice, the difference in a,
among animals is pronounced with the scaling exponent o, close
to 1 in active mice and close to 0.5 in sedentary mice.

When the scaling exponents a, and o are similar, as occurs in
active mice, the behavioral activity fluctuations exhibit scale in-
variance across timescales from minutes to 24 h (28). As demon-
strated by numerous studies, scale-invariant correlations with o ~ 1
indicate the most complex dynamic patterns in physiological fluc-
tuations that are associated with healthy physiology (1). Thus, un-
derstanding the causal relation between the amount of exercise and
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scaling exponent a of activity fluctuations is of measurable rele-
vance to health. In this study, we show that, immediately following
removal of the running wheels, the correlation in activity fluctua-
tions decreased in the first 9-d epoch, whereas returning the run-
ning wheels immediately restored the scale invariance. To better
understand the time course of these effects, we repeatedly analyzed
changes in a, over the first 3 d after removal of the wheel, and over
the first 3 d after returning the wheel. Again, we found that the
effects were immediately measurable.

It is possible that the effect of exercise on scale-invariant
properties in activity patterns is not limited to mice. Verifying
whether the same effect exists in humans may be important with
the relevance to public health. For example, the sedentary lifestyle
of young individuals in modern society is linked to various health
problems. Finding objective measures to guide proper exercise is
still a challenge. Scale-invariant activity patterns may serve as one
of such measures that will help people to maintain health.

Materials and Methods

Animals. All animal experiments were performed in accordance with the
regulations of Dutch law on animal welfare, and the institutional ethics
committee for animal procedures from the Leiden University Medical Center
(Leiden, The Netherlands) approved the protocol. Male C57BL/6JOlaHSD mice
were housed individually in a controlled environment (21 °C, 40-50% hu-
midity) on a 12-h/12-h light/dark cycle. Food and tap water were available ad
libitum during the entire experiment. All of the mice had access to running
wheels (diameter: 26 cm) for voluntary exercise, from the age of 3 mo. The
amount of exercise was defined as the number of wheel revolutions. To
investigate the influence of a lack of activity, the wheels were removed or
blocked for 27 d, while recordings of PIR were continued. To investigate
possible restoration of scale-free behavior, we additionally analyzed the first
27 d after the wheel was reintroduced in the cage or unblocked. Six of the
0.5-, 1.0-, and 1.5-y-old mice were the same mice measured 6 mo apart; all
other mice were separate groups measured only once.

Data Acquisition. Behavioral activity of the mice was recorded using PIR
motion detection sensors (Hygrosens Instruments) that were mounted un-
derneath the lid of the cage and connected to a ClockLab data collection
system (Actimetrics Software) that recorded the amount of sensor activation
in 1-min bins.

Assessment of Scale Invariance Using DFA. The DFA method was used to de-
termine the scale-invariant correlation of activity fluctuations and was cal-
culated as follows: (i) The integrated time series of N data points was divided
into m nonoverlapping “windows.” The number of data points n = N/m was
the same in each window, where n represents the timescale. (ii) In each
window, a second-order polynomial function was used as a “local trend” to
fit the n data points. (iii) In each window, the n data points were subtracted
from the “local trends” to obtain the residuals. (iv) For each window, we
calculated the root-mean-square of the residuals. For the entire integrated
time series, the fluctuation amplitude F(n) was defined as the average value
of the root-mean-square from each of the m windows. (v) We changed the
number m (timescale n) and repeated i-iv (note that 4 < n < N/9). (vi) We
plotted the amplitude fluctuation F(n) as a function of the timescale n in
double-logarithmic coordination.

Throughout the present study, the “integrated time series” was regarded
as one set of continuous PIR recoding data of 9 d (n = 1,440*9; 1,440 data
points per d) or 3 d (n = 1,440%*3; 1,440 data points per d). The fluctuation
function was calculated from these N data points and can be written as
a power-law form: F(n) = n™*, if activity fluctuations are scale-invariant
feature. The scaling exponent o quantifies the scale-invariant correlation of
the fluctuations as follows: (/) « = 0.5 represents there is no correlation in
activity fluctuations, which corresponds to white noise; (ii) « < 0.5 indicates
there are negative correlations, i.e., large recording data values are more
likely to be followed by small recording data values and vice versa; (iii) a >
0.5 means there are positive correlations, i.e., large recording data values
have more probability of being followed by large recording data values and
vice versa.

Statistical Analysis.

Effects of voluntary exercise and aging on the scaling exponents. \We used Student
paired t test to examine the influence of exercise on the scaling exponents
within the same mouse. To assess the difference of the scaling exponents in
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four age groups, we performed Tukey’s test, ANOVA. The difference be-
tween two sets of data are considered to be significant when P < 0.05.
Mixed-effect model. We performed the multiple linear regression analysis
(Origin 7.0; Origin Lab) to calculate the dependence of the scaling exponent
a on the amount of voluntary exercise and/or the age. For this analysis, each
variable is standardized to ignore the variable’s units in the following steps:
(/) each variable subtracts its mean and the new values are obtained; (ii) the
standardized variable is achieved by the quotient of the new values divided
by the SD of the variable.
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