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ABSTRACT: The aim of our study was to evaluate whether obstructive sleep apnoea (OSA) is

associated with impaired acquisition and recall of a pictorial-based memory tasks in children.

54 children with OSA and 17 controls matched for age, sex and ethnicity underwent a sleep

study (overnight polysomnogram). Before the sleep study subjects completed a 15-min pictorial

memory task acquisition consisting of four trials, followed by a free-recall period to assess

retention after 10 min and the following morning upon awakening.

Children with OSA had a higher obstructive apnoea/hypopnoea index (6.3¡1.5 events?h-1 TST)

than controls (0.6¡0.1 events?h-1 TST) (p,0.0001). Mean learning scores in controls over the four

consecutive trials were incrementally better than in children with OSA for the four-trial set

(p,0.0001). Both immediate (p,0.0001) and overnight recall performances were worse among

OSA children (p,0.0001), who also exhibited declines in recall performance that was absent in

controls (p,0.001).

Differences in pictorial task acquisition trajectories suggest that children with OSA require

more time and an increased number of learning opportunities to reach immediate and long-term

recall performances that are reduced compared with controls. Thus, both acquisition and

retention of newly learned material are compromised. These findings confirm and expand on the

presence of known cognitive deficits in children with OSA.

KEYWORDS: Children, long-term memory, memory consolidation, obstructive sleep apnoea,

sleep-disordered breathing

I
t is now well-established that sleep in normal
children exerts profound changes in respira-
tory patterns and, therefore, predisposes

susceptible individuals to develop respiratory
abnormalities, which are collectively referred to as
sleep-disordered breathing (SDB) [1, 2]. Paediatric
obstructive sleep apnoea (OSA) is the most severe
form of SDB [3] and has a prevalence of 1–3% in
otherwise healthy children [4]. OSA has been
defined by the American Thoracic Society as a
‘‘disorder of breathing during sleep character-
ized by prolonged partial upper airway obstruc-
tion and/or intermittent complete obstruction
(obstructive apnoea) that disrupts normal ventila-
tion during sleep and normal sleep patterns’’ [1].
The most important risk factors for the develop-
ment of paediatric SDB include adenotonsillar
hypertrophy, obesity, craniofacial anomalies and
neuromuscular disorders [5–8]. Even though
children may outgrow this condition, long-term
detrimental effects on several end-organ systems
have been recognised and have prompted the
need for early detection and intervention [9, 10].

Current theory posits that both the sleep frag-
mentation, which develops as a consequence of
repeated arousals, and the intermittent blood gas
abnormalities (hypoxia and hypercarbia) that char-
acterise OSA [10–12] may jointly lead to a wide
array of morbid consequences. The latter include
reduced intelligence and memory, behavioural
deficits including attention deficit hyperactivity-
like disease, aggressiveness and poor impulse
control, as well as failure to thrive, enuresis and
cardiovascular dysfunction [10, 13–25]. Conversely,
adequate treatment of OSA improves or reverses
these morbidities, and is further associated with
improved overall quality of life [26] and reduced
healthcare costs [27].

In adult subjects, preservation of both rapid eye
movement (REM) sleep and non-REM sleep
integrity is of great importance to the consolida-
tion of both declarative (factual recall) and non-
declarative memory (procedural skills) [28].
Therefore, disruption of these sleep stages may
interrupt or reduce the efficacy of the processes
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underlying memory consolidation. In addition, sleep has been
shown to strengthen memories and make them more resistant
to interference in both adults [29] and children [30]. Indeed,
several studies have now shown that retention of word pairs
was significantly increased after sleep, and that sleep enhanced
memory performance for faces in both adults and children [31–
34]. Similarly, non-disrupted sleep leads to improved perfor-
mance in memory recall, and enhancement of memory
performance is only seen after a good night of sleep [29, 30,
35, 36].

Based on aforementioned considerations, it would be antici-
pated that intermittent hypoxia and sleep fragmentation
would negatively influence academic achievement in children
[37, 38], even if substantial variability across studies has been
observed [39]. Supportive of this assumption is the fact that
academic performance and cognitive deficits will improve
after treatment of OSA [38]. Nevertheless, it should be further
emphasised that at any given level of severity, not all patients
with OSA will actually demonstrate the presence of morbid
consequences [23]. Therefore, a triple-risk model has been
proposed which involves complex interplay between disease
severity, environmental conditions and gene-related poly-
morphisms [6]. We are unaware of any published studies that
have specifically assessed whether the process of memory
consolidation is altered among children with OSA. Therefore,
we hypothesised that children who are referred for symptoms
of OSA are more likely than children without OSA to display
impairments in the acquisition, consolidation or retrieval of
memories.

SUBJECTS AND METHODS
The study was approved by the University of Louisville
Human Research Committee (Louisville, KY, USA). Informed
consent was obtained from the legal caregiver of each
participant, with assent being obtained from children aged
.7 yrs. Children aged 6–16 yrs, who were referred for clinical
evaluation of habitual snoring and who were scheduled for an
overnight polysomnogram (NPSG) at the University of
Louisville Paediatric Sleep Medicine Center between October
and December 2008, were prospectively approached and
invited to participate in a 15 min memory test ,30 min before
the start of their scheduled NPSG. The children were then
asked to repeat the memory recall test component immediately
after completion of the sleep study the following morning.

Participants were excluded if they suffered from any chronic
medical or psychiatric condition, had a genetic syndrome that
was known to affect cognitive abilities, or were receiving
medications that are known to interfere with memory or sleep
onset. Healthy non-snoring children were recruited from an
ongoing parallel research study as controls, and were matched
for age, sex, ethnicity and level of maternal education.

In addition to standard anthropometric and demographic data,
information on prior or current use of medication, presence of
comorbidities, history of tympanostomy tube placement and
prior surgical removal of adenoids and tonsils was collected.
Body mass index (BMI) was calculated from measured height
and weight and the BMI z-score was computed using Centers
for Disease Control and Prevention growth standards [40] and

online software (www.cdc.gov/epiinfo). A BMI z-score .1.65
was considered as fulfilling obese criteria.

Memory recall test
The subjects were shown into their designated private sleep
room in the laboratory and were asked to sit comfortably on
the bed with the television turned off. The investigator
conducting the memory recall test was blinded as to why the
sleep study was being performed and was also unaware of the
polysomnographic findings. This investigator (M.R. de Jong)
was positioned on a chair next to the bed in close proximity
and facing the subjects. The parent/guardian was asked not to
interfere or help the subjects during testing. Before stating the
protocol, subjects were reminded simply about how the test
was going to be performed and allowed to ask any questions.
The children were then shown a series of 26 colourful animal
pictures, all of which were highly familiar to children (e.g. dog,
cat, chicken, lion, elephant, giraffe, horse, cow, camel, fish,
butterfly, etc.). The child initially identified the animal and then
the investigator also named each animal as further corrobora-
tion of the adequate recognition of the animal in each picture,
while pointing them out page after page. Subjects were
allowed 10 s to look at each animal picture. The book was
then closed and the subjects were given 2 min to freely recall
any of the animals they could remember without looking at the
pictures (fig. 1a). One point was awarded for every correct
answer, points were not subtracted for wrong answers and
subjects were told that they were allowed to repeat the animal
names if they wished to do so.

After the first trial the subjects were allowed to look at the
pictures again and go over the animals names. This process
was repeated a total of four times in the evening (acquisition
phase), followed by a first recall test 10 min after completion of
the fourth trial. During this 10-min interval the child was
allowed to watch TV. The morning after the sleep study,
within 10–15 min of awakening, the subjects were asked to
recall the pictures that they remembered from the previous
evening’s trials, and the morning score was calculated (fig. 1a).

NSPG assessment
A standard multichannel NPSG evaluation was performed as
described previously [41]. Briefly, the children were studied
for f10 h in a quiet, darkened room in company of a parent or
guardian. All children were in bed between 21:00 h and
22:00 h and were woken up between 06:00 h and 07:00 h. No
drugs were used to induce sleep. The following parameters
were monitored using a computerised system: bilateral
electrooculogram; eight channels of electroencephalogram;
submental and bilateral anterior tibial electromyograms; and
analogue output from a body position sensor (Braebon Medical
Corporation, Ogdensburg, NY, USA). The following were also
recorded: respiratory effort by chest and abdominal wall
movement via respiratory inductive plethysmography; heart
rate by electrocardiogram; and airflow, which was triple
monitored with a side stream end-tidal capnograph, which
also provided breath-by-breath assessment of end-tidal carbon
dioxide levels (Welch Allyn OEM Technologies, Beaverton,
OR, USA), a nasal pressure cannula and an oronasal thermistor.
Arterial oxygen saturation measured by pulse oximetry
(Sp,O2) (Nellcor N-100; Nellcor Inc., Pleasanton, CA, USA)
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with simultaneous recording of the pulse waveform. All
measures were digitised using a commercially available poly-
somnography system (Stellate Systems, Montreal, Canada).
Tracheal sound was monitored with a microphone sensor
(Sleepmate Technologies, Midlothian, VA, USA), and a digital
time-synchronised video recording was performed.

Sleep architecture and respiratory and arousal events were
assessed by standard techniques by an experienced technician
using the recent American Academy of Sleep Medicine
Guidelines [41, 42]. Central, obstructive and mixed apnoeic
events were counted. Obstructive apnoea was defined as the
absence of airflow with continued chest wall and abdominal
movement for at least two breaths. Hypopnoeas were defined
as a decrease in oronasal flow of o50% with a corresponding
decrease in Sp,O2 of o4% and/or arousal. The obstructive
apnoea/hypopnoea index (AHI) was defined as the number of
apnoeas and hypopnoeas per hour of total sleeping time (TST).
The diagnostic criteria for OSA in this study were an
obstructive AHI o2 events?h-1 TST in the presence of snoring
during NPSG. Control children were defined as non-snoring
children with an obstructive AHI ,1 events?h-1 TST [43].

Arousals were expressed as the total number of arousals per
hour of sleep time (arousal index), and included respiratory-
related (occurring immediately following an apnoea, hypop-
noea or snore), technician-induced and spontaneous arousals.
In addition, awakening episodes after sleep onset were
recorded and counted.

Data analysis
Data are presented as mean¡SE unless otherwise stated.
Categorical data were compared using the Chi-squared test
followed by Fisher Exact corrections. The individual score for
each trial from the evening session was calculated and the
average evening and morning scores were derived.
Comparisons across the evening and morning and across the
two groups (OSA and controls) were initially performed using
two-way ANOVA for repeated measures followed by post hoc
tests and Bonferroni correction for multiple comparisons.
Subsequently, data were submitted to a temporal principal
components analysis (PCA) using a covariance matrix and
varimax rotation. The PCA identified intervals of high
variability in individual recall performances during the trial
(i.e. factors). The rotated factor scores served as dependent
variables in a repeated measure ANOVA that was used to
identify the possible causes of the variability. The analysis
design included the performance during recall trial (learning
phase, immediate, morning) 6 sleep variable (AHI, arousal
index, respiratory arousal index, nadir Sp,O2, maximal end-
tidal CO2) 6 group (control, OSA) 6 age 6 BMI variables.
The Greenhouse–Geisser correction was applied where appro-
priate. A p-value ,0.05 was considered to be statistically
significant.

RESULTS
In total, 71 subjects were recruited, with 54 subjects in the OSA
group and 17 subjects in the control group. The mean age was
,11 yrs (table 1). Age, sex, ethnicity and level of maternal
education were similar in both groups (table 1). However, OSA
children had significantly higher BMI z-scores (p,0.01), and
the proportion of obese children was also significantly larger
(p,0.03). The OSA children had a significantly higher AHI
(6.3¡1.5 events?h-1 TST; p,0.0001) than the controls
(0.6¡0.1 events?h-1 TST). The proportion of subjects in the
control group and OSA group with a history of seasonal
allergies was similar (p5NS). Similarly, the frequency of
reporting physician-diagnosed asthma did not differ among
the two groups (p5NS).

Comparisons of free recall performance across the learning
trials revealed significant differences between the OSA
children and the controls (fig. 1), with OSA children showing
small, albeit significantly lower, performances after the first
trial (p,0.05) and markedly slower improvements in trial
recall over the second to fourth consecutive trials (fig. 1;
p,0.001), finally reaching lower final performance scores at
the end of the four trials (fig. 1; p,0.0001), as well as during
the immediate 10-min recall (p,0.0001). Morning recall scores
were not only significantly lower among OSA children
compared to controls (p,0.001), but were also lower compared
to their corresponding evening performance (p,0.001). In
contrast, there were no evening–morning differences in the
control group (p,0.01 versus OSA, two-way ANOVA) (fig. 1).
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FIGURE 1. a) Schematic diagram of the experimental protocol. NPSG:

overnight polysomnogram. b) Visual task learning trajectory performance and

immediate and overnight recall performances in 54 children with OSA (&) and 17

matched controls (#). Recall 10: recall test 10 min after the fourth trial; Recall AM:

recall test performed the morning after the sleep study.
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The PCA identified four sleep-related factors that accounted
for 52.2% of the total variance in the learning trajectory, namely
AHI (5.4%), respiratory arousal index (37.8%), REM sleep
expressed (4.7% TST) and wake time after sleep onset events
(5.3%). ANOVA further revealed that the respiratory arousal
index remained a significant predictor of both learning slope
and morning recall function, even after adjusting for age, sex,
ethnicity, maximal individual performance and total sleep
duration as potential confounders (p,0.001).

DISCUSSION
This study shows reduced acquisition and recall of animal
picture-based learning and retention in children with OSA
compared to matched control subjects. Our findings are in
agreement with the study by KAEMINGK et al. in children [11]
and SALORIO et al. in adults [44], who found differences in the
pattern of acquisition and recall of new information in patients
with OSA when compared to controls. Although a definitive
causal relationship between SDB and declarative memory
deficits can only be established by a randomised interventional
study, the present findings add further support to the
hypothesis that OSA adversely influences aspects of dynamic
memory acquisition and performance in children.

The decreased recall performance found in the OSA group
could be mediated, at least in part, by the underlying sleep
fragmentation and disruption of sleep integrity and continuity

that clearly accompany the presence of OSA. While the severity
of hypoxia and the presence of recurrent hypoxic events have
been associated with some of the deficits in executive function
(which facilitates learning and long-term memory) [22], sleep
fragmentation and restriction seem to preferentially account
for the variance in attention. Thus, sleep disturbance and
fragmentation could elicit attention deficits and failure to use
an efficient learning strategy, or be associated with the inability
to appropriately process novel information. It has been
suggested that children with OSA have problems with
sustaining attention rather than with short-term attention
[45]. Decreased concentration may explain some of the
differences in memory performance found in this study.
According to the findings reported by SALORIO et al. [44],
reduced memory performance could be accounted for by
problems of encoding, rather than by deficits in the consolida-
tion of new memories in individuals with OSA. The authors
also showed that the use of executive strategies (semantic
clustering) was reduced in children with OSA [44].

Of note, we did not specifically evaluate children for the
presence of attention deficit hyperactivity disorder (ADHD).
Although none of the children enrolled were receiving
psychostimulants or reported this diagnosis in their medical
history, we can not exclude the presence of ADHD with
certainty. It has now been repeatedly reported that problems
regarding attention and behaviour pattern resembling ADHD
are often encountered among children suffering from OSA [17,
18]. A significant relationship between the degree of sleep
disturbance and the severity of OSA in relation to the
magnitude of behavioural changes has also been observed.
Thus, the potential inclusion of such children could have
influenced the current findings, particularly since children
with ADHD are known to perform less well in memory studies
[13, 15]. However, it should be emphasised that, as reported by
HALBOWER et al. [46], when children with ADHD were
excluded from the OSA group analysis, the strength of the
association between OSA and cognitive tasks did not change,
suggesting that the inclusion of children with ADHD may not
have affected our results after all.

The study was designed as a case–control approach, whereby
OSA subjects and controls were carefully matched for several
demographic characteristics. However, the wide range of age
among the participants could have influenced the results, since
the manifestations of OSA vary by age and a decline in the
severity of OSA may be seen from the age of 9 yrs onwards
[46]. In other words, this expanded age range may have
reduced the magnitude of the effect of OSA on the task
performance studied herein [47]. Again, the findings of
KURNATOWSKI et al. [47] did not support such contention, since
in their study they found that both children aged 6–9 yrs and
10–13 yrs had problems with memory and sustaining attention
to the same degree. Although the groups were matched for
age, sex and ethnicity, we did not match for other potential
confounders such as educational level, intelligence and socio-
economic background. It has been shown that children with
higher intelligence may not be as likely to manifest the
detrimental effect of OSA on cognition since, although they
might score lower than their original potential, their perfor-
mances may still fall within ‘‘normal’’ limits [48]. Thus, the
lack of insight into actual learning potential constitutes a

TABLE 1 Characteristics of the control group and the
obstructive sleep apnoea (OSA) group

Control OSA p-value

Subjects n 17 54

Age yrs 12.1¡0.9 10.5¡0.5 NS

Sex male/female n 8/9 25/29 NS

Ethnicity C/AA n 13/4 41/13 NS

Maternal Education 5 HS/12 C 14 HS/40 C NS

BMI z-score 0.92¡0.16 1.48¡0.21 ,0.01

Seasonal allergies 52 56 NS

Asthma 23 32 NS

Sleep onset latency min 35.7¡6.8 24.6¡4.1 ,0.04

TST min 441.9¡8.8 448.8¡8.8 NS

Non-REM sleep 1 % TST 6.2¡0.9 8.0¡0.6 NS

Non-REM sleep 2 % TST 43.1¡2.9 50.3¡1.9 ,0.05

Non-REM sleep 3–4 % TST 28.5¡2.2 22.5¡1.6 ,0.05

REM sleep % TST 22.2¡1.9 19.2¡1.2 ,0.05

Sleep efficiency % 86.4¡1.7 85.6¡1.3 NS

AHI events?h-1 TST 0.6¡0.1 6.3¡1.1 ,0.0001

Nadir Sp,O2 % 94.5¡0.3 87.5¡1.3 ,0.0001

TAI events?h-1 TST 8.6¡1.2 11.9¡1.7 ,0.01

RAI events?h-1 TST 0.4¡0.1 2.9¡0.4 ,0.0001

PET,CO2,peak mmHg 47.9¡0.6 52.5¡0.7 ,0.002

Data are presented as mean¡ SE or %, unless otherwise stated. C: white

Caucasian; AA: African-American; BMI: body mass index; TST: total sleep time;

REM: rapid eye movement; AHI: apnoea/hypopnoea index; Sp,O2: arterial

oxygen saturation measured by pulse oximetry; TAI: total arousal index; RAI:

respiratory arousal index; PET,CO2,peak: peak end-tidal carbon dioxide tension;

HS: hispanic; NS: nonsignificant.
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formidable problem in the evaluation of studies involved in
the assessment of intelligence and memory. In addition,
KAEMINGK et al. [11] have shown that a higher socioeconomic
status may protect against the influences of OSA on cognitive
function. We should also point out that the OSA children were
recruited from a referral and symptomatic, habitually snoring
population rather than from a general community-based,
habitually snoring population and, therefore, this referral
cohort could be disproportionately represented with subjects
with enhanced end-organ susceptibility to the OSA disease
process. Finally, in this exploratory study, subjects were not
matched for BMI z-score, such that a higher proportion of
subjects in the OSA group were obese. Considering the role of
obesity as a major risk factor for OSA [7, 8], and the fact that
obesity per se is intrinsically associated with an increased risk
for cognitive deficits [48], the respective contributions of OSA
and obesity remain hitherto undefined, and will have to await
an intervention study.

Regarding the potential contribution of specific sleep-related
variables to our findings, KAEMINGK et al. [11] have previously
indicated that the arousal index may influence memory
performance, and that the percentage of stage 1 sleep (in the
AHI o5 events?h-1 TST group) emerged as negatively asso-
ciated with overall learning across trials, as well as with
immediate and delayed recall. Our current results add further
novel insights to the putative contributions by respiratory
arousal index and, to a lesser extent, by other alterations in
sleep integrity to the overall performance during our visually
based task. However, although our test assessed global
episodic memory and measured free recall and delayed recall,
its internal validity has not been firmly established. In
addition, our experimental testing paradigm only considered
one aspect of memory which may not be the most sensitive test
that could be implemented, since vulnerability could be both
task-dependent and individual-dependent.

Notwithstanding all aforementioned considerations, the sig-
nificant findings clearly support an effect of OSA on the
memory functions that were assessed using this learning and
testing paradigms. We should also point out that an important
and advantageous methodological issue in the fact that all of
the tests were performed by the same investigator and, as such,
operator-introduced variance was thereby reduced.

In summary, differences in the acquisition of a pictorial task in
children with OSA are apparent when compared to control
subjects. Although the subjects with OSA are ultimately
capable to achieve learning performance after four trials, the
acquisition trajectory is substantially different and slower in
OSA, and may require many additional trials to reach the
performance levels achieved by controls. Furthermore, recall is
also affected both immediately and during the following day.
These deficits appear to be mainly accounted for by morbid
outcomes originating from both the respiratory and sleep
disturbance, with a more prominent effect appearing to be
dictated by the magnitude of sleep fragmentation. In the
contextual setting of our experimental approach, we can not
conclude at this time whether OSA children have: 1) difficulty
memorising new information due to an impaired ability to
form adequate learning strategies; 2) suffer from impaired
encoding; 3) suffer from altered retrieval; or 4) a combination

of the aforementioned. Furthermore, the reversibility of such
altered memory formation processes will have to await an
intervention study. However, this study has enabled the
development of a simple test that can be easily incorporated
into the routine administration of an overnight sleep study in
the process of evaluating habitually snoring children. Such an
approach may potentially provide important additional infor-
mation that may assist in the process of clinical management
decisions regarding type of treatment (i.e. adenotonsillectomy
versus anti-inflammatory therapy) and the urgency and
priority for treatment of OSA in children by helping identify
those children who are more vulnerable and who should,
therefore, receive earlier therapeutic intervention.
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