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Abstract 

Background: Overweight and obesity are common features of the rare disease Bardet–Biedl syndrome (BBS). Sleep 
and physical activity are behaviors that might impact overweight and obesity and thus may play a key role in the 
health and well-being of people with BBS. Objectively-measured sleep and physical activity patterns in people with 
BBS are not well known. We evaluated objectively-measured sleep and physical activity patterns in the largest cohort 
to date of people with BBS.

Results: Short sleep duration, assessed using wrist-worn accelerometers, was common in both children and adults 
with BBS. Only 7 (10%) of adults and 6 (8%) of children met age-specific sleep duration recommendations. Most adults 
64 (90%) achieved recommended sleep efficiency. The majority of children 26 (67%) age 6–12 years achieved recom-
mended sleep efficiency, but among children age 13–18, only 18 (47%). In both adults and children, sleep duration 
was significantly negatively correlated with duration of prolonged sedentary time. In children age 6–12 sleep duration 
was also significantly related to total activity score, children with lower sleep duration had lower total activity scores.

Conclusions: Insufficient sleep duration is very common in people with BBS. Prolonged sedentary time and short 
sleep duration are both potentially important health-related behaviors to target for intervention in people with BBS.
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Background
Bardet–Biedl syndrome (BBS) is a rare ciliopathy with 
an estimated prevalence of 1 in 100,000 births, impact-
ing approximately 3,500 individuals in the United States 
[1]. Primary clinical features of BBS include obesity, renal 
anomalies, retinal degeneration, and learning disabilities, 
which often lead to diabetes, blindness, or chronic kidney 
disease in adulthood.

Obesity is perhaps the most common visible feature of 
BBS, and is clearly among the most concerning to par-
ents of children with BBS [2]. Excess body weight gain 
is rapid and is observed very early in patients with BBS, 
with rates of overweight/obesity exceeding 90% after age 

5 and persisting through adolescence (and presumably 
adulthood) [3]. A small study of people with BBS found 
that sleep disordered breathing is common [4], with 18 of 
the 20 participants having sleep difficulties. Objectively-
measured physical activity behavior has previously been 
characterized in a small cohort of people with BBS [5]. 
People with BBS were found to have a lower total activ-
ity level than age-, sex-, and body mass index (BMI)-
matched controls. Little is known about the benefits of 
sleep and physical activity in people with BBS, but in 
other populations adequate sleep and higher levels of 
physical activity and lower levels of sedentary time are 
associated with protection against weight gain [6, 7] as 
well as a protective impact on negative health impacts of 
obesity [8, 9].

There are no known prior studies that have objec-
tively measured both sedentary and sleep time in people 
with BBS. These are potentially critical behaviors in the 
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prevention of obesity and its negative health impacts, 
which is a chief medical and social concern for patients 
with BBS. A richer understanding of sleep and physi-
cal activity in people with BBS will help identify oppor-
tunities for more targeted, comprehensive behavioral 
approaches to mitigate excess weight gain, or promote 
weight loss, in this rare disease population where obesity 
is ubiquitous. The purpose of this study was to charac-
terize objectively measured physical activity and sleep 
patterns and associations between objectively measured 
physical activity and sleep patterns in the largest cohort 
of people with BBS.

Methods
Participants
The target population was participants in the Clinical 
Registry Investigating Bardet–Biedl Syndrome (CRIBBS), 
an international database designed to record health 
outcomes of individuals with BBS (ClinicalTrials.gov: 
NCT02329210). Participants in CRIBBS or their caregiv-
ers are asked to take part in annual health interviews 
carried out by a research coordinator. A substudy to eval-
uate sleep and activity behavior using a wrist-worn, high-
resolution triaxial accelerometer was approved by the 
Marshfield Clinic Research Institute Institutional Review 
Board in January 2017. Participants enrolled in February 
2017, and analyses were completed by June 2019. Eligi-
ble participants resided in the United States and were 
3  years-of-age and older. Those individuals/legal guard-
ians that have agreed to be contacted about BBS research 
opportunities were contacted by a research coordinator 
and informed of the study. Interested individuals were 
recruited for participation in the research via telephone 
during the annual CRIBBS interview, and an accelerom-
eter was mailed to participants based on participant and 
monitor availability. Consent was provided verbally by 
the participant or their legal guardian.

Measurement procedures
Physical activity and sleep behaviors were assessed using 
the ActiGraph GT9X Link wrist-worn, high-resolution 
triaxial accelerometer (ActiGraph Corp., Pensacola, FL). 
The Link is a 3.5 × 3.5 × 1 cm device weighing 14 g. The 
Link contains a solid state 3-axis MEMS accelerometer 
with a ± 8  g dynamic range and is capable of recording 
time-stamped gravitational acceleration at a sample rate 
of 30–100 Hz.

The Link was initialized to record at a 30 Hz sample 
rate and set to record for 12  days. Participants were 
asked to wear the monitor at all times with the excep-
tion of bathing. The Link monitors were mailed to 
participants with a padded, pre-addressed, postage-
paid envelope to return the device. The monitors were 

initialized with a delayed start time to account for time 
the Link was in transit to the participant. Once the Link 
was returned, data were downloaded to a secure hard-
drive. Participants with at least 4  days of wear time 
were provided with a sleep report describing their aver-
age sleep duration and their frequency meeting their 
age-recommended sleep duration.

Data processing was performed using ActiLife soft-
ware v6.13.4. Sleep data were processed using the Batch 
Sleep Feature, sedentary time was processed using 
the Sedentary Analysis Feature [10], and total physi-
cal activity was processed by outputting 1 s epoch data 
using ActiLife’s proprietary normal filter to CSV files 
and completing the processing in a program written in 
SAS. Sleep was scored using the Sadeh sleep algorithm 
[11] for participants age 19 and older and the Cole-
Kripke sleep algorithm [12] for participants under age 
19. We used the ActiLife-modified Tudor-Locke algo-
rithm to identify sleep periods for all age groups. The 
time in bed is all time, both awake and asleep after the 
first 5 consecutive minutes of sleep and before 10 min 
of consecutive awake. Total sleep time is the time 
scored as sleep during in bed periods. Participants with 
less than 75% wear time for the monitoring period were 
omitted from the analysis.

Outcomes
Sleep variables included sleep duration and continuity. 
Sleep duration was reported as hours in bed per day 
and total sleep hours per day. Sleep duration was also 
classified as meeting or exceeding recommendations 
for age [13, 14]. Sleep continuity included sleep effi-
ciency and sleep fragmentation index. Sleep efficiency 
is the percentage of time in bed scored as sleep. Sleep 
fragmentation index, a measure of restlessness, cor-
responds to changes from deep sleep to light sleep, as 
assessed by sleep polysomnography [15]. Sleep frag-
mentation is expressed as a percentage of changes over 
total sleep time.

Awake sedentary time was determined using vector 
magnitude. The minimum sedentary bout time was set 
at 20 min with a 2 min drop time. Prolonged sedentary 
time included the median duration of all sedentary bouts 
lasting at least 20 min and the median daily duration of 
prolonged all sedentary time accumulated in bouts last-
ing at least 20 min as assessed during non-sleep periods 
over the 12-day measurement period.

Total physical activity was determined using normal-
filtered triaxial vector magnitude data. The average daily 
vector magnitude per minute during non-sleep periods 
was expressed as a z-score referenced to the cohort, with 
a mean of 0 and a standard deviation of 1.
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Statistical analysis
Data were analyzed using SAS version 9.4 (SAS Institute 
Inc., Cary, NC, USA). Descriptive statistics were medians 
and 25th and 75th centiles. Participants were stratified by 
children/adolescents (age 6 to 18  years) and adults (age 
19 and above). Spearman correlations were calculated 
between age and the sleep and physical activity vari-
ables, stratified by age categories. Spearman correlations 
between the sleep variables and physical activity variables 
were also stratified by age group. Age-stratified Wil-
coxon tests were performed to compare physical activity 
between individuals meeting versus not meeting sleep 
recommendations for age. Two-tailed p-values were con-
sidered significant at < 0.05, without adjustment for mul-
tiple comparisons.

Results
Descriptive statistics for participants are shown in 
Table  1. There were 391 participants in the CRIBBS 
registry who were eligible to participate. Of the 206 

individuals invited, 29 declined (16 adults, 13 children), 
16 participants (8 adults, 8 children) who agreed to wear 
monitors did not have sufficient wear time to be included 
in the analysis, and 8 monitors were lost. Only five chil-
dren age 3–5 participated in the accelerometry study, 
and due to the small sample size, were excluded from the 
analysis. There were no significant differences for sleep or 
physical activity variables by sex in either adults or chil-
dren (data not shown). Over one third of adults and a 
quarter of the children who had undergone a sleep study 
reported abnormal sleep study results. Nearly 30% of 
adults and 10% of children reported receiving treatment 
for sleep apnea.

The frequency of meeting or exceeding age-recom-
mended sleep duration and sleep efficiency is shown in 
Table 2. Only 10% of adults and 8% of children met the 
recommended sleep duration for age. Conversely, 3% of 
adults and no children exceeded the upper limit of sleep 
duration for age. Only 8% in each the 6–12  years and 
13–18 years age groups met the age-recommended sleep 

Table 1 Descriptives

Statistics are median (25th, 75th) centiles* or number (percent) reporting yes**

Adults n = 71 (59% female) All children n = 77 
(47% female)

Children 6–12 years n = 39 Children 13–18 years n = 38

Age (years)* 32.9 (24.6, 39.6) 12.9 (10.9, 16.5) 10.9 (9.6, 11.8) 16.6 (14.8, 17.7)

Days of observation (days)* 11.6 (10.1, 11.8) 11.6 (10.5, 11.8) 11.6 (10.2, 11.8) 11.8 (10.7, 11.8)

Wear time (%)* 96 (83.6, 99.1) 91.8 (83.3, 97.9) 91.7 (78.4, 96.4) 92.85 (86.4, 98.5)

Median duration of prolonged 
sedentary bouts (min)*

32 (29, 37) 35.5 (29, 42) 37.5 (33, 45.5) 32.75 (28, 37)

Total prolonged sedentary bout 
time (min/day)*

225 (174.5, 282) 112 (86, 168) 106 (85, 159.5) 123.75 (87, 189)

Total activity Z-score (standard 
deviations)*

− 0.13 (− 0.86, 0.68) − 0.09 (− 0.81, 0.45) 0.06 (− 1.22, 0.96) − 0.18 (− 0.54, 0.29)

Time in Bed (h/day)* 5.4 (4.5, 6.5) 7.6 (6.3, 8.7) 8.4 (7.6, 9.0) 6.4 (5.5, 7.3)

Total sleep time (h/day)* 4.8 (3.9, 6.0) 6.7 (5.6, 7.9) 7.6 (6.7, 8.2) 5.9 (4.9, 6.7)

Sleep efficiency (%)* 89.89 (87.73, 92.74) 90.97 (87.4, 92.28) 91.28 (88.51, 92.6) 89.88 (86.9, 92.21)

Sleep fragmentation index (%)* 19.77 (14.39, 24.72) 20.27 (17.3, 23.18) 19.39 (16.06, 22.98) 20.73 (17.95, 23.49)

Abnormal sleep study (yes)** 24 (34.8) 18 (26.1) 10 (26.3) 8 (21.1)

Sleep apnea treatment (yes)** 19 (27.5) 7 (10.1) 3 (7.9) 4 (10.5)

Diabetes mellitus (yes)** 16 (10.5) 5 (3.3) 1 (1.2) 4 (4.9)

Suspected restless leg syndrome 
(yes)**

38 (25.9) 30 (20.4) 18 (23.7) 12 (15.8)

Table 2 Age group stratified frequency of meeting sleep recommendations

Adults N (%) All children N (%) Children 
6–12 years N (%)

Children 
13–18 years N 
(%)

Meeting sleep duration recommendation for age 7 (10.1) 6 (7.8) 3 (7.7) 3 (7.9)

Exceeding sleep duration recommendation for age 2 (2.8) 0 (0) 0 (0) 0 (0)

Meeting sleep efficiency recommendation for age 64 (90.1) 44 (57.1) 26 (66.7) 18 (47.3)
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duration. While meeting the age-recommended sleep 
duration was rare, 90% of adults met the age-recom-
mended sleep efficiency. Meeting the recommendation 
for sleep efficiency was less common among children, 
with 54% overall meeting the recommendation.

Correlations between age and sleep or physical activity 
are shown in Table  3. No measures of sleep or physical 
activity were significantly correlated with age in adults. 
In children, sleep duration and time in bed were signifi-
cantly positively correlated with age. Measures of sleep 
continuity were not significantly correlated with age in 
children. The average duration of prolonged sedentary 
bouts was significantly negatively correlated with age in 
children. The average daily duration of prolonged sed-
entary time was not significantly correlated with age in 
children.

Correlations between sleep and physical activity 
measures in adults are show in Table  4. In adults, aver-
age daily duration of prolonged sedentary time was sig-
nificantly negatively correlated with time in bed and total 
sleep time, but not sleep efficiency or sleep fragmenta-
tion index. The average duration of prolonged sedentary 
bouts was significantly positively correlated with sleep 

efficiency in adults. Adults meeting sleep recommenda-
tions had significantly less prolonged sedentary time than 
adults not meeting sleep recommendations (daily median 
duration of 174 min versus 239 min, Wilcoxon p = 0.007). 
There were no other significant differences in physi-
cal activity in adults meeting versus not meeting sleep 
recommendations.

Correlations between sleep and physical activity meas-
ures in all children are shown in Table 5. The average daily 
duration of prolonged sedentary time was significantly 
correlated with all measures of sleep duration and qual-
ity in children. Neither the average duration of prolonged 
sedentary bouts or total activity z-score was significantly 
correlated with measures of sleep in children. There were 
no significant differences in physical activity in children 
meeting versus not meeting sleep recommendations.

Correlations between sleep and activity measures in 
children age 6–12 years are shown in Table 6. The median 
duration of prolonged sedentary bouts was significantly 
positively correlated with sleep efficiency. The average 
daily duration of prolonged sedentary time was signifi-
cantly negatively correlated with average sleep duration 
and time in bed, and significantly positively correlated 

Table 3 Age group stratified correlations with age

Spearman correlation coefficients. Significant correlations in bold

Adults age (years) Children age (years)

Median duration of prolonged sedentary bouts (min) r = − 0.021
p = 0.86

r = − 0.39
p = 0.0006

Total prolonged sedentary bout time (min/day) r = 0.20
p = 0.11

r = 0.13
p = 0.26

Total activity Z-score (standard deviations) r = − 0.12
p = 0.32

r = − 0.21
p = 0.07

Time in bed (h/day) r = − 0.15
p = 0.23

r = − 0.44
p = 0.0001

Total sleep time (h/day) r = − 0.14
p = 0.26

r = − 0.44
p < 0.0001

Sleep efficiency (%) r = 0.08
p = 0.51

r = − 0.09
p = 0.42

Sleep fragmentation index (%) r = 0.17
p = 0.17

r = 0.09
p = 0.42

Table 4 Correlations between sleep and physical activity in adults

Spearman correlation coefficients. Significant correlations in bold

Adults (n = 71) Time in bed (h/day) Total sleep time 
(h/day)

Sleep efficiency (%) Sleep 
fragmentation 
index (%)

Median duration of prolonged sedentary bouts (min) r = 0.03
p = 0.80

r = 0.05
p = 0.69

r = 0.24
p = 0.048

r = − 0.23
p = 0.06

Total prolonged sedentary bout time (min/day) r = − 0.32
p = 0.009

r = − 0.28
p = 0.02

r = − 0.04
p = 0.75

r = − 0.07
p = 0.59

Total activity Z-score (standard deviations) r = 0.15
p = 0.24

r = 0.12267
p = 0.319

r = 0.04
p = 0.77

r = − 0.13
p = 0.28
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with sleep fragmentation index. Total activity z-score 
was significantly positively correlated with average sleep 
duration and time in bed. Correlations between sleep and 
activity measures in children age 13–18 years are shown 
in Table 7. Only average daily duration of prolonged sed-
entary time was significantly negatively correlated with 
sleep duration, both average sleep duration and time in 
bed.

Discussion
Sleep and physical activity are important components 
of obesity prevention, and we evaluated these behaviors 
in the largest cohort to date of children and adults with 
BBS, a population where obesity is ubiquitous. Our find-
ings indicated that adults with BBS spent less time in bed 

and slept for a shorter duration than children, as would 
be expected in the general population, also. When exam-
ined as a percentage of the American Academy of Sleep 
Medicine age-recommended sleep time [13, 14], adults 
were clearly less apt to get as much sleep as they should, 
but over one in five children with BBS also got less than 
the amount of sleep recommended for their age. Failure 
to accumulate the age-recommended amount of sleep 
was very common in BBS, as only 10% of adults and 7% of 
children got adequate sleep. In population-based surveys 
approximately 60% of children over the age of 6  years 
achieve adequate sleep durations [16], and a similar per-
centage of adults achieve adequate sleep durations [17]. 
Short sleep duration is a risk factor for higher increases 
in BMI z-scores in young children [6]. It is unclear how 

Table 5 Correlations between sleep and physical activity in all children 6–18 years

Spearman correlation coefficients. Significant correlations in bold

Children (n = 82) Time in bed (h/day) Total sleep time 
(h/day)

Sleep efficiency (%) Sleep 
fragmentation 
index (%)

Median duration of prolonged sedentary bouts (min) r = 0.12
p = 0.29

r = 0.14
p = 0.22

r = 0.16
p = 0.18

r = − 0.06095
p = 0.6060

Total prolonged sedentary bout time (min/day) r = − 0.52
p < 0.0001

r = − 0.52
p < 0.0001

r = − 0.19
p = 0.11

r = 0.33
p = 0.004

Total activity Z-score (standard deviations) r = 0.20
p = 0.09

r = 0.20
p = 0.10

r = 0.06
p = 0.60

r = − 0.20
p = 0.09

Table 6 Correlations between sleep and physical activity in children 6–12 years

Spearman correlation coefficients. Significant correlations in bold

Children (n = 39) Time in bed (h/day) Total sleep time 
(h/day)

Sleep efficiency (%) Sleep 
fragmentation 
index (%)

Median duration of prolonged sedentary bouts (min) r = 0.20
p = 0.24

r = 0.27
p = 0.11

r = 0.45
p = 0.006

r = − 0.23
p = 0.17

Total prolonged sedentary bout time (min/day) r = − 0.51
p = 0.001

r = − 0.50
p = 0.002

r = − 0.19
p = 0.28

r = 0.42
p = 0.01

Total activity Z-score (standard deviations) r = 0.36
p = 0.03

r = 0.36
p = 0.03

r = 0.20
p = 0.24

r = − 0.19
p = 0.26

Table 7 Correlations between sleep and physical activity in children 13–18 years

Spearman correlation coefficients. Significant correlations in bold

Children (n = 38) Time in bed (h/day) Total sleep time 
(h/day)

Sleep efficiency (%) Sleep 
fragmentation 
Index (%)

Median duration of prolonged sedentary bouts (min) r = − 0.06
p = 0.74

r = − 0.07
p = 0.69

r = − 0.05
p = 0.79

r = 0.12
p = 0.48

Total prolonged sedentary bout time (min/day) r = − 0.46
p = 0.005

r = − 0.48
p = 0.003

r = − 0.12
p = 0.48

r = 0.30
p = 0.08

Total activity Z-score (standard deviations) r = 0.10
p = 0.55

r = 0.13
p = 0.47

r = − 0.10
p = 0.55

r = 0.21
p = 0.23
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sleep duration is related to weight patterns in people 
with BBS and should be investigated further. These find-
ings suggest that interventions aimed at increasing the 
frequency of achieving age-recommended sleep times 
appear warranted in people of all ages with BBS. Future 
studies to evaluate the impact of sleep duration and 
meeting sleep recommendations on obesity, and related 
conditions like type 2 diabetes mellitus and sleep apnea 
are warranted.

While sleep quantity measures were less than optimal, 
sleep continuity appeared good in adults. Optimal sleep 
efficiency is above 85% in adults [18], and over 90% adults 
had a sleep efficiency above 85%. Optimal sleep efficiency 
in children is an efficiency of 90% or greater, and only 55% 
of children overall met this target. Sleep efficiency was 
particularly suboptimal in children age 13–18, with only 
47% meeting sleep efficiency targets. Sleep efficiency is 
negatively correlated with age in other populations [19], 
and the trend is similar in children with BBS. The impact 
of suboptimal sleep efficiency in children, and particu-
larly in adolescents, with BBS merits further investiga-
tion, including a better understanding of determinants as 
well as strategies to improve sleep efficiency. Sleep effi-
ciency and sleep fragmentation can be impacted by sleep 
apnea. In our cohort, 28% of adults and 10% of children 
were recommended treatment for sleep apnea by self-
report and 35% and 26% respectively reported having an 
abnormal sleep study. Future research in this population 
should evaluate clinically diagnosed sleep apnea as well 
as adherence to treatment on sleep efficiency and sleep 
fragmentation.

Visual impairment is common in BBS, and in other 
populations with vision impairment the degree and 
severity of impairment has adverse impacts on physical 
activity levels [20]. In BBS, vision impairment is progres-
sive with age; people with BBS are often very severely vis-
ually impaired by early adolescence [21, 22]. This may at 
least partially explain the negative relationships between 
total activity score and age.

Interventions targeting sleep behavior also have the 
potential of impacting physical activity behavior and 
vice versa. Large cohort studies have described asso-
ciations between physical activity and sleep behavior 
[23]. Sleep duration and sedentary behavior have been 
shown to have a bidirectional relationship; short sleep 
duration is associated with more sedentary time [24]. 
In a study of people with retinitis pigmentosa, greater 
wake after sleep onset, a measure of sleep continuity, 
was associated with lower daytime activity level [25]. 
We found more consistent associations between meas-
ures of sleep duration and sedentary time, although 
both measures of sleep duration and sleep continu-
ity were associated with the duration of prolonged 

sedentary time in children. Children with more pro-
longed sedentary time had significantly lower sleep 
duration, lower sleep efficiency, and higher sleep frag-
mentation. In adults, more prolonged sedentary time 
was also negatively correlated with time in bed and 
total sleep time. Adults spent almost twice as much 
total time engaged in prolonged sedentary behavior as 
children, but children engaged in longer average bouts 
of prolonged sedentary behavior.

Both adults and children with BBS would likely ben-
efit from interventions designed to disrupt sedentary 
time. Poor sleep is a known risk for chronic kidney dis-
ease and increased cardiovascular risk [26–30], leading 
causes of premature death in BBS. Our findings support 
the importance of effective activity and sleep interven-
tions in this high risk patient population.

Key strengths of our study include a relatively large 
cohort of people with BBS. We included both children 
and adult participants to gain a better understanding of 
physical activity and sleep patterns across the lifespan 
in people with BBS. We also used a 12-day measure-
ment period for the objective assessment of activity using 
accelerometry. Objective methods are not prone to recall 
bias which is an advantage over self-report tools.

A limitation of our study is that, while wrist-worn 
accelerometers have been repeatedly shown to demon-
strate good agreement with sleep parameters measured 
by polysomnography, less is known about the agree-
ment in populations where sleep disordered breathing 
or sleep apnea may be more common. Of the studies that 
have compared wrist-worn accelerometer sleep param-
eters with polysomnography, the agreement has been 
good [31]. We did not have a parallel group of matched, 
BBS-free participants to directly compare our sleep and 
physical activity results to. Additionally, over 95% of chil-
dren with BBS have overweight or obesity by age 6 [3]. 
We only had five children age 3–5 years participate in our 
study, and we were unable to include this age group in 
our analysis. This is an important age group to target for 
overweight or obesity prevention and treatment.

Our findings identified important behavioral tar-
gets to potentially help prevent or mitigate obesity in 
individuals with BBS. Insufficient sleep duration was 
common in both children and adults with BBS, as was 
prolonged sedentary bouts. Identifying approaches to 
increase sleep duration and decrease prolonged seden-
tary time have the potential to enhance health and well-
being in people with BBS of all ages.
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Additional file 1. Scatterplots of Spearman correlations between 
measures of sleep and measures of physical activity in children with BBS. 
Figure 1A shows comparisons between children age 6-12 and Figure 1B 
shows children 13-18. Consistent with Spearman correlations data are 
showns as ranks rather than raw values for sleep and physical activity 
variables.
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