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Abstract
Study Objective. To determine the impact of sleep disordered breathing (SDB) in
children on neurocognitive function 5 years later.
Design, Setting, and Participants. A subgroup of 43 children from the Tucson
Children’s Assessment of Sleep Apnea Study (TuCASA) who had SDB (RDI > 6
events/hour) at their initial exam (ages 6-11 years) were matched on the basis of
age (within 1 year), gender and ethnicity (Anglo/Hispanic) to 43 children without
SDB (Control, RDI < 4 events/hour). The Sustained Working Memory Task
(SWMT) which combines tests of working memory (1-Back Task), reaction time
(Simple Reaction Time) and attention (Multiplexing Task) with concurrent
electroencephalographic monitoring was administered approximately 5 years later.
Results. There were no differences in performance on the working memory,
reaction time and attention tests between the SDB and Control groups. However,
the SDB group exhibited lower P300 evoked potential amplitudes during the
Simple Reaction Time and Multiplexing Tasks. Additionally, peak alpha power
during the Multiplexing Task was lower in the SDB Group with a similar trend in the
Simple Reaction Time Task (p=0.08).
Conclusions. SDB in children may cause subtle long-term changes in executive
function that are not detectable with conventional neurocognitive testing and are
only evident during neuroelectrophysiologic monitoring.
Introduction
There is increasing evidence that childhood sleep disordered breathing (SDB) is
associated with neurobehavioral morbidity (1-3). In cross-sectional studies,
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children with SDB are found to have deficits in a variety of neurobehavioral
domains including attention, executive function, behavior regulation, alertness,
learning and academic performance (3). Treatment of OSA with either
tonsillectomy or adenoidectomy often results in resolution or improvement in
many of these domains (4, 5).
Despite the large amount of data implicating SDB as a causative factor in
producing deficits in neurocognition in children, there have been few studies
implicating SDB in children as a risk for long-term neurobehavioral morbidity.
Several studies have reported that snoring as a surrogate for SDB predicted
increased risk for hyperactive behavior (6-8). In addition, in a retrospective
analysis, Gozal and Pope (9) reported that low performing middle school students
had a greater likelihood of snoring during childhood than their high performing
classmates. However, there have been no studies of long-term neurobehavioral
morbidity that have used polysomnography (PSG) to document the presence of
SDB. Determining whether long-term or permanent deficits in neurocognition
occur as a result of SDB will be important in timing of treatment intervention in
these children.
In the present study, a subset of the Tucson Children's Assessment of Sleep
Apnea Study (TuCASA) underwent additional cognitive neurophysiological testing
to determine whether SDB documented during childhood was a risk factor for
deficits 5 years later. We hypothesized that children with SDB would exhibit
subtle abnormalities during these neurophysiologic tests.
Materials & Methods
Subjects. The Tucson Children’s Assessment of Sleep Apnea study (TuCASA) was
a longitudinal cohort established to investigate the correlates and natural history of
childhood sleep disordered breathing. Recruitment and overall study methods have
been previously described (10, 11). In brief, the TuCASA cohort consisted of
healthy school-aged children that were enrolled in a large urban school district in
the Southwest United States. With the cooperation of their respective elementary
schools, parents of the students were asked to complete a brief screening
questionnaire and to provide contact information if they wanted to see if their child
was eligible for the study. Those who qualified were then studied using a single
overnight unattended in-home PSG along with completion of a questionnaire
regarding their sleep habits. TuCASA initially recruited 503 participants (ages 6 –
11) who had their PSGs recorded between the years of 2000 and 2004.
Approximately 5 years later, the study attempted to contact the same participants
and was successful in restudying 319 children who had valid PSGs for both the
baseline and follow-up time points. From this group, we selected 2 groups of
children based on their respiratory disturbance index measured from the PSG
performed during their baseline exam cycle. No children had received continuous
positive airway pressure treatment for SDB. The first group (SDB) consisted of
children with SDB as defined by a respiratory disturbance index (RDI) > 6 /hour.

Southwest Journal of Pulmonary and Critical Care/2013/Volume 7

166

The second group (Control) was children without SDB as defined by a RDI <
4/hour. Each child in the Control group was matched to a child in the SDB group on
the basis of age (within 1 year), gender and ethnicity. This resulted in a study
cohort of 43 pairs of children.
All methods used to recruit subjects and to collect the present data set were
approved both by the University of Arizona Human Subjects Committee and the
Tucson Unified School District Research Committee. In all cases, we obtained
written informed consent from the parents, and assent from the children.
Study Design. Children from both groups were asked to return to the TuCASA
sleep laboratory to undergo the Sustained Working Memory Test (SWMT) which
was adapted for use in children. The SWMT is an automated cognitive
neurophysiological test that combines cognitive test performance measures with
electroencephalograhic (EEG) measures. It has been validated in distinguishing
cognitive performance in subjects who have ingested alcohol, caffeine,
diphenhydramine and who have been sleep deprived (12, 13). These studies were
performed on a day separate from any other testing done for TuCASA.
Polysomnography. In both the baseline and follow-up examinations, children
underwent unattended, nocturnal home PSG using the Compumedics PS-2
system (Abbotsford, Victoria, Australia) (10, 11). The following signals were
obtained: C3/A2 and C4/A1 EEG, right and left electrooculogram, a bipolar
submental electromyogram, thoracic and abdominal displacement (inductive
plethysmography bands), airflow (nasal/oral thermocouple), nasal pressure,
electrocardiogram (single bipolar lead), snoring (microphone attached to a vest),
body position (Hg gauge sensor), pulse oximetry (Nonin, Plymouth, MN) and
ambient light (sensor attached to the vest to record on/off). Using Compumedics
W-Series Replay, v 2.0, release 22, sleep stages were scored according to
Rechtschaffen and Kales criteria (14). The RDI was defined as the number of
respiratory events (apneas and hypopneas) per hour of the total sleep time
irrespective of any associated oxygen desaturation or arousal. Studies with less
than 4 hours of scorable oximetry were classified as failed studies and were
repeated if the participant consented. Central apneas were scored if both airflow
and thoracoabdominal effort were absent. However, central events that occurred
after movement were not included. Obstructive apneas were identified if the
airflow signal decreased to below 25% of the “baseline amplitude”. Hypopneas
were scored if the magnitude of any ventilation signal decreased below
approximately 70% of the “baseline” amplitude, as described previously (15).
Body Mass Index Computation. Height and weight were collected on a platform
scale. BMI was calculated kg/m2, and percentile of BMI adjusted for age, sex and
ethnicity was calculated with a standardized data-analysis program from the
Centers for Disease Control
(http://www.cdc.gov/nccdphp/dnpao/growthcharts/resources/sas.htm ).
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Wechsler Abbreviated Scale of Intelligence (WASI). The WASI (16) is nationally
standardized intelligence test which is linked to the Wechsler Intelligence Scale
for Children®—Fourth Edition (WISC–IV®). It was administered in TuCASA as
part of an overall neurocognitive test battery within several weeks of the SWMT.
Sustained Working Memory Test. The SWMT (17) consists of a brief 25 minute
computerized test consisting of two blocks of an attentional multiplexing task, an
easy and a more difficult version of a spatial n-back working memory task, and
eyes open and eyes closed resting tasks. The test is designed for concurrent EEG
recording. Data collected included EEG and evoked potential (EP) signals, as well
as task performance measures. All subjects were trained how to perform each task
the same day the test was administered.
In the attentional multiplexing task (MT), the participants were required to monitor
multiple stimuli as they changed shape, color, and pattern, and to sort each object
into a bin based on its relevant features. This task adapted to an individual’s ability
level; task difficulty increases if performance exceeds a pre-defined threshold, and
decreases if performance falls below the threshold. Each MT block lasted
approximately 3.5 minutes. The working memory (WM) test consisted of a 3.5
minute spatial 1-back task, in which participants compared the location of the dot
stimulus on each trial to that on the immediately preceding trial. A simple reaction
time (SRT) test with the same stimulus and response characteristics also was
administered as a control task. Resting EEG was also recorded for 1.5 min with
eyes open and 1.5 min with eyes closed.
EEGs were recorded from seven scalp locations (Fz, F3, F4, Cz, Pz, P3, P4)
positioned via a nylon electrode cap and referenced to linked mastoids. This
montage was designed to include adequate spatial representation of the signal
features of primary interest as defined by prior high-resolution EEG studies of the
working memory tasks used herein (18). Potentials generated by eye movements
and blinks were recorded by electrodes positioned above and at the outer canthus
and superior orbital ridge of each eye. The resulting data were digitally high-pass
filtered at 0.5 Hz. EEG was recorded continuously during task performance and
during passive resting conditions. Electrode impedances were kept < 5 KΩ for the
references and <20 KΩ on all other channels.
Automated artifact-detection and artifact-decontamination filters were used to
minimize contaminants induced by eye movement and other physiologic and
instrumental sources. All data were then visually inspected, and any residual
contaminants were excluded from further analysis.
SWMT Data Analysis. To assess neurophysiological measures between the SDB
and Control groups, EEG power spectra and EPs were calculated. Power spectra
were computed from all artifact-free EEG for each task block and converted to dB
power with a log10 transformation. To calculate EPs, trials were averaged in 1.2 s
epochs beginning 0.2 s before stimulus onset. EP peak amplitudes were measured
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relative to the mean amplitude in the prestimulus interval.
A number of prior studies have served to identify spectral features of the EEG that
are sensitive to task-difficulty manipulations in the types of working memory tasks
used in the SWMT Exam (18-20). Based on such previous findings, a number of
such sensitive EEG and EP signals were compared between the SDB and Control
groups. EEG alpha power was measured as the maximum power in a 2 Hz band
between 8- to 12-Hz in all tasks. Amplitude of the P300 (measured in a 100 ms
window centered on the largest positive peak between 250 and 520 ms at Pz), and
slow-wave EPs (measured in a 250 ms window centered on the largest positive
peak between 250 and 650 ms) were computed in the SRT and 1-back WM tasks.
Because of the nature of the MT task, EPs were calculated relative to the onset of
the visual feedback that immediately follows a correct or incorrect response. A
P300 was measured in the MT as the largest positive peak occurring 200-450 ms
after the feedback.
Statistical Methods. Potential differences in the characteristics of the study
population between the SDB and Control groups were evaluated using Students’
unpaired t-test or linear correlation. Inasmuch as intelligence is a significant factor
in determining performance on neurocognitive tests, analysis of covariance was
used to compare performance on the various components of the SWMT between
groups while controlling for intelligence as assessed by the WASI. Other covariates
were included in the models if significant on univariate analyses. Data were
analyzed with IBM SPSS Version 20 (http://www01.ibm.com/software/analytics/spss/) and are presented as mean + SE.
Results
In Table 1 is shown the characteristics of the children in this study.
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Boys and Anglos comprised the majority of the study cohort. No children had
undergone an adenotonsillectomy at the time of the 1st PSG, and only 2 had this
procedure during the time interval before the 2nd PSG. As defined by the study
design, there were no differences between the SDB and Control groups with
respect to age, the time of the 1st or 2nd PSG, or at time of SWMT. Additionally,
as dictated by the study design, RDI at the 1st PSG was significantly greater in
the SDB group as was the BMI and the standardized BMI (sBMI). The RDI at the
2nd PSG also was higher in the SDB group. However, RDI decreased in both
groups over the time period from the 1st to the 2nd PSG. Seven children had
SDB on both PSGs and 2 children developed SDB over the study interval. In the
SDB group, the mean RDI at the 2nd PSG was below the RDI threshold used to
define the Control group at the baseline examination (1st PSG). Significant, but
weak negative correlations were observed between sBMI and some of the EEG
and evoked potential components of the SWMT [1 back peak alpha, r=-.23,
p=0.03; Multiplex Block 1 Alpha Power, r=-.25, p=0.02; Multiplex Block 2 Alpha
Power, r=-.21, p=0.05; eyes closed peak alpha, r=-.29, p<0.01; eyes open delta
theta power, r=-.25, p=0.02]. Overall, the WASI indicated that the cohort was
above average in intelligence and there were no differences between the 2
groups. However, there was considerable heterogeneity within the overall cohort
(Minimum WASI: 77; Maximum WASI: 138).
The results of various components of the SWMT are shown in Table 2.
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Increased slow eye movement, increased delta/theta band power, and decreased
eye closed to eyes open alpha power ratio are neurophysiological indicators of
decreased alertness. No differences between the SDB and Control groups were
observed for any of these alertness measures. Similarly, there were no
differences with respect to either % items correct or reaction time for the Simple
Reaction Time, 1 Back or Multiplexing Tasks. However, the 1 back slow wave
amplitude was lower in the SDB Group, and there was a strong trend for the
P300 evoked potential amplitude during the Multiplexing Task (p=0.06) and peak
alpha power during the Simple Reaction Time Task (p=0.08) to be lower as well.
In addition, peak alpha power during the both blocks of the Multiplexing Task was
lower in the SDB Group.
Additional analyses were performed to determine whether performance on the
SWMT was related to the presence of SDB at the time of the 2nd PSG. No
differences were observed between children who had SDB on the 2nd PSG and
those who did not.
Discussion
In this study, we have demonstrated that after approximately 5 years, several
conventional measures of executive function were not different between children
with and without SDB. However, neuroelectrophysiologic assessments recorded
during task performance were able to distinguish between these 2 groups. These
data suggest that SDB in children can have a long-term, albeit subtle impact on
neurocognition in children.
Two important domains of executive function are attention and working memory.
In our study these were assessed using a simple reaction time task, a
multiplexing task and a 1 back working memory task. Although we did not
observe that children with SDB had worse performance in either of these
domains, previous cross-sectional studies in children have found deficits using a
variety of instruments (3). However, many of these studies assessed children
derived from clinic populations. In addition, none determined if there was any
impact on long-term performance.
The principal finding from our study is that peak alpha power during the
multiplexing and simple reaction time tasks was lower in the SDB group. Alpha
power reduction is generally considered a marker of cortical activation. Thus,
during task performance, peak alpha power should decline as a function of the
amount of effort needed to accomplish a given task (21). It is possible that SDB
children in this study may have expended more effort to maintain task
performance, as evidenced by a lower alpha power. Using the SWMT, similar
findings have been observed after marijuana smoking (22).
Similar to the differences in peak alpha power between our SDB and Control
groups, we also observed that the P300 evoked potential amplitude during the
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multiplexing task and the slow wave evoked potential amplitudes during the 1 back
task were lower in the SDB group. These evoked potential components are
thought to represent aspects of memory encoding, manipulation and retrieval (23).
Thus, these data suggest that children with SDB may experience subtle long-term
impairment in memory function.
There are several possible explanations of why we did not observe any overt
deficits in executive function in children with SDB. First, there was a significant
improvement in the RDI in the approximately 5 year interval between the 1st PSG
and the testing of these children. Thus, in many of the children, remission of their
SDB occurred leading to a reduction in any possible impact of SDB on
neurocognition. This would support the contention that overt neurocognitive deficits
produced by SDB in school-aged children resolve if SDB improves. Second, the
cohort overall had above average intelligence. It is plausible that any impact of
SDB would be more evident in those who have less cognitive abilities. Third, it is
possible that the 1-back working memory task used in the study was not
sufficiently difficult to expose any underlying impairments in executive function.
Finally, there is the possibility that inherent cognitive reserve is mitigating the
impact of SDB. The cognitive reserve theory postulates that individual differences
in how the brain processes tasks may prevent greater insult by using preexisting
cognitive processes or by recruiting compensatory ones before there is a
detrimental impact on performance (24). Inasmuch as children have the potential
for a high amount of neural plasticity, this explanation may be highly relevant in
children with SDB.
Our study is not without some important limitations. First, classification of these
children into Control and SDB groups was done without regards to desaturation
during apnea and hypopnea events. Thus, the impact of oxygen desaturation
cannot be assessed. It is unlikely, however, that this is a major confounder
because significant oxygen desaturation below 90% was uncommonly observed in
these children. Second, there may have been misclassification of children into the
SDB and Control groups especially at the cutpoint boundary. We believe this is
less likely because by setting the Control cutpoint at < 4 events per hour and the
SDB cutpoint at > 6 events per hour, there would have been less risk of
misclassification. Third, we did not use intelligence as a factor in assigning children
to the 2 groups. However, we believe this had little impact on our results because
there was no difference between the groups on the WASI, and we controlled for
intelligence in the analyses. Finally, we also observed that body mass index was
negatively correlated with performance on some of the SWMT components. Others
have found that neurocognitive performance may be negatively associated with
obesity (25). However, most studies have been cross-sectional and thus the
directionality and causal mechanisms of this association are unclear. Nevertheless,
it is unlikely that our results can be explained by this association inasmuch as we
controlled for BMI in our analyses. Despite these aforementioned limitations, our
study is the only one to our knowledge that has simultaneously assessed
neuroelectrophysiologic function during performance of executive function testing
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in children thus demonstrating its feasibility and potential for acquiring unique
information.
In conclusion, SDB in children has the potential to result in subtle long-term
detrimental effects in executive function that are not detectable with conventional
neurocognitive testing, but may be evident with simultaneous
neuroelectrophysiologic monitoring. These data emphasize the importance of
recognizing and treating SDB in children in order to prevent possible long-term
consequences in neurocognitive function.
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