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Glucose Variations and Activity Are
Strongly Coupled in Sleep and Wake in
Young Adults With Type 1 Diabetes

Sarah S. Farabi, PhD, RN1, David W. Carley, PhD2,3,4,5,
and Lauretta Quinn, PhD, RN3

Abstract
Background: Glucose variations are common throughout sleep and wakefulness in people with type 1 diabetes mellitus (T1DM).
The objective of this investigation was to characterize the time-varying coupling between glucose and unstructured physical
activity over a 60-hr period in young adults with T1DM. The hypothesis was that coupling would differ during sleep versus
wakefulness and would exhibit circadian variations. Method: Young adults with T1DM treated with an insulin pump participated
in the study. Glucose variations were monitored with a continuous glucose monitoring system, and activity was assessed using an
activity-monitoring band worn on the nondominant wrist. Simultaneous glucose and physical activity data across a continuous
60-hr period were used for analysis. Wavelet coherence analysis was employed to quantify the coupling between physical activity
and glucose. Cosinor analysis was used to assess whether glucose/activity coherence exhibited significant circadian variations.
Results: Participants comprised 23 adults, aged 18�30 years, with T1DM. Coherence analysis demonstrated substantial
coupling between physical activity and glucose variations during both wakefulness and sleep. For rapid (10–30 min)
fluctuations, mean coherence was higher during sleep than wakefulness (F ¼ 10.86, p ¼ .003). Rapid glucose variations
consistently led to changes in activity (p ¼ .001) during sleep but not during wake. Cosinor analysis revealed significant
circadian modulation of glucose/activity coupling, especially for fluctuation periods 2–4 hr. Conclusions: Unstructured
physical activity and glucose variations demonstrated strong time- and frequency-dependent coupling over a 60-hr period in
young adults with T1DM, with sleep/wake differences and circadian modulation evident in this relationship.
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Glucose levels fluctuate widely through both the day and night

in individuals with type 1 diabetes mellitus (T1DM). Prior

research has shown that insulin sensitivity exhibits a circadian

rhythm (Coomans et al., 2013) and that circadian-clock genes

are active in a wide range of peripheral tissues (Summa &

Turek, 2014). In particular, insulin sensitivity in people with

T1DM is lowest during the second half of the night, requiring

increased insulin doses (Trümper, Reschke, & Molling, 1995).

Further, glucose homeostasis appears to differ between sleep

and wake states, independent of the circadian influence (Van

Cauter et al., 1991). Poor glucose homeostasis during sleep

may contribute to sleep disruption, which, in turn, can nega-

tively impact glucose control, even in healthy individuals (Van

Cauter, 1997). However, there has been limited investigation

into the circadian and sleep/wake influences on glucose home-

ostasis in individuals with T1DM.

Physical activity also contributes to glucose variations. Prior

research has shown that structured physical activity influences

glucose control in both healthy individuals (Houmard et al.,

2004) and those with T1DM (Quirk, Blake, Tennyson, Randell,

& Glazebrook, 2014). Routine (unstructured) daily activity also

may contribute significantly to glucose variations. Routine

daily activity also exhibits a sleep/wake pattern, with little

movement in the sleep period and increased but variable activ-

ity during the waking hours. These variations in routine daily
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activity between sleep and wake may contribute significantly to

state- or circadian-related changes in glucose, but research has

not directly investigated this question. In the present study, we

hypothesized that the strength of the relationship between glu-

cose and routine activity is different between sleep and wake

states and also exhibits a circadian pattern.

It is likely that the relationship between physical activity

and glucose variations is bidirectional and changes over the

course of a 24-hr day. For example, at times during the day,

activity may influence glucose, but at other times glucose may

influence activity. Research has shown that structured physical

exercise results in changes in glucose levels in those with

T1DM and that these changes can occur hours after the struc-

tured exercise occurs (Bally, Laimer, & Stettler, 2015).

Conversely, research has also shown that rapid variations in

glucose are associated with increased awakenings and associ-

ated physical activity in children with T1DM (Pillar et al.,

2003). We hypothesized that the strength and nature of the

relationship (coupling) between glucose and routine activity

varies over the course of time and depends upon the speed of

fluctuations in the values. To test our hypotheses, we carried

out an investigation using wavelet coherence analysis (WCA)

to describe the time-varying and frequency-specific relation-

ship between unstructured physical activity and glucose in

young adults with T1DM. WCA can be applied to two time

series and permits the assessment of both time-varying and

frequency-specific coupling (Grinsted, Moore, & Jevrejeva,

2004; Torrence & Compo, 1998).

The specific aims of this investigation were to (1) quantify

the coupling between glucose variations and routine unstruc-

tured activity over a 60-hr period, (2) determine differences in

this coupling between sleep and wakefulness, and (3) identify

the strength and timing of circadian variations in glucose/activ-

ity coupling in young adults with T1DM. We utilized an obser-

vational longitudinal study design in the natural environment.

Method

Participants

We recruited participants from the Chicago metropolitan area

through flyers posted in public locations and online and

assessed eligibility for the study over the phone prior to the

first visit. Young adults (N¼ 23) with T1DM who wore insulin

pumps and did not work rotating or night shifts participated in

this longitudinal study in the natural environment. In order to

be eligible, participants had to have had diabetes for at least 5

years to ensure that endogenous insulin secretion was minimal

or absent. We excluded night- or rotating-shift work, as such

work schedules alter normal sleep and wake patterns and would

confound interpretation of study findings. We also excluded

individuals who were using prescription or nonprescription

medication that might alter sleep or wakefulness, those with

uncontrolled thyroid disease, and those who reported diabetes

complications (the latter two of which may alter normal sleep

and wake patterns). The institutional review board of the

University of Illinois at Chicago approved all study procedures.

We obtained written informed consent from all participants.

Procedure

We met participants in a private room in the college of nursing

at University of Illinois at Chicago. After participants provided

informed consent, we placed a subcutaneous abdominal sensor

on each for the continuous glucose monitoring system (CGMS;

Guardian-RT™, Medtronic) and applied an activity monitor

(Actiwatch2™, Respironics) to each participant’s nondominant

wrist. We performed a brief health history and physical exam

and drew a blood sample to measure hemoglobin A1c

(HbA1c), which we did not use as an exclusion criterion but

rather as a clinically relevant biomarker of diabetes control

(higher values indicate reduced glucose control). Participants

also completed the Epworth Sleepiness Scale (ESS), a vali-

dated questionnaire to measure subjective sleepiness (Johns,

1991; Spira et al., 2011). Scores for the ESS range from 0 to

24, with scores�10 indicating clinically significant sleepiness.

Participants then wore the CGMS and actigraphy monitor

for 3 days and nights in their natural environments. We ana-

lyzed glucose and activity data collected from 6 p.m. on the

first day through 6 a.m. on the fourth day of the study. The

CGMS recorded average interstitial glucose every 5 min. Prior

research has shown that the system provides a reliable and valid

estimate of glucose concentrations when compared with capil-

lary blood glucose measurements (Gross & Mastrototaro,

2000). Additionally, we trained and instructed all participants

to recalibrate the CGMS every 12 hr with a capillary blood

glucose measurement. The activity monitor logged activity

count totals every 30 s and smoothed (5-min moving average)

and resampled them every 5 min to allow for alignment with

glucose values. For missing data, we carried the last nonmiss-

ing value forward until the next nonmissing point (maximum

cumulative missing data were 120 min [two subjects]). We

determined the sleep using Actiware software Version 6.0

(Respironics) on the recommended medium threshold setting,

which research has validated for objective measurement of

sleep (Shin, Swan, & Chow, 2015, p. 2).

Statistical Methods

Wavelet coherence. WCA identifies time-varying and

frequency-specific coupling between two processes (Grinsted

et al., 2004). Wavelet theory has been reviewed elsewhere

(Islam, 2011), but briefly, wavelets are time-limited mathemat-

ical functions useful for decomposing recorded physical activ-

ity and glucose waveforms into different frequency

components and then computing the time-varying coherence

between them at each underlying frequency. We used the Mor-

let wavelet function, performing computations with the wavelet

coherence toolbox (Grinsted et al., 2004). This function yielded

updated coherence values every 5 min for each of 84 underly-

ing oscillations, with periods ranging from 10 to 1,248 min. For

the present analyses, we excluded all coherence values
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potentially influenced by ‘‘end effects,’’ as described by

Grinsted, Moore, and Jevrejeva (2004). To facilitate interpreta-

tion of the 60-hr recordings, we collapsed the 84 wavelet

‘‘scales’’ into six bands with differing period ranges (Band 1,

10–30 min; Band 2, 30�60 min; Band 3, 60�120 min; Band 4,

120�240 min; Band 5, 240�480 min; and Band 6, 480�960

min). We also segmented each recording according to sleep and

wake periods, with each wake period being bisected into equal

halves, yielding three approximately 8-hr segments for each

circadian day. Due to their shorter length, we assessed each

of these segments by WCA using only the first four bands

(periods of 10�240 min). Because analysis of variance

(ANOVA) demonstrated no significant differences (p > .05 for

each) among the three sleep intervals or among the six wake

subintervals, we averaged these intervals to provide separate

single values for mean coherence and mean phase during sleep

and during wake for each band in each subject.

To identify which computed coherence values were statis-

tically significant (p < .05), we used Monte Carlo simulations

(N ¼ 500; Grinsted et al., 2004). We tabulated the mean coher-

ence, number of intervals of significant coherence, and mean

duration of these intervals for each band of each recording. To

allow more intuitive interpretation, we converted the phase

relationship between glucose and activity to an equivalent

delay (in min) as a function of time in each band. We used

ANOVA to identify differences in coherence parameters

among the bands and between sleep/wake intervals using each

of these factors as a repeated measure (STATA 14; StataCorp).

We determined pairwise differences between bands and sleep/

wake intervals by post hoc comparisons controlled by

Scheffe’s test.

Circadian analysis. To characterize circadian variations in coher-

ence, we used cosinor analysis. For each band of each record-

ing, we fitted (least squares regression) a cosine wave with a

period of 1,440 min (24 hr) to the coherence data as follows:

Coherence ¼ amplitude � cosineðð2p � timeÞ=1; 440

þ phaseÞ þ constant:

We report the average amplitude, acrophase (clock time of

peak coherence), and Pearson correlation (r2) to the raw coher-

ence data of the best fit cosine wave for each band.

Results

Participants

A total of 25 young adults met inclusion criteria; two had

incomplete glucose and actigraphy data and thus were not

included in the final analysis. Table 1 provides detailed demo-

graphic and clinical characteristics of the 23 participants who

completed the study. As highlighted in Table 1, participants’

mean HbA1c was slightly higher than the 7.0% target recom-

mended by the American Diabetes Association, and partici-

pants did not report subjectively high levels of sleepiness. All

participants wore their own insulin pumps (various

manufacturers) during the study, and no changes were made

to their usual insulin dosing regimens or diabetes care.

Time-Varying Characteristics of Coupling Between
Glucose and Activity Over the 60-hr Period

Mean coherence by fluctuation band for 60-hr recording. Figure 1

depicts the characteristic patterns of physical activity and

glucose associated with time of day and sleep/wake intervals

for a single subject (top panel). The lower panel displays the

time- and frequency-dependent coherence between these two

processes as a heat map. Globally, the group mean coherence

over the entire 60-hr recording interval and overall fluctuation

periods (10�960 min) was 0.39 + 0.14 (SD). Mean coher-

ence by band was as follows: Band 1, 0.38 + 0.02; Band 2,

0.35 + 0.04; Band 3, 0.34 + 0.06; Band 4, 0.38 + 0.08;

Band 5, 0.39 + 0.10; Band 6, 0.46 + 0.19. Mean coherence

in Bands 2 and 3 was significantly lower than that for Band 6

(p � .01 for each).

Intervals of significant coherence. It is evident (Figure 1) that even

within each band the coupling (coherence) between glucose

and activity was time varying, with multiple discrete intervals

of statistically significant coherence exhibited during the 60-hr

recording. Table 2 summarizes the average number and dura-

tion of these statistically significant intervals.

Differences in number of intervals of significant coherence.
Repeated-measures ANOVA revealed significant independent

effects of band (p < .00005) and sleep/wake state (p < .04) on

the number of intervals with significant coherence, with no

interaction. The number of intervals of significant coherence

decreased progressively from Band 1 to Band 6 (Table 2). Post

hoc contrasts (Scheffe) revealed that the numbers of significant

intervals in Bands 1�3 were significantly different from each

other as well as from the numbers in Bands 4�6 (p � .0005 for

each comparison); the numbers in Bands 4�6, however, did not

differ from one another. When stratifying for sleep and wake

intervals, we found that Bands 3 and 4 were significantly dif-

ferent from Bands 1 and 2 during both sleep (p � .037 for each

comparison) and wake (p � .0005 for each comparison), but

Table 1. Summary of Demographic and Clinical Characteristics of
Participants.

Characteristic Mean þ SD or n (%)

Age (years) 24 + 4.0
Sex, male 9 (39.1)
Current smoker, yes 1 (4.35)
Body mass index (kg/m2) 25.9 + 3.6
HbA1c %; mmol/mol 7.6 + 1.0; 60 + 10.9
Diabetes duration (years) 12.2 + 4.9
ESS 4.5 + 2.7

Note. N ¼ 23. ESS ¼ Epworth Sleepiness Scale; HbA1c ¼ hemoglobin A1c.
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Bands 3 and 4 did not differ from each other during either sleep

or wake.

Difference in duration of intervals of significant coherence. The

mean duration of the intervals progressively increased with

increasing band for the 60-hr recordings. One-way ANOVA

with post hoc contrasts revealed that mean durations in Bands

1�3 were significantly shorter than those in Bands 4�6 (p <

.02 for each), and mean duration in Band 4 was significantly

shorter than that in Band 6 (p � .0005). Repeated-measures

ANOVA revealed significant effects of band, sleep/wake, state

and their interaction on the mean duration of coherent intervals

(p � .0003 for each). Stratified one-way ANOVA demon-

strated (Table 2) that the mean duration of intervals of signif-

icant coherence in Band 4 was significantly shorter during

sleep than during wake intervals (F ¼ 9.76, p ¼ .004). During

sleep and wake, the mean duration of intervals in Band 1 was

less than those in Bands 3 and 4 (p� .001 for each during sleep;

p � .04 for each during wake). During sleep, Band 2 mean

duration was significantly less than that of Band 4 (p ¼ .02),

Figure 1. Characteristic patterns of physical activity and glucose associated with time of day and sleep/wake intervals for a single subject (top)
and the time- and frequency-dependent coherence between these two processes as a heat map (bottom). The top panel illustrates raw activity
(total activity counts per 5 min [blue]) and glucose values (mg/dl [green]) over a single 60-hr recording period, with clear daily (circadian)
variations in both activity and glucose. Vertical shaded regions denote the recorded sleep periods for this subject. The bottom panel illustrates
the time-varying and frequency-specific coherence between activity and glucose. The color bar at the right of this panel provides the scale for
coherence (ranging from 0 to 1), with intervals of statistically significant coherence shaded red and enclosed by a black border.

Table 2. Summary of Discrete Intervals of Significance and Mean Duration of Intervals With Significant Coherence.

Variable

Band

1 2 3 4 5 6

60 hr
N 23 23 23 22 20 14
No. of intervals, mean (SD) 20.5 (2.5) 9.5 (2.5) 4.6 (1.3) 2.3 (0.9) 1.7 (0.6) 1.1 (0.3)
Duration (min), mean (SD) 37.6 (8.0) 91.0 (22.3) 181.1 (82.7) 428.2 (214.2) 626.3 (301.2) 872.1 (477.7)

Wake
N 23 23 23 15 — —
No. of intervals, mean (SD) 9.3 (2.2) 4.5 (1.9) 2.3 (1.2) 1.5 (0.5) — —
Duration (min), mean (SD) 35.5 (9.0) 79.5 (29.6) 139.0 (138.5) 311.1 (211.7)

Sleep
N 23 23 23 18 — —
No. of intervals, mean (SD) 8.3 (2.3) 3.5 (1.3) 2.2 (1.1) 1.4 (0.6) — —
Duration (min), mean (SD) 33.1 (11.7) 70.1 (32.3) 97.5 (66.9) 128.9 (84.9) — —

Note. N indicates the number of subjects that had at least one discrete interval of significant coherence.
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and during wake, mean durations in Bands 2 and 3 were sig-

nificantly less than that in Band 4 (p < .0005 for each).

Differences in Coherence Between Sleep and
Wake States

Mean coherence during sleep and wake. Considering the tem-

poral variations in coherence we observed (Figure 1; Table

2), we hypothesized that coupling (mean coherence) would

differ during sleep versus wake. Figure 2 illustrates the mean

coherence within each band for sleep and wake intervals.

Repeated-measures ANOVA using band and sleep/wake state

as within-subject repeated factors revealed a significant effect

of band (F ¼ 17.7, p < .00005) on mean coherence, but the

effects of sleep/wake state and its interaction with band were

not significant. One-way ANOVA with post hoc comparisons

revealed that mean coherence was highest in Band 4 (2- to 4-

hr fluctuation periods) during both sleep and wake intervals

(F ¼ 6.7, p ¼ .0004 and F ¼ 7.17, p ¼ .0002, respectively).

The mean coherence in Band 4 differed significantly from

those of Bands 1 and 2 during wake intervals (p � .01 for

each) and from those of Bands 2 and 3 during sleep intervals

(p � .013 for each). In addition, in Band 1 (10- to 30-min

fluctuations), the mean coherence was significantly higher

during sleep (0.37 + 0.04) than during wake (0.34 + 0.04)

intervals (F ¼ 4.34, p ¼ .04).

Phase delay during sleep and wake. The temporal alignment

between coherent fluctuations in glucose and activity is indi-

cated by the phase calculation, which we converted to an equiv-

alent delay, in minutes. Mean phase delay in Band 2 was

significantly negative (changes in glucose leading changes in

activity) for the 60-hr recordings (�1.5 + 1.9 min, p¼ .0014);

delays for all other bands were not significantly different from

0. Figure 3 presents the mean phase delay for each band (1–4)

stratified according to sleep and wake intervals. During sleep

intervals, the mean phase delay was negative in all bands,

indicating that changes in glucose were consistently leading

changes in activity. This negative delay was significantly dif-

ferent from 0 only for fluctuation periods of 30–120 min

(Bands 2 and 3; p < .02 for each; Figure 3). During wakeful-

ness, the phase delay was significantly negative in Bands 1 and

2 (p < .05 for each) but was much more variable and, on

average, positive (changes in activity leading changes in glu-

cose) in Bands 3 and 4. One-way ANOVA revealed that mean

phase in Band 3 was significantly more negative during sleep

versus wake (�4.4 + 7.1 min during sleep vs. 1.6 + 4.9 min

during wake; F ¼ 11.13, p ¼ .0017). The same sleep/wake

trend was seen among Bands 2–4 (Figure 3).

Circadian Analysis

We found support that the coupling between glucose and activ-

ity exhibits a circadian pattern. Figure 4 illustrates the best fit

circadian cosine waves overlaid on the time-varying coherence

data for one 60-hr recording. For clarity, only Bands 2, 4, and 6

are presented; overall characteristics and fit for Bands 1, 3, and

5 were similar. The fit (r2) for coherence tended to improve

from Band 1 through 4 and then decreased for Band 6. Table 3

provides the mean r2, amplitude, and acrophase of the best fit

cosine waves for each band. One-way ANOVA (F ¼ 6.69, p �
.0001) with pairwise contrasts (Scheffe) revealed that the

means of r2 for Bands 4 and 5 were significantly greater than

those for Bands 1–3 (p � .02 for each) and 6 (p > .0001).

ANOVA also demonstrated (F ¼ 4.43, p ¼ .002) that the

amplitudes of circadian variations in coherence for Bands 1–

3 and 5 were significantly lower than the amplitude for Band 4

(p � .03 for each comparison), and the amplitudes for Bands

Figure 2. Mean coherence within each band for sleep and wake intervals. Error bars denote SD. *p < .05.
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2–5 were significantly higher than the amplitude for Band 6

(p � .01 for each comparison). The acrophase (time associated

with peak coherence) ranged from 5 p.m. to 7 p.m. and was

equivalent across all bands.

Discussion

In the present study, we provide a systematic evaluation of the

relationship between routine, unstructured physical activity,

and glucose variations across wake and sleep periods for mul-

tiple days in young adults with T1DM in their natural home/

work environment. Coherence analysis demonstrated substan-

tial coupling between activity and glucose variations with one

third to one half of their variances being shared during both

wakefulness and sleep. Moreover, our findings suggest multi-

ple modes of activity/glucose coupling with differing charac-

teristic time scales and potentially different physiological

mechanisms of control. For example, coherence demonstrated

Figure 4. Circadian cosine wave fit for one subject. In each subpanel, the black line represents the actual time-varying coherence data for one
band, and the gray line depicts the best fit cosine wave for that band. For clarity, only Bands 2, 4, and 6 are depicted.

Figure 3. Phase delay (mean + SD) for each band during sleep and wake periods. Negative phase delay indicates that changes in glucose
occurred prior to (led) changes in activity, while positive phase delay indicates that changes in activity led changes in glucose. In Band 3, the mean
phase delay was significantly negative during sleep with respect to during wake (p ¼ .007). *p < .05, indicating that the mean phase delay was
significantly different from zero; #p < .05, indicating that the mean phase delay was significantly different between sleep and wake.
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significant circadian variations over a 60-hr time span, and this

circadian rhythm in coupling was distinctly strongest for activ-

ity/glucose fluctuations with periods between 2 and 4 hr. Con-

versely, only the most rapid fluctuations (periods of 10–30

min) demonstrated significant differences between wake and

sleep states, with mean activity/glucose coherence being higher

during sleep than wakefulness. It is also noteworthy that for

fluctuations with periods from 10 to 60 min, changes in glucose

consistently preceded coherent changes in activity. For slower

fluctuations, this timing relationship was much more variable,

with glucose changes tending to lead to activity changes during

sleep periods and vice versa during wakefulness.

In the present study, rapid fluctuations (10–30 min) in glu-

cose and activity were characterized by somewhat lower mean

coherence but a larger number of brief intervals of significant

coherence as compared to slower fluctuations. This mode of

coupling may be of particular importance during sleep, as the

mean coherence of rapid fluctuations was higher during sleep

than wakefulness (Figure 2). Further, phase calculations

demonstrated that rapid glucose variations consistently led to

activity changes (Figure 3), suggesting the possibility that rapid

changes of glucose during sleep led to awakenings and atten-

dant physical movements (activity). Multiple awakenings from

sleep are typically short in duration but result in poorer sleep

quality. Children with T1DM exhibit more awakenings than

healthy controls (Matyka, Crawford, Wiggs, Dunger, & Stores,

2000). Also in these children, rapid decreases in glucose have

been associated with more frequent awakenings from sleep

(Pillar et al., 2003). In addition, motor activity, assessed by

actigraphy, was increased during periods of nocturnal hypogly-

cemia in children with T1DM (Radan et al., 2004). Our find-

ings indicate that brief movements during sleep, likely due to

awakening, are strongly coupled to rapid glucose fluctuations

in young adults with T1DM. This observation is important, as it

may suggest that glucose fluctuations play a role in sleep dis-

ruption in people with T1DM. Sleep fragmentation (due to

multiple arousals) results in decreased insulin sensitivity in

healthy individuals (Stamatakis & Punjabi, 2009). Therefore,

to the extent that glucose fluctuations result in sleep disruption

in people with T1DM, they may ultimately result in decreased

insulin sensitivity, which has deleterious effects on glycemic

control. Poor sleep quality also has deleterious effects on

cardiovascular health (Cappuccio, Cooper, D’Elia, Strazzullo,

& Miller, 2011); thus, sleep disruption due to glucose fluctua-

tions in people with T1DM may result in accelerating devel-

opment of cardiovascular disease, a leading cause of death in

this population (de Ferranti et al., 2014). Understanding how

changes in glucose are related to increased activity during sleep

is important; maintenance of normal sleep plays a critical role

in maintenance of metabolic and cardiovascular health (Hanlon

& Van Cauter, 2011).

During wakefulness, mean coherence for rapid fluctuations

was lower than during sleep in the present study, with glucose

fluctuations consistently leading changes in physical activity.

However, for slower fluctuations the delay differed signifi-

cantly across sleep/wake intervals, with activity changes tend-

ing to lead glucose changes during wakefulness and the

opposite during sleep. Interpretation of the delay helps us

understand how to maximize coherence between the two sig-

nals, but we cannot determine true cause and effect from it.

However, these findings do suggest that the relationship

between glucose and physical activity is likely both bidirec-

tional and operating on multiple time scales, especially during

wakefulness. This proposition is not surprising because during

the daytime many factors, including caloric intake (Neu et al.,

2015); aerobic and resistance exercise (Davey et al., 2013;

McMahon et al., 2007; Silveira et al., 2014; Sonnenberg, Kem-

mer, & Berger, 1990); and work, school, and family demands

impact daytime glucose control in people with T1DM.

In addition to physical activity, other factors influence glu-

cose metabolism. Of particular relevance to the present data,

hormones secreted during sleep and wake can impact glucose

levels. For example, growth hormone, secreted during deep

sleep (Davidson, Moldofsky, & Lue, 1991), reduces insulin

sensitivity (Rizza, Mandarino, & Gerich, 1982), and increased

glucose levels are seen when the levels of growth hormone are

elevated. In addition, diet and insulin-dosing regimen have a

major influence on time-varying glucose levels. Despite not

controlling for these other factors in the natural setting of the

present study, our findings are novel in demonstrating that

normal routine activity accounts for more than one third of the

total variance in glucose level throughout a 60-hr period.

Future studies that control for neurohumoral, dietary, and insu-

lin treatment effects will help to define the mechanisms behind

the coupling we report here.

We showed, for the first time, that circadian influences also

impact the coupling between glucose variations and physical

activity. Coherence of 2- to 4-hr activity/glucose fluctuations

demonstrated the greatest circadian modulation (Figure 4 and

Table 3), and we observed peak coupling during the early

evening hours (Table 3). Multiple biological processes exhibit

circadian patterns, including insulin sensitivity in individuals

with T1DM (Hinshaw et al., 2013; Tatò, Tatò, Beyer, & Schre-

zenmeir, 1991). Further, insulin sensitivity is lowest during the

early morning hours in people with T1DM (Trümper et al.,

1995). These factors may contribute to the circadian pattern

of coherence we have reported here. In addition, we allowed

our participants to engage in their normal exercise routines.

Moderate physical exercise during the day increases the

Table 3. Parameters of Circadian Cosinor Regression for
Coherence.

Band Mean r2 Mean Amplitude Acrophase (SD in min)

1 .04 (.03) .05 (.02) 5:16 p.m. (210.6)
2 .09 (.05) .07 (.03) 5:36 p.m. (172.7)
3 .09 (.08) .07 (.04) 5:50 p.m. (185.7)
4 .23 (.17)* .11 (.06)y 6:38 p.m. (201.5)
5 .21 (.18)* .09 (.04) 6:14 p.m. (203.4)
6 .05 (.05) .03 (.02) 6:25 p.m. (199.5)

*Significantly higher than Bands 1, 2, 3, and 6 (p ≤ .01). ySignificantly higher than
Bands 1–3 and 6 (p ≤ .03).
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likelihood of nocturnal hypoglycemia (Davey et al., 2013;

McMahon et al., 2007). In adolescents with T1DM, glucose

needs remained elevated for as long as 7–11 hr after completion

of moderate daytime exercise (McMahon et al., 2007). To

the extent that glucose utilization rate impacts glucose/

activity coherence, the above findings suggest that exercise

may have contributed to a circadian variation in coherence

in our participants. Circadian modulation of the relationship

between glucose and activity is important to understand

as it may help to optimize management strategies, such

as timing and dosage of insulin administration, in individ-

uals with T1DM.

This study is limited by the lack of a control group, and

future studies should incorporate a healthy control group to

determine to what extent the reported findings are unique to

people with T1DM. Further, we did not control exercise in the

present study, and as discussed, structured physical exercise

can have effects on glucose levels. We did not find any differ-

ences in the mean coherence within any band during sleep or

wake between those participants who self-reported exercise

during the study (n ¼ 14) and those who reported no exercise

(n ¼ 9, data not shown). Thus, we do not believe that control-

ling physical activity would have substantially influenced the

findings.

In summary, in the present study we demonstrated, for the

first time to our knowledge, that the relationship between glu-

cose and activity exhibits circadian modulation and that the

strength and nature of coupling differ between sleep and wake.

This study provides the motivation for larger scale trials aimed

at determining the mechanisms behind these reported relation-

ships. Understanding circadian patterns and sleep/wake differ-

ences in coupling between glucose and routine unstructured

physical activity may allow for improved nursing management

strategies for patients with diabetes.
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Tatò, F., Tatò, S., Beyer, J., & Schrezenmeir, J. (1991). Circadian

variation of basal and postprandial insulin sensitivity in healthy

individuals and patients with type-1 diabetes. Diabetes Research,

17, 13–24.

Torrence, C., & Compo, G. P. (1998). A practical guide to wavelet

analysis. Bulletin of the American Meteorological Society, 79, 61.

Trümper, B. G., Reschke, K., & Molling, J. (1995). Circadian varia-

tion of insulin requirement in insulin dependent diabetes mellitus:

The relationship between circadian change in insulin demand and

diurnal patterns of growth hormone, cortisol and glucagon during

euglycemia. Hormone and Metabolic Research, 27, 141–147. doi:

10.1055/s-2007-979926

Van Cauter, E. (1997). Roles of circadian rhythmicity and sleep in

human glucose regulation. Endocrine Reviews, 18, 716–738. doi:

10.1210/er.18.5.716

Van Cauter, E., Blackman, J. D., Roland, D., Spire, J. P., Refetoff, S.,

& Polonsky, K. S. (1991). Modulation of glucose regulation and

insulin secretion by circadian rhythmicity and sleep. Journal of

Clinical Investigation, 88, 934–942. doi:10.1172/JCI115396

Farabi et al. 257

http://globaljournals.org/GJCST_Volume11/7-Wavelets-its-Application-and-Technique-in-signal-and-image-processing.pdf
http://globaljournals.org/GJCST_Volume11/7-Wavelets-its-Application-and-Technique-in-signal-and-image-processing.pdf
http://globaljournals.org/GJCST_Volume11/7-Wavelets-its-Application-and-Technique-in-signal-and-image-processing.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


