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Study Objectives: Obstructive sleep apnea (OSA) is a frequent and often underdiagnosed condition that is associated with upper airway collapse,
oxygen desaturation, and sleep fragmentation leading to cognitive dysfunction. There is meta-analytic evidence that sub-domains of attention and
memory are affected by OSA. However, a thorough investigation of the impact of OSA on different sub-domains of executive function is yet to be
conducted. This report investigates the impact of OSA and its treatment, in adult patients, on 5 theorized sub-domains of executive function.
Design: An extensive literature search was conducted of published and unpublished materials, returning 35 studies that matched selection criteria.
Meta-analysis was used to synthesize the results from studies examining the impact of OSA on executive functioning compared to controls (21
studies), and before and after treatment (19 studies); 5 studies met inclusion in both categories.

Measurements: Research papers were selected which assessed 5 sub-domains of executive function: Shifting, Updating, Inhibition, Generativity,
and Fluid Reasoning.

Results: All 5 domains of executive function demonstrated medium to very large impairments in OSA independent of age and disease severity.
Furthermore, all sub-domains of executive function demonstrated small to medium improvements with CPAP treatment.

Discussion: Executive function is impaired across all five domains in OSA; these difficulties improved with CPAP treatment. Age and disease
severity did not moderate the effects found; however, further studies are needed to explore the extent of primary and secondary effects, and the

impact of age and premorbid intellectual ability (cognitive reserve).
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INTRODUCTION

Obstructive sleep apnea (OSA) is a frequent and often under-
diagnosed condition associated with upper airway collapse,
oxygen desaturation, and sleep fragmentation leading to sleepi-
ness, hypertension, increased risk of cardiac disease, and neuro-
cognitive disturbance.' Untreated OSA is associated with
increased healthcare utilization, occupational injuries, motor
vehicle accidents,*® and neurocognitive sequelae in memory,
attention, and executive function.>” The gold standard treat-
ment for OSA is continuous positive airway pressure (CPAP).3*

To date, most reviews of cognitive functioning in OSA
have inspected cognition as a whole, collapsing research
findings into “memory,” “executive function,” or “atten-
tion” domains.'™"" As the evidence base grows, however, it is
both possible and desirable to explore the cognitive burden
of OSA within subcomponents. Based on current neurocog-
nitive theory, there are functional and biological grounds for
segregating cognitive domains or functional systems into such
subcomponents.'>"* These subcomponents work in concert to
produce what we colloquially know as memory, attention, and
executive function.'*!s

Recently, Wallace and Bucks'® divided episodic memory into
theoretically driven subcomponents, revealing deficits in indi-
viduals with OSA in verbal episodic memory (immediate recall,
delayed recall, learning, and recognition) and visuo-spatial
episodic memory (immediate and delayed recall), but not visual
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immediate recall or visuo-spatial learning. This theoretically
driven division of memory reveals that not all components of
memory are dysfunctional in OSA, and provides an explana-
tion for the mixed findings in this field. A similar approach
might prove fruitful when exploring executive dysfunction in
OSA. In a review, Saunaméki and Jehkonen!” demonstrated
that aspects of executive function may also be impaired or
preserved in OSA. They divided executive functioning by test,
demonstrating deficits in Digit Span Forwards, Corsi Block
Tapping task, Double encoding task, Wisconsin Card Sorting
Test, Phonemic fluency, Rey-Osterreith Complex Figure test,
and Maze tasks. However, by meta-analyzing the data by
test, this review did not aggregate executive functions using a
theoretical framework. In addition, Saunaméki and Jehkonen
included some tests that do not primarily measure executive
function (i.e., Digit Span Forwards, Rey-Osterreith Complex
Figure test, the Trail Making Test Part A, and the Corsi Block
Tapping task), making it difficult to determine which subcom-
ponents of EF, mapped by which tests, are impaired in OSA.

Executive function is an individually controlled and conscious
effort to guide the operation of various cognitive processes and
thereby regulate cognition.'*!'*!%2! L ike other cognitive domains,
executive function is multidimensional."**** Miyake et al.,?
Fisk and Sharp,” and Adrover-Roig et al.'? present an empirical
basis for specifying how executive functions are organized,
and what roles different subcomponents play. Miyake et al.?
divide executive functioning into (a) Shifiing between tasks or
mental sets, (b) Updating and monitoring of working memory
representations and (c) Inhibition of dominant or pre-potent
responses. Fisk and Sharp® and Adrover-Roig et al.'? utilized
this same 3-factor structure, but proposed a fourth component;
efficiency of access to long term memory (called Generativity
in the present report, for brevity). This four-component struc-
ture has been confirmed in multiple populations with factor
analysis (exploratory and confirmatory).'2%2425
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Lezak et al.”® and Strauss et al.*® define a set of tasks that
do not tap executive function per se, but rather an overarching
system of reasoning and problem solving. These tasks involve
complex, higher order abstraction, problem solving, and
concept formation, and include tasks such as Porteus mazes
and clock drawing tasks. The four-factor model defined above
does not account for such tasks; however, they abound in OSA
literature on executive function and are considered a part of
executive functioning in neuropsychological theory.'*?¢ Hence,
in the present paper a class of executive function tasks, called
Fluid Reasoning, was created to capture this concept.

The present paper builds on past reviews and meta-analyses
examining executive functioning in adults with OSA within
current neuropsychological theory of executive function. No
previous meta-analysis in OSA has assessed EF dysfunction, or
the effect of treatment, within these 5, theoretically motivated
domains: Shifting, Updating, Inhibition, Generativity, and Fluid
Reasoning. We addressed three questions: (1) which specific
executive functions are affected by the presence of untreated
OSA?; (2) if executive functions are impaired, does treatment
help to remediate these deficits?; and (3) are any of these effects
moderated by publication status, sample source, study design,
age, disease severity, or control screening?

METHODS

Search Strategy

Data for this meta-analysis consisted of empirical articles
published in peer-reviewed journals over the past 24 years (Jan
1987-Nov 2011). Details of the search methodology employed
are outlined in Figure 1.

An extensive computer assisted literature search was
conducted using electronic databases (Keyword and MeSH
explode) for published articles (Medline R, Psychlnfo,
PubMed, EMBASE, CINAHL, CCTR, NHS EED), grey liter-
ature (SIGLE, NTIS), conference proceedings (Conference
Proceedings Citation Index: Science), dissertations and theses
(Proquest Dissertations and Theses), the Internet (Dogpile,
Omni Medical search engine, Mednet), and via hand searching
(Index Medicus, Exerpta Medica, references of included arti-
cles, contact with authors of unpublished studies). Unpublished
studies were included in the search, to avoid publication bias.

The terms “apnea OR sleep-disordered breathing” were
combined with “Cognition OR Cognitive ability OR Mental Status
OR Neuropsychology OR Memory OR Attention OR Vigilance
OR Executive OR Psychomotor.” The terms chosen covered a
wide range of cognitive functions to capture tests that had been
mislabelled or utilized to measure other cognitive domains.

Additional relevant articles were retrieved from the refer-
ence lists of studies included in the original search, conference
proceedings and dissertations. Furthermore, key authors who
have published articles on the relationship between OSA, cogni-
tion, and CPAP treatment were contacted asking if they were
aware of any other relevant published or unpublished studies.

Study Selection Criteria

This review included studies that assessed executive func-
tion in adults with OSA as defined by an apnea-hypopnea
index (AHI) > 5 per hour of sleep.”” In all instances except one,
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studies were excluded if OSA participants were not diagnosed
using overnight polysomnography and/or if they did not include
a control sample, if group matching was inappropriate (e.g.,
1Q statistically different between control and OSA groups), or
there were no baseline data (participants were assessed after
treatment only). The exception to this rule was Antic et al.,”®
where participants were administered overnight oximetry
instead of PSG. This paper was included as the oximetry was
validated against in-laboratory PSG in a random selection of
50% of the participants.

Additionally, papers were excluded if the PSG was conducted
more than 12 months before/after neuropsychological profiling
was completed. These studies were excluded as individuals
may lose or gain weight, or change their lifestyle habits (e.g.,
drink, smoke, or exercise more or less), which may alter the
severity of their sleep apnea.?°

This review considered only studies with adult participants
(= 18 years), not from special populations (e.g., people with
Down syndrome, insomnia, or traumatic brain injury). Research
demonstrates that there are etiological differences between adult
and childhood OSA3!; thus the latter was not addressed here.

The present review aimed to delineate the pattern of exec-
utive deficits in OSA; hence, studies that included a majority
of central or mixed sleep apnea patients were excluded.
Research demonstrates that the pathophysiology, epidemi-
ology, and clinical characteristics of central sleep apnea and
OSA are distinct.*

Papers were excluded if the tests used were inadequately
described such that acceptable validity and/or reliability could
not be confirmed, the paper was a review paper not a study,
if it reported data already included in the present review (in
this instance the most complete data set was selected) or was
a crossover trial. Crossover trials were excluded as research
does not provide any definitive information regarding length of
washout period required.*

The present study was only able to examine CPAP treat-
ment, as after evaluating studies with the exclusion criteria,
there remained an insufficient number of other treatment
studies (no oxygen therapy, positional therapy, drug trial or
weight loss studies, 1 surgical study, 3 mandibular advance-
ment splint [MAS] studies, 3 studies with mixed treatments).
Nor did the present review examine medication studies as these
(e.g., modafinil and armodafinil) may alter alertness, cognitive
function, and judgment without treating underlying nocturnal
symptoms.3*3” Although research demonstrates that these medi-
cations can be helpful in conjunction with CPAP where there is
residual sleepiness, the present study aimed to look at the effect
of OSA on cognitive function, and such medications may have
confounded these results.

Furthermore, studies were not considered if the data were
presented in such a way that effect sizes could not be calculated
even after contact with the author. We contacted 32 authors
for further details on 33 research papers. Five authors or their
representatives replied. Of these, 2 authors were deceased, 1
had no more detail to provide, and 2 emailed further data. Data
received from N. Antic (personal correspondence, September
2012) were utilized in the present meta-review. We also received
further data from M. Barnes’®; however, these data were later
excluded as they were from a crossover trial.
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Search terms:

(Apnea OR sleep-disordered breathing) AND (Cognition OR Cognitive ability OR Mental Status OR
Neuropsychology OR Memory OR Attention OR Vigilance OR Executive OR Psychomotor)

V

Electronic Databases searched (Keyword and MeSH explode): Medline R (n = 463), Psych Info (n = 127),
PubMed (n = 1,757), EMBASE (n = 771), CINAHL (n = 118), CCTR (n = 31), NHS EED (n = 47)

Grey Literature: SIGLE (n = 15), NTIS (n = 1)

Conference proceedings: Conference proceedings citation index science (n = 212)

Dissertations and Theses: Proquest dissertations and theses (n = 71)

Internet: Google scholar (n = 8,070)

Handsearching: Index Medicus, Exerpta Medica, References of included articles (n = 60), Contact with
authors of unpublished or studies with incomplete data (n = 33)

N=11,776

'

11,330 duplicates and articles not relevant to topic removed

'

Titles and abstracts screened (n = 446)

Full text copies retrieved for evaluation
(n=269)
Using quality assessment criteria

\

Abstracts excluded (n = 177)

Reasons:

1. Participants did not have primarily obstructive sleep apnea
2. Paper did not examine executive function

3. Participants were < 18 years

4. The article was not in English

5. Paper was not in an appropriate format (e.g. review article)

\

Extracted descriptive data

(n=35 (34 + 1 personal communication)):
author/s, publication status, year of
publication, study design, sample size,
participant details, co-morbidities screened
for, source of OSA sample and executive
function assessments employed.

Data Analysis:

Calculated effect sizes

Calculated statistical heterogeneity
Publication bias

\J

Studies excluded (n = 234)

Reasons:

1. Paper was not in an appropriate format (e.g. review article)

2. The article was not in English

3. Participants were < 18 years

4. Participants did not have primarily obstructive sleep apnea

5. Did not assess EF

6. Test used was inadequately described

7. Test did not have acceptable validity and/or reliability

8. Data were presented in such a way that effect sizes could not be calculated
9. PSG not done on participants

10. PSG conducted > 12 months before/after cognitive assessment
11. Special population was used (e.g., OSAin TBI or insomnia)

12. Data were published elsewhere

13. Group matching was inappropriate (e.g., IQ higher in one group than the other)

14. No control sample (for baseline studies)
15. A treatment other than CPAP was used
16. A crossover trial was conducted

Moderator Analysis

Figure 1—Flow chart of search, retrieval and inclusion process

Given that it is difficult to keep participants and experi-
menters blinded to group (OSA or Control, Treatment, or No
treatment) in OSA studies when assessing neuropsychological
function,* this review did not exclude unblinded studies.

Finally the present paper included studies in which controls
were screened using PSG or with questionnaires. Despite the
risk of undetected OSA in the control sample,* evidence from
Wallace and Bucks'® suggested that comparing OSA partici-
pants with controls within memory domains, with and without
PSG screening of controls, did not dramatically reduce the
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significance of the effects found, and would have reduced the
number of studies available per subcomponent. Rather, the
present meta-analysis considered control screening method as
a moderator instead.

Quality Assessment

The authors (MO, RSB) independently reviewed articles
according to the selection criteria. Where there were disagree-
ments about whether or not to include an article, the authors
discussed and came to an agreement.
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Table 1—The five sub-domains of executive function and the tests that measure these facets that were utilised in the studies included in the present meta-

analysis
Category Description Tests that tap this cognitive skill
Shifting Shifting back and forth between multiple tasks, operations or mental sets. Requires the + Wisconsin Card Sorting Test* (18)
disengagement of an irrelevant task set and subsequent engagement of a relevant task set * Trails B (3)
when a new operation must be performed on a set of stimuli, necessary to overcome proactive | * Switching task (26)
interference or negative priming due to having recently performed a different operation.
Updating Updating and monitoring of working memory representations. Requires the monitoring and + N-back tasks (24)
coding of incoming information for relevance to the task, and then appropriately revising * Digit span backwards* (9)
items held in working memory by replacing old, no longer relevant information with new more | « WAIS-R Arithmetic (13)
relevant information. Dynamically manipulate the contents of working memory. * ANAM Mathematical processing (14)
* ANAM running memory (17)
Inhibition Inhibition of prepotent, dominant, or automatic responses when necessary. An internally * Towers* (19)
generated act of control. « Stroop task (6)
* Go No-go task (4)
Generativity | Speed and efficiency of access to long-term memory. An independent ability to create, * Verbal fluency tasks* (2)
generate or produce content without any input from what or whom?
Fluid Concept formation/abstraction & problem solving tasks. An intentional cognitive process that | ¢ Mazes' (12)
reasoning does not occur automatically, but rather involves the use of deliberate and controlled mental * Ravens progressive matrices' (1)
actions to solve novel problems. * Picture completiont (22)
+ WAIS-R Picture arrangement (11)
+ WAIS-R Block design (8)
« Stockings of Cambridge (23)
+ WAIS-R Similarities’ (7)
+ Object assembly (10)
+ Clocks (20)
« Twenty questionsT (21)
« Category tests' (5)
+ ANAM Matching to sample (15)
+ ANAM logical relations (16)
« Five point design task (25)

*Mapping of tests to category as recommended by Miyake et al.,2° Fiske and Sharp,”® Adrover-Roig et al.'? tMapping of tests to category as recommended by
Lezak et al.,”® Strauss et al.® Numbers in parentheses relate to which tests were used in individual articles, for more details see Appendix 1.

The data for all included studies were extracted and coded by
the first author. The second author extracted and coded the data
for 10 randomly selected studies. The intra-class correlation
coefficient between the data extracted by the first and second
author was = 0.99 (CI: 0.99-1.00).

Study Categorization

Included studies (N = 35; 34 studies + 1 personal commu-
nication) were divided into two non-exclusive categories: (1)
comparisons of pre-treatment OSA groups to controls were
used to identify the specific pattern of executive dysfunction
present in untreated OSA (n =21), and (2) CPAP treatment effi-
cacy studies were used to establish whether executive impair-
ments were permanent in OSA (n = 19): 5 studies met criteria
for inclusion in both groups.

Categorization of Executive Function
Table 1 presents the sub-domains of executive function and
the tests ascribed to these sub-domains.

Data Extraction and Analysis

Data extracted and coded from the final articles included
author/s, whether published or not, journal and year of
publication (if applicable), study design, sample size and
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participant details when available (gender, years of formal
education, body mass index [BMI], age, diagnostic criteria,
AHI or RDI, oxygen desaturation indices [time spent below
90%: CT90] and sleep fragmentation indices [Arousal Index:
Arl]), source of OSA sample (clinical vs. community) and
neuropsychological assessments employed (see Appendix 1
for further details). Means, standard deviations and sample
size were extracted to examine the relationships between the
variables of interest.

In the instance that participants had been assessed at
multiple time points after CPAP treatment we chose the most
distant time point, as we wanted to examine the effect of
continuous treatment on executive dysfunction. Furthermore,
if participants were divided into compliant (> 4 h for 80% of
nights) and noncompliant users, only the compliant user infor-
mation was included. These 2 decisions were made so as best
to evaluate the benefit to individuals who utilize their CPAP
devices as recommended over the long term. These choices led
us to lose only 1 subsample from a paper, but no whole papers.

Data Processing

The program Comprehensive Meta-Analysis version
2.2.064*" was used to synthesize data, calculate effect sizes, and
create forest plots.
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Table 2—Mean effect sizes for the differences between OSA to control groups, and pre-treatment to post-treatment groups
Effect Size Statistics Homogeneity Statistics
95% ClI
Domain N d Lower  Upper Z P Q (df) P Tau 12

OSA to controls
Shifting 15 0.53 0.38 0.92 478  <0.001 41.68 (14) <0.001 0.42 66.41
Updating 14 0.91 0.49 1.32 430  <0.001 7112 (13) <0.001 0.71 81.72
Inhibition 9 1.12 0.55 1.69 3.83  <0.001 5717 (8) <0.001 0.79 86.01
Generativity 8 0.59 0.34 0.85 458  <0.001 8.25(13) 0.311 0.14 15.18
Fluid Reasoning " 0.80 0.42 1.19 4.11 <0.001 4412 (10) <0.001 0.55 77.33

Pre to post CPAP treatment
Shifting 14 0.66 0.31 1.00 375  <0.001 47.12 (13) <0.001 0.58 72.41
Updating 10 0.46 0.15 0.77 2.90 0.021 15.94(9)  0.068 0.33 43.55
Inhibition 9 0.57 0.31 0.86 417  <0.001 10.75(8)  0.216 0.21 25.57
Generativity 8 0.33 0.13 0.53 3.27 0.001 521(7) 0635 0 0
Fluid Reasoning 10 0.37 0.18 0.56 385  <0.001 10.02(9)  0.349 0.10 10.27

RESULTS for these between-studies differences, as well as within-study

Description of Studies

From the articles identified (N = 35), 21 studies compared
people with untreated OSA to a control sample, 19 compared
people with OSA before and after treatment; 5 studies had
both a comparison to controls participants and neurocogni-
tive testing performance before and after treatment. These
studies represent 40 samples. Only 1 study was recruited
from a community setting,** thereby making 98% of studies
from clinical settings.

In total, there were 551 healthy controls (74% male; mean
age 49.46 + 8.96 years; mean ESS 5.52 +2.41; mean BMI 25.42
+ 2.50) and 1,010 participants with OSA (81% male; mean
age 50.40 + 7.43 years; mean AHI/RDI 47.58 + 15.98; mean
arousal index (Arl) 36.15 + 17.66; mean cumulative time below
90% oxygen saturation (CT90) 40.07 £ 28.55; mean education
13.73 + 1.48 years; mean months of CPAP treatment 2.89 +
2.22 months; mean hours CPAP use per night 5.34 + 1.01; mean
Epworth Sleepiness Scale (ESS) score 12.02 = 2.38; mean body
mass index (BMI) 33.12 + 2.76. Individual study details for
sample size, publication source, age, indices of disease severity
(AHI or RDI), oxygen desaturation (CT90), and sleep fragmen-
tation (Arl), years of education, and length of CPAP treatment
are given in Appendix 1.

In the present meta-analysis, only studies with matched
control and OSA participant variables were chosen, except that
as expected, the control and OSA groups differed significantly
in BMI, #1228) =-56.03, P <0.001, and ESS, #1118) =-51.15,
P <0.001 scores.

Calculation of Effect Sizes

Random effect sizes were calculated. The random effects
model assumes that each study has a different underlying “true”
effect size due to differing sample demographic variables.* In
the present meta-analysis, samples differed on such variables as
disease severity, age, gender, screening measures, oxygen satu-
ration, and sleep fragmentation (for full descriptive details of
each study see Appendix 1). A random effects model accounts
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participant differences.

An effect was calculated for each sample across each of
the 5 domains. For comparisons between the OSA group and
healthy controls, Cohen’s d was calculated according to the
following formula:

_ mean controls — mean OSA
pooled SD

where effect sizes of d < 0.20 are considered small, d = 0.50
medium, d > 0.80 large and d > 1.00 very large.** Larger, posi-
tive effects indicate poorer performance for the OSA group.

In OSA group pre-treatment compared to post-treatment,
Cohen’s d effect sizes were calculated with the following formula:

mean post-treatment — mean pre-treatment
pooled SD

Higher scores indicate greater improvement post CPAP treatment.

The random effect size estimates between OSA and control
groups for each domain are displayed in Table 2. All 5 sub-
domains of executive function were impaired, compared to
controls. A very large effect was noted for Inhibition, a large
effect was present for Updating and Fluid Reasoning, and
medium effect sizes were present for Shifting and Generativity.
These results indicate medium to very large deficits in execu-
tive function performance across all 5 domains in individuals
with OSA, when compared to control.

The random effect size estimates between OSA pre-treat-
ment and post-treatment are displayed in Table 2. All 5 sub-
domains of executive function demonstrated improvement after
CPAP treatment. Medium effect sizes were found in Shifting
and Inhibition, and small effect sizes were noted in Updating,
Fluid Reasoning, and Generativity. These results indicate small
to medium size improvements across all 5 domains of executive
function with CPAP treatment.

Forest plots for individual studies are available in Appendices
2 and 3.
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Heterogeneity

Heterogeneity of effect sizes is a measure of difference
between a study’s true effect size and the observed effect size.
The true effect size is the actual effect size in the underlying
population, while the observed effect size is the effect measured
in the sample.* Heterogeneity was investigated visually with
forest plots (Appendices 2 and 3), and statistically using
Cochrane’s Q statistic, the T? and I? statistics (Table 2). When
the Q statistic is significant, this suggests there is a significant
difference between the observed and true effect. However the Q
statistic is vulnerable to small sample size, hence T? and I? can
provide an estimate of the proportion of real variance caused
by extraneous study variables such as age or test used.* In any
instance that Q was significant, I* was examined to quantify the
degree of heterogeneity.

For the comparisons between controls and individuals with
OSA, significant heterogeneity was present in all domains.
However, the I* ranged between 77.33 and 86.01, suggesting
at least 77% of the variance was generated from real, between-
group differences.

For the comparisons of pre- and post-treatment, significant
heterogeneity was present in the domain, Shifting. However,
the 1> was 72.41 suggesting at least 72% of the variance was
generated from real, between-time differences.

Moderator analysis, using a random effects model, was
conducted to explore potential, between-study differences that
may explain this heterogeneity.

Moderator Analysis

Pre-treatment OSA to Controls

Moderators investigated were age (Group 1 <0, Group 2 > 50
years), stringent inclusion/exclusion criteria (Group 1 =no, Group
2 = yes), control group selection criteria (Group 1 = PSG, Group
2 = Questionnaire), and publication status (Group 1 = Published,
Group 2 = Not published). Papers were considered to have strin-
gent inclusion/exclusion criteria if they excluded participants with
factors that could potentially affect cognition, such as a history of
traumatic brain injury, certain medications or diseases. None of
these moderators changed the effect significantly.

We were unable to examine the impact of disease severity as
measured by AHI as there were insufficient studies reporting
effects of moderate OSA (AHI 15-29) in each of the 5 sub-
domains. A reviewer suggested dividing only those with AHI
> 30 into 2 groups and rerunning analyses. Accordingly, we
divided the samples into severe OSA (AHI 30-50, N = 15) and
very severe OSA (AHI 51+, N = 17). Where there were sufficient
samples (i.e., 2 or more) for each executive domain, all effects
remained significant and severity did not moderate the findings.

Pre-Treatment to Post-Treatment Differences

Between-study differences were also investigated using
moderator analysis. Moderators were age, stringent inclusion/
exclusion criteria, control selection criteria (PSG or question-
naire), length of CPAP use, and publication status. No variables
significantly moderated the effect of CPAP treatment on the
executive burden of OSA.

Likewise, disease severity, as measured by AHI, could not
be examined as there were insufficient studies reporting effects
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of moderate OSA in each of the 5 sub-domains. As above,
as recommended by a reviewer, we explored the impact of
severity within individuals with AHI > 30. As before, all effects
remained significant, and severity did not moderate the findings.

Furthermore, we were unable to examine the impact of CPAP
compliance on effect sizes as only one study divided the partici-
pants into compliant and noncompliant users; all other studies
excluded noncompliant individuals or reported only the group
mean compliance which was always above 4 h.

However, and as recommended by a reviewer, we explored
months on CPAP by dividing samples into short (0-5 months,
N =13) and long (= 5.5 months, N = 5) term CPAP use. Where
there were sufficient samples (i.e., > 2) for each executive
domain, all effects remained significant and months on CPAP
did not moderate the findings.

Risk of Publication Bias

There is evidence to suggest that studies with a significant
result are more likely to be published, and that published studies
are more likely to be available for meta-analysis.*> Publication
bias was inspected visually using funnel plots. These were
asymmetrical, indicating the presence of bias. The Egger test
for asymmetry*® was used to investigate this further.

Pre-treatment OSA to Controls

For the OSA to control samples, the Egger test was nonsig-
nificant for Inhibition (intercept 4.79; 95% CI: 0.04 to 9.54;
P=0.05), and Updating (intercept 5.84; 95% CI: -0.63 to 12.32;
P = 0.07), but was significant for Fluid Reasoning (intercept
4.49; 95% CI: 0.84 to 8.13; P = 0.02), Generativity (intercept
4.55; 95% CI: 0.65 to 8.45; P = 0.03) and Shifting (intercept
4.48; 95% CI: 1.72 to 7.25; P = 0.002). However, Rosenthal’s
fail-safe N, which represents the number of studies needed to
create an overall nonsignificant effect,”” was 172 nonsignificant
studies for Fluid Reasoning, 49 studies for Generativity, and
232 studies for Shifting.

Duval and Tweedie’s Trim and Fill procedure*® was used
to determine the best estimate of an unbiased, overall effect
size for the OSA (cf. control samples for the domains of Fluid
Reasoning, Generativity, and Shifting). For Fluid Reasoning,
the overall effect size was reduced from a large effect of 0.80 to
a small effect of 0.26. For Generativity, the overall effect size
shifted from a medium effect of 0.59 to a small effect of 0.45.
For Shifting, the overall effect size was reduced from a medium
effect of 0.53 to a small effect of 0.37. This suggests publica-
tion bias may be inflating the estimates in the domains of Fluid
Reasoning, Generativity, and Shifting, but that there were still
significant differences between those with OSA and controls in
these domains.

Pre-Treatment to Post-Treatment Differences

For the pre- to post-treatment effects, the Egger test was
nonsignificant for all 5 domains; Shifting (intercept 1.62; 95%
CI: -1.39 to 4.63; P = 0.26), Generativity (intercept 0.70; 95%
CI: -1.16 to 2.56; P = 0.39), Fluid Reasoning (intercept 0.17;
95% CI: -1.43 to 1.76; P = 0.82), Inhibition (intercept 8.61;
95% CI: -8.29 t0 25.52; P=0.27), and Updating (intercept 0.86;
95% CI: -12.73 to 14.45; P = 0.89). This indicates no publica-
tion bias in these domains.
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DISCUSSION

The current paper builds on previous reviews by focusing on
executive function within five theoretically driven subcompo-
nents. Three questions were posed: (1) which specific executive
functions are affected by the presence of untreated OSA?; (2) if
executive functions are impaired, does treatment help to reme-
diate these deficits?; and (3) are any of these effects moderated
by publication status, sample source, study design, age, disease
severity, treatment length or control screening?

Findings of the Present Review

The results from the present analysis indicate that executive
function is impaired in OSA compared to control participants
across all five subcomponents. People with OSA have difficulty
Shifting between tasks or mental sets, Updating and monitoring
working memory representations, /nhibiting dominant or pre-
potent responses, they struggle with Generating new information
without external input or efficiently accessing long term memory,
and they have significant problems with Fluid Reasoning or
problem solving. Further to this, the present research demon-
strated that if participants undertake CPAP treatment, executive
function difficulties across these five sub-domains are reduced.

This meta-analysis was unable to assess the impact of CPAP
compliance on improvement in executive function. Articles
assessed in the present review excluded individuals who were
not compliant with treatment, or reported only the group mean
number of hours CPAP was used, except in one instance where
participants were divided into compliant or noncompliant;
hence, we cannot make any concluding statement on improve-
ments in executive function in individuals who do not follow
their treatment regime optimally. However, exploration of the
impact of months of CPAP use revealed no additional gain with
extended use (6 months or more).

A recent review* summarized the current understanding
of cognitive function across a number of domains including
executive function. The authors found that in two reviews'*!”?
and two meta-analyses''*? meeting inclusion criteria, execu-
tive function was impaired by comparison with controls and
norms. The present results provide further support that execu-
tive function is impaired in people with OSA. Furthermore
this review® examined improvement in executive function
following CPAP treatment in one meta-analysis'® and one
literature review.!” The reviews examined came to opposing
conclusions; hence, the summary was inconclusive. The
present meta-analysis suggests that, overall, CPAP treatment
is successful in improving executive function difficulties
caused by OSA, and adds to the available evidence supporting
the benefits of CPAP treatment.

Past reviews have grouped executive function into one
combined domain, or collapsed them by test, making it impos-
sible to delineate the subcomponents of executive function that
are impaired. The present paper views executive dysfunction
within current neuropsychological understanding of executive
function. Such a framework provides a possible explanation
for relationship or work difficulties seen in OSA. Individuals
with OSA may experience relationship®'=? or work productivity
difficulties,>* as they may not be able to inkibit inappropriate
responses to aggravating social situations, or solve novel prob-
lems in a work place with Fluid Reasoning.
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Effect of Moderators

The present study was not able to examine the impact of
disease severity on OSA across the full range of AHI, as there
were insufficient numbers of mild (AHI 5-14) and moderate
samples (AHI 15-29). However, comparison of severe (AHI
30-50) and very severe (AHI 50+) OSA samples revealed no
impact of severity on the deficits found, and no impact on exec-
utive consequences of CPAP treatment. The literature is divided
with regard to whether there is a relationship between disease
severity as measured by AHI and cognitive dysfunction.”'** In
a recent meta-analysis of episodic memory function, Wallace
and Bucks'® found no relationship with disease severity. In a
systematic review, Aloia et al.'® found no relationship between
disease severity and executive function; however, they did find
a positive relationship between disease severity and global
cognitive function and attention/vigilance. As yet, the link
between OSA disease severity and cognition is unclear. This
is most likely due to the complex picture of comorbidity, and
as yet, no definitive way of measuring disease onset in OSA.*

Previous studies have demonstrated that age and OSA results
in a double burden, with older individuals exhibiting poorer
cognition.’’” The present meta-analysis did not find this same
relationship, as age did not significantly moderate the results.
In studies comparing older and younger participants with OSA,
older adults have been found to be more impaired on tests of
executive functioning.’*>’ The lack of effect in the current meta-
analytic review may be due to assessing the effect of age using
group averages, which resulted in similar age distributions
across samples. Primary comparison studies which explore the
interaction of age and OSA on these executive function subcom-
ponents will be important for clarifying this relationship.

Furthermore, selection of controls with PSG or question-
naires did not significantly moderate the findings. This result
may seem surprising, given that estimates of undiagnosed
OSA are high."**® However, this finding is consistent with that
recently reported by Wallace and Bucks.!® While it is still the
case that some control participants in primary studies may have
undiagnosed OSA, including studies which have used question-
naire screening procedures does not appear to confer a risk of
failing to find an effect in meta-analyses in OSA.

Heterogeneity among Results

Many of the domains demonstrated a high level of hetero-
geneity in the test results, indicating that there may be other
factors in each domain influencing the observed mean.
However, further analysis demonstrated this heterogeneity
did not obscure real differences in each subdomain of EF. The
domain that exhibited the most heterogeneity was the domain
with the largest number of different tests, Fluid Reasoning, in
which there were thirteen different tests. Neurocognitive tests,
especially executive function tests, even purportedly measuring
the same domain or sub-domain, will also capture facets of
other cognitive or motor skills. For example Trails B, a measure
of Shifting, also requires attention and taps into psychomotor
speed." Furthermore, few tests currently used to assess execu-
tive function were originally designed for the specific purpose
of measuring executive function.'s?!

Future research exploring the executive dysfunction of OSA
may benefit from selecting measures more closely targeted at
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executive functions and designed to fractionate performance into
theoretically driven and dissociable subcomponents. One such
measure is the random number generation (RNG) task.” This
task takes only a few minutes, is easily administered with a laptop
computer, and provides measures of Shifting and Inhibition.?*%

One other factor that might lead to heterogeneity is
premorbid IQ or intelligence. This is because greater 1Q and/
or education appears to provide “protection” against cognitive
decline because of greater cognitive reserve.®*¢! Unfortunately,
not all studies provided a measure of academic achievement or
premorbid intelligence (IQ). Given that age decreases reserve
and IQ increases it, primary studies that stratify the sample into
age and IQ groups when examining the impact of OSA on exec-
utive function are needed.

Limitations

An issue that cannot be addressed by the current review is
whether the deficits evidenced in the literature are primary or
secondary; i.e., whether the deficits found in OSA in executive
function are due to neurological damage (primary effect) or to
impairments in attention which themselves are the result of sleep
fragmentation, sleep deprivation and the associated excessive
daytime sleepiness.®*®® Given evidence of frontal activation in
participants completing these tasks* and the presence of struc-
tural abnormalities in the frontal lobes of individuals with OSA,%
it seems likely that these executive function deficits are a primary
and direct consequence of OSA (see Beebe and Gozal® for a
review; but see Durmer and Dinges® for evidence that similar
frontal changes are also seen post sleep loss). Indeed, one study,*
which controlled for attention deficits while exploring executive
dysfunction differences between OSA and controls, concluded
that most of the executive difficulties were secondary to atten-
tion problems. This study demonstrated that the one area with
deficits remaining after controlling for attention was Shifting.
More studies of this nature and the development of tasks that can
tease apart the contributions of attention and executive cognitive
processes to task performance are required.

CONCLUSIONS

People with OSA have difficulty with the executive facets
of Shifting, Updating, inhibiting, Generativity, and with
Fluid Reasoning. Further, the present research indicates that
all these difficulties improve with CPAP treatment. Age and
disease severity did not moderate the effects found, however,
further studies are needed exploring the extent of primary and
secondary effects, and the impact of age, and premorbid ability
(cognitive reserve).
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SUPPLEMENTAL MATERIAL

Appendix 1—Participant characteristics for each study for Controls, OSA, and Treatment samples

Controls OSA
FirstAuthor Year | Source ) Type N | Age | %Male | Select | ESS | BMI | N | Age | %Male | R | Art | cToo | iqEd | TnS | HS | pss | emi oste
Antic ! 2011 upP T - - - OIPSG - - 13 50.1 74.9 67.9 - - - 3.0 43 134 34.7 12
Aloia + 2 2010 P T - - - - - - 95 53.6 - 38.9 - 19.6 15.2 55 55 1.9 34.2 2,3
Ayalon (older age group) * 2010 P C 7 494 93 PSG - 295 7 53.2 93 335 304 26.7 15.4 - - - 315 4
Ayalon (younger age group) * 2010 P C 7 379 93 PSG - 27.8 7 32 93 36.5 46.7 231 16.8 - - - 28.9 4
Bailey + * 1993 D T - - - - - - 10 438 100 31.9 - 7.46 14 26 73 - 40.6 3,56,7,8
Barbé +° 2001 P T - - - - - - 29 54 90 54.0 44 - - 1.5 5.0 7 - 3,8
Bardwell +°© 2001 P T - - - - - - 20 47 81 56.8 56.8 - - 0.2 - - 328 2,3,6,8,9
Bédard 1993 P CIT 10 50 100 PSG - 273 10 51 100 65.4 75.7 50.8 1.1 6.0 - - 343 2,3,8,10,11,12
Canessa ® 2011 P CIT 15 422 100 PSG 3.0 26.1 17 44 100 55.8 - 304 122 27 40# 1.9 31.2 1,3,6,9
Castronovo ° 2009 P CIT 14 42.2 100 PSG 3.0 26.1 14 43.9 100 50.4 - 26.2 12.6 3.0 40# 1.9 30.3 6,24
Daurat 2008 P C 29 50 76 Q 9.0 - 28 52.3 79 21.0 - 274 12.7 - - 12.2 285 9
Dolan (40-60 age group) 2009 D T - - - - - - 17 46.1 47 442 - - 15.0 1.0 5.6 - 34.9 14,15, 16,17
Dolan (Over 60 age group) " 2009 D T - - - - - - 12 68.1 42 29.8 - - 15.0 1.0 5.9 - 319 14,15, 16,17
Engleman + 2 1995 D T - - - - - - 14 53 - 57.0 54 - - 33 45 - 34.0 3,8,13
Ferini-Strambi * 2003 P CIT 23 55.8 83 PSG 3.3 - 23 56.5 91 55.0 - 41.33 10.9 4.0 5.2 " 335 1,2,3,6,9
Findley ™ 1991 P C 21 59 86 PSG - - 50 61 86 46.0 12 - - - - - - 3
Froehling 1991 D T - - - - - - 21 46.6 100 70.2 - - 143 0.6 - - - 2,6
Gale 6 2004 P T - - - - - - 14 522 86 83.6 - - 14 6.0 - - - 2,3,8
Gast " 2006 P T - - - - - - 17 525 - 45.5 - - 15.5 0.2 - - 40 3,6,9,18
Greenberg + ' 1987 P C 14 44.2 79 Q - - 14 438 81.3 48.0 - - 12.7 - - - - 2,3,89
Grenéche ' 2011 P C 10 49.6 70 PSG 6.7 213 12 518 67 58.9 213 295 - - - 12.7 31.1 9
Kribbs + % 1993 P T - - - - - - 15 45.9 93 56.6 - - - 25 5.7 - 36.8 6,9

Articles are displayed alphabetically by first author. Superscript numbers following first author names correspond to reference list following the appendicies. ‘Source’ corresponds to the publication status of the study (P, peer reviewed published article; D, dissertation; UP,
unpublished data). ‘Type’ indicates to whether the study was comparing people with OSA to controls or pre and post treatment (C, people with OSA to controls, T, people with OSA pre and post-treatment and C/T, controls and pre/post treatment). The variable ‘Select’ indicates
how the study chose controls (PSG, hospital sleep study screening, hPSG, Home or portable sleep study screening, Q, Questionnaire, O, Oximetry screening). Disease severity in the OSA sample is represented by AHI or RDI, Sleep fragmentation index and Time spent below
90% Sa0,. Length CPAP indicates how long in months the individuals with OSA were given CPAP treatment for that study. # indicates that this CPAP value was estimated from the information given in the report. The symbol “* indicates that the values in these studies gave
median and range values which were transformed into mean and standard deviation values using formulae and recommendations of Hozo et al., 2005.% The symbol ‘- indicates that these details were not given in or not applicable to the study. ‘Test' indicates which individual
tests were used in the study (1, etc).The symbol ‘t" indicates that the data used in this meta analysis are only from one group presented in the original paper (Aloia, only the adherent group data are examined; Bailey, only group 1, the group treated with CPAP were used;
Barbé, only the true CPAP not the sham CPAP group is used; Bardwell 2001, only the CPAP not the placebo group are included; Engleman 1995," Ch 5, only patients who received CPAP treatment and had good compliance are included here not the patients who received
conservative treatment; Greenberg 1987, only patients in the apnea and healthy group were included; Kribbs 1993,% only data for before and after CPAP treatment is included, not for CPAP withdrawal; Meurice, 1996,% means were combined for the auto-CPAP and constant-
CPAP groups; Walker 1990,% only group 1 the treated group were used, not the treatment rejecters).

Appendix 1 continues on the following page
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Appendix 1 continued

Appendix 1—Participant characteristics for each study for Controls, OSA, and Treatment samples

Controls 0SA
FirstAuthor Year | Source | Type N | Age | %Male | Select | ESS | BMI | N | Age | %Male | R | Art | cToo | iqEd | TnS | HS | gss | emi fests
Lojander** = 1999 P T - - - - - - 10 | 5 | 100 - - - - - - - 3 3,20
Mathieu (Under 50 age group) 2 | 2008 P C 12 38.9 86 PSG 5.9 231 14 317 93 38.2 19.5 422 13.1 - - 10.8 34.6 3,9,18
Mathieu (Over 50 age group) # | 2008 P c 18 | 625 | 8 | PSG | 61 | 251 | 14 | 623 | 93 | 382 | 195 | 422 | 144 | - - | 144 | 316 3,9,18
McGovern = 2008 D c 30 | 661 | 33 Q - - 2 | 617 | 76 | 440 | - - o1s1 | - - - - 2,3
Meurice + % 1996 P T - - - - - - 16 | 54 | 100 | 436 | - - - 07 | 64 | 148 | 342 3
Naigelé 1995 P c 17 | 49 | 100 aQ - - 17 | 49 | 100 | 40 | - - - - - - | 24 2,6, 18, 19, 21
Neu 2011 P c 16 | 369 0 PSG | 38 | 209 | 15 | 404 | o | 404 | - - - - - 132 | 342 9
Quan? 2006 P c 74 | 574 | 53 | nPSG | 70 | 259 | 67 | 594 | 53 | 224 | 248 | - | 152 | - - - | 308 3,6,22
Redline 1997 P c 20 | 489 | 40 | PG | 90 | 275 | 32 | 514 | 47 | 170 | 162 | - | 138 | - - 98 | 349 9,18
Rouleau 2002 P c 18 | 472 | 18 | PsG | - - 28 | 474 | 89 - - 1305 | 128 | - - - - | 2,3,7,812,13,18,22
Saunamaki 2010 P et | 17 | 4 | 100 | PSG | 38 | 244 | 20 | 50 | 100 | 495 | 382 | - 12 | 72 | 62 | 12 | 318 2,3,8,9
Sharma * 2010 P c 25 | 456 | 84 | PSG | 86 - 50 | 43 8 | 542 | 332 | 464 | - - - | 3| - 6,9,12, 18
Sloan (hypoxic group) 1989 D c 19 | 48 | 100 Q - - 2 | 476 | 9 | 46 | - | 603 | - - - - - 3
Sloan (non-hypoxic group) 1989 D c 19 | 48 | 100 aQ - - 0 | 42| @ | 2| - | 13| - - - - - 3
Torelli 2011 P c 14 | 576 | 64 Q - - 16 | 558 | 81 | 525 | - | 219 | 123 | - - 85 | 317 1,2,6,9
Verstraeten * 2004 P c 2 | 44| 64 aQ - - 36 | 492 | 89 | 605 | 523 | 721 | 127 | - - - - 3,6,9,25,26
Walker 1990 D T - - - - 26 | 255 | 30 | 473 | - - - - | 136 | 60 - - - 2,3,6

Articles are displayed alphabetically by first author. Superscript numbers following first author names correspond to reference list following the appendicies. ‘Source’ corresponds to the publication status of the study (P, peer reviewed published article; D, dissertation; UP,
unpublished data). ‘Type’ indicates to whether the study was comparing people with OSA to controls or pre and post treatment (C, people with OSA to controls, T, people with OSA pre and post-treatment and C/T, controls and pre/post treatment). The variable ‘Select’ indicates
how the study chose controls (PSG, hospital sleep study screening, hPSG, Home or portable sleep study screening, Q, Questionnaire, O, Oximetry screening). Disease severity in the OSA sample is represented by AHI or RDI, Sleep fragmentation index and Time spent below
90% Sa0,. Length CPAP indicates how long in months the individuals with OSA were given CPAP treatment for that study. ‘# indicates that this CPAP value was estimated from the information given in the report. The symbol **'indicates that the values in these studies gave
median and range values which were transformed into mean and standard deviation values using formulae and recommendations of Hozo et al., 2005.% The symbol ‘- indicates that these details were not given in or not applicable to the study. ‘Test’ indicates which individual
tests were used in the study (1, etc).The symbol ‘t’ indicates that the data used in this meta analysis are only from one group presented in the original paper (Aloia, only the adherent group data are examined; Bailey, only group 1, the group treated with CPAP were used;
Barbé, only the true CPAP not the sham CPAP group is used; Bardwell 2001, only the CPAP not the placebo group are included; Engleman 1995," Ch 5, only patients who received CPAP treatment and had good compliance are included here not the patients who received
conservative treatment; Greenberg 1987, only patients in the apnea and healthy group were included; Kribbs 1993,% only data for before and after CPAP treatment is included, not for CPAP withdrawal; Meurice, 1996,% means were combined for the auto-CPAP and constant-
CPAP groups; Walker 1990,% only group 1 the treated group were used, not the treatment rejecters).
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Statistics for Each Study

A Study Name SDinMeans SE Variance LL uL 4 P SD in Means and 95% CI
Bédard, 1993 114 048 023 0.19 208 236 0.02 i
Ferini-Strambi, 2003 0.66 031 0.09 0.06 1.26 217 0.03 —a—
Greenberg, 1987 0.87 0.40 0.16 0.10 165 221 0.03 —
McGovern, 2008 037 029 0.08 -0.19 093 1.29 020 ———
Naégelé, 1995 127 038 0.14 053 202 337 0.00 =
Rouleau, 2002 051 031 0.09 -0.09 141 167 0.09 l
Saunamaki, 2010 019 027 0.08 -0.34 073 071 048 —
Torelli, 2011 035 037 014 -0.37 1.08 096 034 i
058 012 001 035 081 491 0.00 -
-2.00 -1.00 0.00 1.00 2.00
Favors OSA Favors Controls
B Statistics for Each Study
Model  Study Name SDinMeans SE Variance LL uL z P $SD in Means and 95% CI
Bédard, 1993 204 057 032 092 315 358 0.00
Canessa, 2011 1.00 036 013 029 171 274 001 £
Ferini-Strambi, 2003 1.04 031 0.10 043 1.66 332 0.00
Greenberg, 1987 022 038 014 052 097 059 055 —_—
Naégelé, 1995 193 042 017 1.12 274 465 0.00 —
Quan, 2006 0.08 017 0.03 025 041 046 064 ——
Rouleau, 2002 048 031 0.09 012 1.09 1.57 012 ]
Saunamaki, 2010 040 028 0.08 014 095 145 015 —_—
Sharma, 2010 1.52 027 0.08 098 206 554 0.00 —
Torelli, 2011 0.60 037 0.14 -0.14 1.33 1.59 0.11 I
Verstraeten, 2004 025 026 0.07 -0.25 0.75 098 032 —
Fixed 061 0.09 0.01 044 079 695 0.00 -
Random 0.80 020 0.04 042 149 41 0.00 —~——
-2.00 -1.00 0.00 1.00 2.00
Favors OSA Favors Controls
Statistics for Each Study
C Model  Study Name SDinMeans SE Variance LL uL z P 8D in Means and 95% CI
Ayalon, 2010 0.76 056 031 033 1.86 1.36 017 i
Canessa, 2011 1.36 038 015 061 21 354 0.00 »
Castronovo, 2009 1.36 042 018 053 219 321 0.00 »
Ferini-Strambi, 2003 094 031 0.10 033 1.55 301 0.00 JEEEEE
Naégelé, 1995 263 048 023 1.70 357 551 0.00 —
Quan, 2006 0.10 017 0.03 023 043 061 054 ——
Sharma, 2010 212 030 0.09 1.53 27 7.07 0.00 —
Torelli, 2011 063 037 014 01 1.36 1.68 009 »
Verstraeten, 2004 044 028 0.08 01 098 1.58 0.1 ——
Fixed 081 0.10 001 061 1.01 7.92 0.00 o
Random 1.12 029 009 0.55 1.69 383 0.00 —l
-2.00 -1.00 0.00 1.00 2.00
Favors OSA Favors Controls
Statistics for Each Study
D Model  Study Name SDinMeans SE Variance LL uL z P SD in Means and 95% Cl
Bédard, 1993 087 047 0.22 005 1.79 1.86 0.06 »
Canessa, 2011 116 037 0.14 043 1.88 3.12 0.00 -
Ferini-Strambi, 2003 081 031 0.09 021 1.41 263 001 ——
Findley, 1991 124 031 0.10 063 1.85 4.00 0.00 —
Greenberg, 1987 034 038 0.14 041 1.08 088 038 i
Mathieu, 2008 079 040 0.16 0.00 1.57 1.97 0.05 n
McGovern, 2008 0.36 029 0.08 -0.20 0.92 1.26 021 ——
Naégelé, 1995 281 048 024 1.86 376 580 0.00 E
Quan, 2006 012 017 0.03 021 045 070 048 ——
Rediine, 1997 020 029 0.08 036 0.76 071 048 —
Rouleau, 2002 057 031 0.09 -0.03 147 1.85 0.06 i
Saunamki, 2010 027 027 0.08 -0.27 081 097 033 ——
Sharma, 2010 061 025 0.06 012 110 243 0.01 —a—
Sloan, 1989 039 032 0.10 -0.24 1.01 1.21 023 »
Verstraeten, 2004 035 025 0.06 -0.15 085 1.37 017 1
Fixed 053 0.08 001 038 068 7.00 0.00 <o
Random 065 0.14 0.02 038 092 478 0.00 -
-2.00 -1.00 0.00 1.00 2.00
Favors OSA Favors Controls
for Each Study
E Model  Study Name SDinMeans SE Variance LL uL 4 P SD in Means and 95% CI
Canessa, 2011 1.49 039 015 073 225 384 0.00 —
Castronovo, 2009 0.27 0.38 0.14 -047 1.02 0.72 047 L |
Daurat, 2008 1.41 030 0.09 083 1.99 476 0.00 I
Ferini-Strambi, 2003 095 031 0.10 034 1.56 3.06 0.00 ——
Greenberg, 1987 072 039 015 0.04 1.49 1.85 0.06 i
Greneche, 2011 320 065 042 1.94 446 4.96 0.00 b
Mathieu, 2008 026 038 014 048 1.00 0.70 049 i
Neu, 2010 066 038 0.14 007 1.40 177 0.08 i
Redline, 1997 038 029 0.09 020 096 1.29 020 —
Rouleau, 2002 0.35 0.30 0.09 025 0.94 114 0.25 ——
Saunaméki, 2010 012 027 0.08 042 065 043 067 —
Sharma, 2010 261 032 0.11 1.97 324 804 0.0
Torelli, 2011 077 038 014 003 1.52 204 0.04 —
Verstraeten, 2004 031 024 0.06 017 0.79 1.26 021 T
Fixed 0.80 009 001 063 097 9.02 0.00 |
Random 091 021 0.04 049 1.32 430 0.00 ——
-2.00 -1.00 0.00 1.00 2.00

Favors OSA Favors Controls

Appendix 2—Forest plots of the effect size and confidence intervals for each study for pre-treatment OSA participants compared with controls studies in all 5
sub-domains of executive function (A) Generativity, (B) Fluid Reasoning, (C) Inhibition, (D) Shifting and (E) Updating. SD, standard difference; SE, standard
error; LL, lower limit; UL, upper limit.
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Statistics for Each Study
A Model  Study Name SDinMeans SE Variance LL uL z P SD in Means and 95% CI
Aloia, 2010 022 015 0.02 -0.06 051 1.53 013 »
Bardwell, 2001 091 0.33 01 025 1.56 271 001 S ST
Bédard, 1993 0.14 045 0.20 0.74 1.01 031 0.76 i
Ferini-Strambi, 2003 050 0.35 0.12 -0.19 1.18 143 0.15 :
Gale, 2004 051 0.38 0.15 024 127 1.34 0.18
Saunamaki, 2009 0.07 037 013 064 079 020 084
Walker, 1990 022 0.38 015 052 097 059 0.56 l
Fixed 032 0.1 0.01 0.1 053 305 0.00 i
Random 032 01 001 0.1 053 305 0.00 —~
-1.00 -0.50 0.00 0.50 1.00
Favors Favors
Pre-treatment Post-treatment
Statistics for Each Study
B Model  Study Name SDinMeans SE Variance LL uL z P SD in Means and 95% CI
Antic, 2009 031 041 0.01 0.10 053 291 0.00 ——
Bailey, 1993 033 0.35 012 035 1.01 096 034 —
Barbg, 2001 1.00 0.28 0.08 045 1.55 359 0.00
Bédard, 1993 101 048 023 0.08 1.95 213 003
Canessa, 2011 048 0.35 012 021 1.16 1.37 017 B
Engleman, 1995 028 0.38 014 046 1.03 075 045 i
Ferini-Strambi, 2003 0.03 0.34 012 065 0.70 008 094
Gale, 2004 027 0.38 014 048 1.01 071 048
Lojander, 1999 0.00 046 0.21 090 090 0.00 1.00
Saunamki, 2010 001 037 013 071 073 003 098
Fixed 036 0.08 001 020 052 4.44 0.00 >
Random 037 0.10 001 018 055 385 0.00 -
-2.00 -1.00 0.00 1.00 2.00
Favors Favors
Pre-treatment Post-treatment
Statistics for Each Study
C Model  Study Name SDinMeans SE Variance LL uL z P SD in Means and 95% CI
Bailey, 1993 027 0.34 0.12 040 095 0.79 043 ]
Bardwell, 2001 164 0.38 0.14 091 238 4.38 0.00 —
Canessa, 2011 094 0.37 0.14 021 1.66 252 001 >
Castronovo, 2009 093 041 047 013 174 228 002 —
Ferini-Strambi, 2003 030 0.35 012 038 097 086 039 i
Gast, 2006 051 0.35 0412 017 1.20 1.46 0.14 F
Walker, 1990 024 0.38 015 051 099 063 053 i |
Kribbs, 1993 030 037 013 042 1.02 081 042 i
Fixed 062 013 0.02 036 087 477 0.00
Random 063 047 0.03 029 097 362 0.00
-1.00 -0.50 0.00 0.50 1.00
Favors Favors
Pre-treatment Post-treatment
Statistics for Each Study
D Model  Study Name SDinMeans SE Variance LL uL z P SD in Means and 95% CI
Aloia, 2010 028 015 0.02 -0.01 0.56 1.90 0.06 Hm—
Bailey, 1993 0.26 034 012 0.42 093 074 046 —
Barbé, 2001 215 0.33 oM 1.51 280 6.52 0.00 —
Bardwell, 2001 203 040 0.16 1.25 281 510 0.00
Bédard, 1993 029 045 0.20 059 147 064 052 ]
Canessa, 2011 0.15 0.34 012 052 082 044 0.66 —r
Dolan, 2009 062 051 0.26 038 1.62 1.22 022 .
Engleman, 1995 1.09 041 0.16 030 1.89 270 001 —_—
Ferini-Strambi, 2003 023 0.34 012 044 091 068 050 —r—
Gale, 2004 043 0.38 015 032 1.18 1.12 0.26 —
Gast, 2006 048 0.35 0.12 021 1.16 1.37 0.17 L
Lojander, 1999 072 047 0.22 021 1.65 1,52 013 i
Meurice, 1996 0.36 0.3 013 034 1.06 1.01 031 L]
Saunamaki, 2010 027 0.37 013 045 099 0.74 0.46 ]
Fixed 056 0.09 001 039 072 651 0.00 >
Random 0.66 018 0.03 031 1.00 375 0.00 i
-2.00 -1.00 0.00 1.00 2.00
Favors Favors
Pre-treatment Post-treatment
Statistics for Each Study
E Model  Study Name SDinMeans SE Variance LL uL z P SD in Means and 95% CI
Bardwell, 2001 169 037 014 097 241 458 0.00 3
Canessa, 2011 1.00 0.3 013 029 1.72 2.76 001
Castronovo, 2009 0.13 0.38 0.14 061 087 035 072 »
Dolan, 2009 030 0.50 0.25 067 1.28 061 054 »
Engleman, 1995 0.16 038 014 058 091 043 0.66 i
Ferini-Strambi, 2003 0.09 034 012 -0.58 0.76 026 079 &
Froehling, 1991 037 0.37 014 036 1.09 1.00 032 i
Gast, 2006 0.09 0.34 0.12 -0.58 077 027 079 |
Saunamaki, 2009 0.08 0.37 013 063 080 023 0.82 ]
Kribbs, 1993 0.08 037 013 064 080 022 083 i
Fixed 040 0.12 001 0417 063 339 0.00
Random 0.40 047 0.03 0.06 0.74 233 0.02
-1.00 -0.50 0.00 0.50 1.00
Favors Favors
Pre-treatment Post-treatment
Appendix 3—Forest plots of the effect size and confidence intervals for pre-treatment to post-treatment studies in all 5 sub-domains of executive function (A)
Generativity, (B) Fluid Reasoning, (C) Inhibition, (D) Shifting and (E) Updating. SD, standard difference; SE, standard error; LL, lower limit; UL, upper limit.
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