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ABSTRACT

Barth syndrome (BTHS) is a rare genetic disorder commonly characterized
by cardiomyopathy, muscle weakness, abnormal fatigability, and exercise
intolerance. Sleep problems have been identified informally within the BTHS
community though it has never been systematically studied. This study
aimed to (1) objectively quantify sleep in males with BTHS, (2) examine the
relationship between sleep and physical activity levels, and (3) examine age-
related trends in data. Twenty participants (7 adults and 13 children) with BTHS
completed the study. Each participant wore an Actigraph GT9X activity tracker
and completed a sleep diary for 14 consecutive days. Energy expenditure
was calculated at various time periods: early morning, late morning, early
afternoon, late afternoon, early evening, and late evening. Generalized Linear
Models support statistically significant interactions between physical activity
levels throughout the day and sleep parameters (sleep latency, efficiency, and
nighttime awakenings). Trend analysis showed children had a longer sleep
latency, higher sleep efficiency, and more nighttime awakenings than adults and
were more active overall. Some of the findings in our study contradict current
literature pointing to a relationship between sleep and physical activity levels
in the typical population. This suggests other factors may impact decreased
sleep in BTHS and warrants future studies into the causes of decreased sleep
and the relationship to physical activity in this population.

Introduction

Background

Barth syndrome (BTHS) is an X-linked genetic disorder
affecting approximately 150-200 living boys and men worldwide;
although rare, evidence is accumulating that the disorder is under-
diagnosed.! The primary defect in BTHS is a disordered remodeling
of cardiolipin, a principal phospholipid in the inner mitochondrial
membrane. In BTHS, defects in cardiolipin remodeling have been
shown to increase the number of abnormal mitochondria in cells
and impact electron transport chain formation and function.? It
is currently understood that BTHS is caused by a mutation or
deletion of the tafazzin (TAZ) gene, located at Xq28, though several
different mutations have been identified leading to variable clinical
presentations.? The clinical phenotype of BTHS is most commonly
characterized by cardiomyopathy, left ventricular non-compaction,
skeletal myopathy (predominantly proximal muscle weakness),
neutropenia, and 3-methylglutaconic aciduria. Additional features
include delayed motor milestones, abnormal fatigability, and
exercise intolerance.!

Sleep problems have been identified informally within the BTHS
community (Shelley Bowen, personal communication), though sleep
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Table 1. Participant Characteristics

Adults Children Total
.. n % n % n
Participants
7 35% 13 65% 20
Mean (SD) Range Mean (SD) Range Mean (SD) Range
Age (years) 28.64 (5.41) 20.0-37.1 12.42 (3.34) 7.7-17.7 18.10 (9.02) 7.7-37.1
Weight (kg) 63.26 (17.47) 36.6-87.6 33.24 (12.13) 17.9-52.7 43.74 (20.66) 17.9-87.6

has never been systematically studied in this population.
Several factors put males with BTHS at risk for sleep
problems. First, many individuals with genetically caused
disorders have sleep problems regardless of the mutation.*
Second, sleep problems are more prevalent in individuals
with genetic mutations and learning differences. Learning
differences, particularly in math have been noted in the
BTHS population which puts them in this higher risk group.®
Finally, daytime physical activity and refraining from naps
has been shown to be a part of a good sleep hygiene routine;
however, males with BTHS are often limited in the amount
of daytime physical activity they can tolerate and are prone
to daytime napping due to high fatigue levels.'¢

Our rationale for this study was that individuals with
BTHS are predisposed to have sleep problems due to their
genetic condition and associated limitations in physical
activity. Our study was the first to examine sleep in BTHS
and provides a basis for future efforts to improve the
quality of life for this population.

Objectives

The aims of the study were to (1) objectively quantify
sleep and sleep problems in a sample of males with BTHS,
(2) examine the relationship between sleep and physical
activity levels in individuals with BTHS, and (3) examine
age-related trends in sleep and physical activity data.
We hypothesized that individuals with BTHS would have
evidence of sleep difficulties (i.e., increased sleep onset
latency, decreased sleep efficiency, and high number of
nighttime awakenings) and low levels of physical activity
throughout the day. Additionally, we hypothesized that
higher physical activity levels during the afternoon would
correlate with reduced sleep disturbances.”

Methods

Study Design and Overview

This study used a non-experimental, cross-sectional,
study design to objectively measure sleep and physical
activity patterns across a period of two weeks in males
with BTHS. This project was part of a larger research
study comprehensively examining sleep problems in this
population.

Participants and Recruitment

A convenience sample of 21 males diagnosed with

Barth aged 7.7 - 37.1 (M=18.10; SD= 9.02) were enrolled
in the study, however one participant was excluded due to
incomplete data. Table 1 includes only those participants
for which data was included (n=20). Individuals were
eligible for study inclusion if they: (i) had a medically
verified diagnosis of Barth syndrome and (ii) were aged 7
and above. Exclusion criteria were as follows: (i) individual
or caregiver unable to consent and complete forms in
English, (ii) children who were wards of the state, and
(iii) individuals with comorbid physical disabilities (e.g.,
cerebral palsy).

Initial study recruitment occurred during the 2018
International Barth Syndrome Foundation Scientific and
Medical Family Conference in Clearwater Beach, FL. An
informational session was held to provide individuals and
families an opportunity to learn about the study. Part of this
informational session included a question/answer portion
between potential participants and researchers. Once
families and individuals had all of their questions answered,
consent forms were signed on site; children between 7-18
years of age provided written assent. All study procedures
were approved by the sponsoring university’s institutional
review board.

Procedures

Conference coordinators screened all interested families
for inclusion criteria. Training sessions were scheduled
with the primary investigator during the 2018 conference;
during these sessions all inclusion and exclusion criteria
were verified verbally with individuals with BTHS and/or
their families. Since this study used actigraphy and a sleep
diary to track sleep, training was provided at the conference
for proper care and charging of the activity tracker
(Actigraph GT9X Link) and how to accurately complete
the provided sleep diary. At the end of the conference,
seven individuals took home an Actigraph GT9X Link,
charging cable, charging dock, instruction booklet, a sleep
diary, contact information for study coordinators, a return
envelope as well as a prepaid and pre-addressed Fed-Ex
return label. The remaining 13 individuals who consented
to participate, were mailed study materials as they became
available over the next 6 months.

Each participant was instructed to wear the Actigraph
GT9X Link on his wrist and complete the sleep diary for
14 days and mail all study materials back to investigators
once completed. The serial number from each Actigraph
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was recorded and linked to each participant on a separate
code document in order to track each Actigraph GT9X Link
activity tracker.

Materials and Measures

Actigraph GT9X Link. The activity tracker, ActiGraph
GT9X Link (henceforth referred to only as GT9X), was
used to collect sleep and physical activity data for the
duration of this study. The GT9X is a wrist-worn activity
tracker that utilizes a 3-axis accelerometer to collect sleep
and physical activity data. The GT9X was initialized using
ActiLife software (Version 6, ActiGraph, LLC. Pensacola
FL) to collect data at a sample rate of 30 Hz, and data
was uploaded to ActiLife at 60-second epochs. Sleep and
wake times were automatically identified using the Sadeh
algorithm, which has been validated for pediatric and adult
populations.®

The following sleep variables were measured using the
GTIX: sleep onset latency, sleep efficiency, and number of
nighttime awakenings. Sleep onset latency was defined as
the length of time between getting in bed and falling asleep
and was recorded in minutes. Nighttime awakenings were
numerically recorded as any disruption to a sleep episode
lasting at least 60 seconds. Sleep efficiency was defined as
the number of sleep minutes divided by the total number of
minutes the subject was in bed in percentage format.

Sleep Diary. A sleep diary which documented the
estimated time the participant got into bed, fell asleep,
awoke the next morning, whether or not a nap was taken
that day, as well as any additional comments was provided
to each participant to be completed daily. Sleep diaries
were sent with detailed instructions for each recording
parameter as well as instruction to record time per watch
(set to EST). Instructions provided with sleep diaries
included the following:

e  What time did you (or your child) wake up in the
morning? This will be the time that you fully woke
up with no further attempts at going back to sleep.

e What time did you (or your child) get into bed?
Write the time you got into bed. This may not be the
time that you began “trying to fall asleep”.

*  What time did you (or your child) try to go to sleep?
This is usually when you turn the lights out and any
devices off.

* Did you (or your child) nap today? If yes, how long?
If you took a nap, please write down approximately
what time you started napping and what time you
woke up.

* Comments: If you have anything else that you would
like to say that is relevant to your sleep, please feel
free to write it here.

Diaries were completed by each participant in a written
format; if child participants were unable to reliably record
diary information, parents were instructed to complete
the sleep diary for their child. Additionally, sleep diaries
were used to adjust and validate the in-bed and out-bed
times in the Actilife software (ActiGraph LLC, Pensacola,
Florida) to ensure that sleep periods and sleep variables
were accurate.

Energy Expenditure. The GT9X gathered physical
activity counts per minute (CPM) and vector magnitude
(VM) for each epoch (60 second time-interval) during the
entire 14 days of data collection. CPM is calculated from the
summation axis 1, axis 2, and axis 3 whereas the formula for
VM is the square root of all 3 axes squared and refers to the
magnitude of the triaxial vector (ActiLife 6 User’s Manual).
We utilized the algorithm developed by Romero-Ugalde
and colleagues to determine average energy expenditure
(kcals/minute) using weight (kg) and counts per minute
or vector magnitude.’ Average energy expenditure was
calculated for the following time frames: early morning
(EM) from 6am to 8:59am, late morning (LM) from 9am to
11:59am, early afternoon (EA) from 12pm to 2:59pm, late
afternoon (LA) from 3pm to 5:59pm, early evening (EEVE)
from 6pm to 8:59pm, and late evening (LEVE) from 9pm
to 11:59pm. All times were recorded in Eastern Standard
Time (EST). The above energy expenditure analysis was
conducted using methodology described by Calhoun et al.'

Data Analysis

To test our first objective, we used descriptive statistics
to determine average sleep onset latency, sleep efficiency,
and number of nighttime awakenings for each participant.
To test our second objective, we used Microsoft Excel and
IBM SPSS Statistics Version 26 to analyze sleep and energy
expenditure data. We ran generalized linear models (GLMs)
in SPSS to determine the significance and relationship of
participants’ energy at each time period against three sleep
variables (sleep latency, sleep efficiency, and nighttime
awakenings). GLMs were conducted for all participants
enrolled in study, adult participants, and child participants
to ascertain trends across age. Each GLM was analyzed
using the Test of Model Effects and Parameter Estimates
output tables with a p value of .05. We used MANOVAs and
descriptive statistics to test our third objective of examining
age related trends in sleep and physical activity data. For all
analyses, data was excluded if less than 80% was available
per variable; based on this criterion, day 14 was excluded
from further analysis for all subjects.

Participant daytime naps reported on sleep diaries
were not included in further statistical analysis because no
naps were recorded on the GT9X actigraphs. It is important
to note that of the 20 total participants, only five (1 child,
4 adults) self-reported taking naps throughout the entirety
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of the study; however, none of these reported naps were
verifiable through the GT9X software and were therefore
excluded from further analysis.

Results

Total Sample

Individuals diagnosed with Barth syndrome who
participated in this study had an average sleep onset
latency of 36.28 minutes (range 0-327 minutes), an average
sleep efficiency of 73.29% (range 31.5-99.82%), and an
average number of nighttime awakenings of 24.79 (range
0-50 times). Highest energy expenditure during for the
total sample was in late afternoon (3pm-5:59pm EST) with
a mean of 652.59 kcals/min (range 0-2370.24 kcals/min)
and the lowest energy expenditure during early morning

(6am-8:59am EST) with a mean of 204.93 kcals/min (range
0-1261.81 kcals/min). Average total energy expenditure
per day was 2845.1 kcals/min (range 49.2-7386.99 kcals/
min). Per GLM results there was a statistically significant
interaction between nighttime awakenings and early
morning (p=.01, B=-.007), late afternoon (p=.016, B=.004),
and late evening (p =.002, B =-.007) energy expenditure.
Results indicate that increased energy expenditure during
early morning and late evening decreased the occurrence
of nighttime awakenings; conversely increased energy
expenditure during late afternoon increased the number
of nighttime awakenings (See Tables 2 and 3 and Figure
1). There were no statistically significant relationships
between energy expenditure and sleep latency or sleep
efficiency.

Table 2. Sleep and Energy Expenditure Demographics

Adults Children Total

Mean (SD) Range Mean (SD) Range Mean (SD) Range
Sleep
Latency (min) 25.56 (35.39) 0-211 41.07 (44.62) 0-327 36.28 (42.37) 0-327
Efficiency (%) 71.86 (15.16) 35.77-97.21 74.01 (11.07) 31.5-99.82 73.29 (12.6) 31.5-99.82
Awakenings* 21.91(9.37) 4-48 26.26 (9.27) 0-50 24.79 (9.51) 0-50
Energy Expenditure (kcals/min)
EM 292.84 (321.46) 0-1261.81 160.45 (193.47) 0-1068.55 204.93 (251.35)  0-1261.81
LM 584.24 (509.69) 0-1638.86 461.61 (337.76) 0-1891.15 502.81(406.9) | 0-1891.15
EA 522.13 (428.38) 0-1468.43 675.61 (447.5) 0-2313.24 624.04 (446.27) 0-2313.24
LA 513.69 (414.25) 0-1873.99 722.86 (475.25) 0-2370.24 652.59 (465.49) 0-2370.24
EEVE 389.58 (331.44) 6.59 - 1598.83 651.07 (464.97) 0-2255.12 563.52 (441.82) | 0-2255.12
LEVE 242.9 (267.75) 0-1407.82 325.16 (285.6) 0-1748.6 297.52 (281.9) 0-1748.6
Total Energy/Day | 2545.37 (1844.21) 49.2 - 6912.74 2996.75 (1394.49) 284.02 - 7386.99 | 2845.1(1570.9) 49.2 - 7386.99

*number of nighttime awakenings

Table 3. Generalized Linear Model Results for Sleep and Physical Activity Levels

Sleep Latency

Sleep Efficiency

B o] Wald x B p
EM -001 955 0.003 -002 701
LM -012 197 1.666 001 755
| EA 002 776 0.081 003 263
Tota LA 006 44 0.596 -002 356
EEVE 000 98 0.001 001 513
LEVE 017 106 2.613 -.002 57
EM 001 963 0.002 -.009 055
LM -.005 714 0.134 001 731
Children EA -.003 742 0.109 001 565
LA 002 876 0.024 -.002 314
EEVE -.009 314 1.015 004 072
LEVE 021 103 2.663 -.001 816
EM 005 784 0.075 005 55
M -025 127 2.335 007 342
Adulte EA .009 584 03 004 604
LA 013 46 0.546 -.007 361
EEVE 034 043 4102 -013 058
LEVE -.006 761 0.093 000 955

Wald x
0.147
0.097
1.252
0.852
0.429
0.322
3.677
0.118
0.331
1.014
3.246
0.054
0.357
0.903
0.27
0.833
3.599
0.003

Nighttime Awakenings

B P
-.007 .01
-.003 .146
.001 437
.004 .016
.002 191
-.007 .002
-.006 123
.000 .909
.000 .813
.004 .036
.001 484
-.005 .075
-.005 .296
-.004 381
.002 .565
.001 .885
.005 .289
-.011 .025

Wald x
6.573
2.113
0.603
5.808
1.711
9.869
2.373
0.013
0.056
4.413
0.49
3.167
1.092
0.769
0.331
0.021
1.124
5.003
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Change in Energy Expenditure by Time of Day
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Figure 1. Average energy expenditure change by time of day for
total participants, children, and adults

While important to look at the sample as a whole, we
also examined differences between our child and adult
samples. Results trended towards a higher sleep latency
and increased occurrence of nighttime awakenings in
children and a lower sleep efficiency in adults with Barth
syndrome. Initial MANOVA results revealed a statistically
significant difference in sleep variables based on age group
[F(3,16) =3.32, p =.047; Wilk’s A = 0.616, partial n2 = .38];
though when examined through follow-up post-hoc testing,
there was no actual statistically significant difference for
sleep latency [F(1,18) =1.815, p =.195; partial n2 =.092],
sleep efficiency [F(1,18) =.260, p =.616; partial n2 = .041],
or nighttime awakenings [F(1,18) =2.125, p =.162; partial
12 =.106] between children and adults. Similarly, MANOVA
results revealed there were no significant differences
between the two groups (children and adults) for the timed
energy expenditure variables included in analysis [F(6,13)
=1.360, p =.301; Wilk’s A = 0.614, partial n2 =.386]. While
the difference was not statistically significant, children
with BTHS expended slightly more total energy per day
(M =2996.75; SD =1394.49) in comparison to adults in the
study (M =2545.37; SD =1844.21) and were most active
in late afternoon, whereas adults were most active in late
morning (Table 2). Overall, it appeared that adults were
more active than children in early and late morning, but
their physical activity levels steadily decreased throughout
the remainder of the day. Children had a steady increase
of physical activity from early morning to late afternoon,
which then decreased in late evening (see Figure 1).

Children

Children included in the study sample had an average
sleep onset latency of 41.07 minutes (range 0-327
minutes), an average sleep efficiency of 74.01% (range
31.5-99.82%), and an average number of nighttime
awakenings of 26.26 (range 0-50). Statistical analysis
from the children in the study sample revealed the highest
energy expenditure during late afternoon (3pm-5:59pm

EST) with a mean of 722.86 kcals/min (range 0-2370.24
kcals/min) and the lowest energy expenditure during early
morning (6am-8:59am EST) with a mean of 160.45 kcals/
min (range 0-1068.44 kcals/min). Average total energy
expenditure per day was 2996.75 (range 284.02-7386.99
kcals/min). Per GLM results, there was a statistically
significant interaction between nighttime awakenings and
late afternoon (p =.036, B =.004) energy expenditure for
child participants. Results indicate that increased energy
expenditure during late afternoon increased the number
of nighttime awakenings (See Tables 2 and 3 and Figure
1). There were no statistically significant relationships
between energy expenditure and sleep latency or sleep
efficiency, however energy expenditure during early
morning approached statistical significance with sleep
efficiency (p =.055, B =-.009) which indicates increased
amounts of physical activity in early morning may have a
negative impact on sleep efficiency for children.

Adults

Adults included in the sample had an average sleep
onset latency of 25.56 minutes (range 0-211 minutes),
an average sleep efficiency of 71.86% (range 35.77-
97.21%), and an average number of nighttime awakenings
of 21.91 (range 4-48). Statistical analysis from the adult
sample revealed the highest energy expenditure during
late morning (9am-11:59am EST) with a mean of 584.24
kcals/min (range 0-1638.86 kcals/min) and the lowest
energy expenditure during late evening (9pm-11:59pm
EST) with a mean of 242.9 kcals/min (range 0-1407.82
kcals/min). Average total energy expenditure per day was
2545.37 (range 49.2-6912.74 kcals/min). Per GLM results,
there was a statistically significant interaction between
nighttime awakenings and late evening (p =.025, B =-.011)
as well as early evening and sleep onset latency (p =.043,
B =.034) for adult participants. These results indicate that
increased energy expenditure during late evening showed
a decreased occurrence of nighttime awakenings and the
more energy expended during early evening indicated
an increased sleep onset latency (See Tables 2 and 3 and
Figure 1) There were no significant relationships between
energy expenditure and sleep efficiency, however energy
expenditure during early evening approached a statistically
significant interaction with sleep efficiency (p =.058, B
=-.013; see Tables 2 and 3).

Discussion

Diagnostic indicators of insomnia include sleep
efficiency below 85%, sleep onset latency greater than
30 minutes, frequent nighttime awakenings (>18.5), and
excessive daytime sleepiness. 11121314 Sleep efficiency was
found to be deficient in both adults (mean = 71.86%)
and children (mean 74.01%) in this study. The time to
fall asleep varied greatly amongst the adults in the study,
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with a range of 0-211 minutes across all days collected;
overall, the sleep onset latency for adults in the study fell
within the acceptable range with a mean of 25 minutes.'?
Children, however, demonstrated a sleep onset latency of
41 minutes, with an even greater range of 0-327 minutes.
Norms for nighttime awakenings are not well established,
however, research by Bulckaert et al. suggest an average
occurrence of nighttime awakenings in physically and
mentally healthy men and women (with a mean age of
23 years) at 18.5 times per night.!? Adults in our sample
averaged 21 nighttime awakenings, while children
averaged 26 nighttime awakenings on average. Collectively,
this data supports our hypothesis that individuals with
BTHS exhibit sleep difficulties as evidenced by decreased
sleep efficiency, increased sleep latency, and an increased
incidence of nighttime awakenings. While sleep latency
and frequency of nighttime awakenings appear to improve
with age, our results suggest that sleep problems in BTHS
that emerge in childhood may continue into adulthood
without intervention.

The second aim of this study was to examine the
relationship between sleep and physical activity levels
in individuals with BTHS. Previous research and clinical
guidelines suggest that increased levels of physical
activity in the morning or afternoon (9am-6pm) increases
sleep quality and quantity; late afternoon has even
been suggested as an optimal time for higher levels of
physical activity.”!>'® Our hypothesis that higher physical
activity levels during the afternoon would correlate with
reduced sleep disturbances in BTHS was not supported.
In fact, increased energy expenditure in the late afternoon
correlated with increased frequency of nighttime
awakenings in children with BTHS and in the total sample.
Interestingly, increased energy expenditure during late
evening improved sleep in adults (decreased nighttime
awakenings). Late evening physical activity is typically
not recommended to promote sleep due to increased body
temperature created with physical activity. Decreased body
temperature is needed for the brain to enter a sleep state
and the body requires at least six hours after exercise to
reach this optimal temperature zone.” It is unclear whether
the physical activity levels exerted by individuals with
BTHS were high enough to significantly raise their body
temperature during the study or whether their “cool down”
time is faster than normal due to their genetic differences
in metabolism.?” Possibly, adults with BTHS who exerted
more late evening energy simply became fatigued enough to
fall asleep; these are certainly important areas to consider
for future research. It is currently unknown how constructs
of physical and mental fatigue, exercise intolerance, and
tiredness interact to impact sleep in individuals with
genetic disorders. While proper timing of physical activity
may be important to maximize sleep in individuals without

metabolic or cardiac conditions, specific clinical guidelines
for the BTHS population could look very different compared
to guidelines for the general population.

Conclusion

Sleep is an important aspect of development and is
critical for functioning throughout the day, for learning, and
for overall health. Research indicates that poor sleep can
lead to excessive daytime sleepiness and impaired motor
and cognitive function, ultimately leading to an overall
decrease in functional performance.'®?°2! This was the first
study to systematically assess sleep in males diagnosed
with BTHS. Our study suggests that both adults and
children with BTHS meet most clinical criteria for insomnia,
with deficits noted in their ability to fall asleep and stay
asleep, leading to an overall deficit in sleep efficiency.
This is important to consider within the BTHS population
which already struggles with challenges related to motor
function and daytime fatigue. Treatments to improve sleep
have the potential to enhance not only sleep quality and
quantity but affect daytime performance in educational
and occupational tasks as well. Interventions will need to
consider the unique features of BTHS, and acknowledge
that common sleep hygiene recommendations, such as
increasing afternoon physical activity, may not be effective
for this population.

Limitations

A primary limitation of this study is unclear
documentation of time on sleep diaries due to individuals
participating in different time zones. Time zones were
adjusted by the researchers, however there is room
for human error in adjustments. Additional limitations
include the inability to account for personal, temporal,
and situational contexts. While the research indicates a
relationship between sleep and physical activity levels
in this sample, other factors may have influenced sleep,
such as medication, sugar intake, sleep environment,
sleep apneay, illness, etc. While our sample size was small
(N =20), our sample represented approximately 10% of
those people currently living with BTHS suggesting high
external validity. Additionally, actigraphs have potential
to underestimate WASO as they tend to record “lying
still, but awake” as “sleep”; this could indicate that sleep
disturbances are even more prominent in this population
than our data shows.

Implications for Future Research

Future research should further examine the
relationship between physical activity levels and potential
sleep difficulties across age groups to generate more
comprehensive sleep and physical activity changes across
thelifespaninindividuals with BTHS. We also recommended
that future research compare sleep and energy expenditure
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data between those diagnosed with BTHS and the typically
developing population to determine if sleep or physical
activity is differentamongst populations and to corroborate
our findings of overall decreased physical activity levels
in individuals with BTHS. Comparison of BTHS with
a normative sample is also recommended in order to
generate activity recommendations for children and adults
with BTHS; since our findings were the first of their kind
to be published in BTHS, and have not yet been replicated,
we were hesitant to make broad implications for practice
at this current juncture. Future research should also focus
on examining the determinants of decreased sleep in this
population or other underlying conditions to account for
the contradictory information between current research
and data from our study.
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