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Study Objectives: Although cognitive impairment in obstructive sleep apnea (OSA) is primarily attributed to intermittent hypoxemia and sleep fragmentation,
hypercapnia may also play a role in patients whose OSA is complicated by hypoventilation. This study investigated the impact of hypercapnia on cognitive function
in severe sleep-disordered breathing (OSA accompanied by hypoventilation).
Methods: Patients with severe OSA (apnea-hypopnea index >30 events/h; n = 246) underwent evaluation for accompanying hypoventilation with polysomnogra-
phy that included continuous transcutaneous carbon dioxide (TcCO2) monitoring and awake arterial blood gas analysis. Patients were categorized as having no
hypoventilation (n = 84), isolated sleep hypoventilation (n = 40), or awake hypoventilation (n = 122). Global cognitive function was evaluated using the Montreal
Cognitive Assessment (MoCA), memory with the Rey Auditory Verbal Learning Test (RAVLT), and processing speed with the Wechsler Adult Intelligence Scale,
Fourth Edition (WAIS-IV), Digit Symbol Coding subtest (DSC).
Results: Apnea-hypopnea index was similar across groups (P = .15), but the sleep and awake hypoventilation groups had greater nocturnal hypoxemia compared
with the no-hypoventilation group (P < .01). Within all groups, mean MoCA scores were < 26, which is the validated threshold to indicate mild cognitive impairment;
RAVLTscores were lower than age-matched norms only in the awake-hypoventilation group (P ≤ .01); and DSC scores were lower than age-matched norms within
all groups (P < .01). In multivariable regression analyses, higher arterial partial pressure of carbon dioxide (PaCO2) and TcCO2 during wakefulness were associ-
ated with lower MoCA and DSC scores (P ≤ .03), independent of confounders including overlap syndrome (OSA + chronic obstructive pulmonary disease).
Conclusions: Awake hypoventilation is associated with greater deficits in cognitive function in patients with severe sleep-disordered breathing.
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BRIEF SUMMARY
Current Knowledge/Study Rationale: Cognitive impairment in patients with obstructive sleep apnea is primarily attributed to intermittent hypoxia and
sleep fragmentation. However, hypercapnia may also play a role in patients whose obstructive sleep apnea is complicated by hypoventilation.
Study Impact: This study found that hypercapnia during wakefulness, but not during sleep, was associated with worse cognitive function in patients with
severe sleep-disordered breathing (ie, obstructive sleep apnea accompanied by hypoventilation) independent of confounders including hypoxemia, sleep
fragmentation, and overlap syndrome (obstructive sleep apnea + chronic obstructive pulmonary disease).

INTRODUCTION

Obstructive sleep apnea (OSA) is associated with impaired cog-
nitive function and is an independent risk factor for mild cogni-
tive impairment (MCI) and dementia.1–4 Impaired cognitive
function in OSA is primarily attributed to chronic nocturnal
intermittent hypoxemia and sleep fragmentation.5,6 Although
there is strong evidence linking greater sleep fragmentation and
impaired cognitive function in OSA,1 the relationship between
nocturnal hypoxemia and reduced cognitive function is modest
and inconsistent.7,8 Consequently, additional pathophysiologic
mechanisms, such as awake and nocturnal hypercapnia, have
been considered.9–12

Patients with OSA experience varying degrees of hypercap-
nia depending upon the severity of their OSA and comorbidities
such as obesity and chronic obstructive pulmonary disease
(COPD) that predispose them to hypoventilation. In uncompli-
cated OSA, hypercapnia may be transient during apneas or
hypopneas.13 Alternatively, sustained hypercapnia during
wakefulness and/or sleep may occur in patients with OSA with
accompanying obesity hypoventilation syndrome (OHS)14 or
COPD.15 Experimental studies in animals and healthy humans
exposed to hypercapnia report electroencephalogram (EEG)
slowing,10,16–18 while reduced amplitude of neural oscilla-
tions19 and altered mental and psychomotor function have been
reported in humans.20,21 Moreover, Wang et al22 reported a
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positive correlation between awake hypercapnia and EEG slow-
ing in OHS and overlap syndrome (OSA + COPD) patients and
decreased awake hypercapnia following positive airway pres-
sure therapy was associated with faster sleep EEG.9

While these studies demonstrate that hypercapnia can cause
meaningful, and reversible, changes in brain electrical activity,
it is unclear whether hypercapnia contributes to impaired cogni-
tive function in patients whose OSA is accompanied by hypo-
ventilation. One small study in obese patients with OSA found
negative associations between awake hypercapnia and memory,
processing speed and reaction time.23 However, transcutaneous
carbon dioxide (TcCO2) was not monitored during sleep,
which precluded the ability to determine whether patients with
isolated sleep hypoventilation (ie, prodromal OHS14) also have
impaired cognitive function. Another small study of patients
with OHS with severe OSA found a negative correlation
between EEG slowing during non–rapid eye movement
(NREM) sleep and psychomotor vigilance but also did not
investigate the relationship between TcCO2 and cognitive func-
tion.24 Accordingly, the objective of this study was to investi-
gate the impact of hypercapnia during wakefulness and sleep on
cognitive performance in a large group of patients with severe
sleep-disordered breathing (SDB).

METHODS

This study included a subset of English-speaking patients (n = 246)
enrolled in the multicenter Canadian Sleep and Circadian Network
OSA observational cohort study of adults referred to participating
academic sleep centers for suspected OSA.7 Patients were recruited
from a single center (Sleep Centre, Foothills Medical Centre, Cal-
gary, AB, Canada) who underwent split-night polysomnography
(PSG) for suspected sleep hypoventilation based upon clinical
assessment and review of preliminary home sleep apnea testing.
Typical home sleep apnea testing indicators of potential hypoventi-
lation included arterial oxyhemoglobin saturation (pulse oximetry
[SpO2]) continually < 90% and episodes of sustained hypoxemia,
defined as an SpO2 < 85% for at least 5 consecutive minutes.25

Additional tests included arterial blood gas (ABG) analysis imme-
diately prior to the PSG, continuous TcCO2 measurement during
sleep, pulmonary function tests (PFTs), a sleep questionnaire, and
cognitive testing during a single daytime visit. Patients from other
Canadian Sleep and Circadian Network centers were excluded
because ABG analyses and TcCO2 monitoring were not performed
during PSG.

This study was performed according to the Declaration of
Helsinki and approved by the Conjoint Health Research Ethics
Board of the University of Calgary (REB16-0211). Patients
were informed of study requirements prior to providing written
informed consent.

Polysomnography
All patients underwent split-night PSG that included EEG (C3,
C4, M1, M2, O1, O2), left and right electrooculograms, sub-
mental electromyograms, airflow using nasal pressure (Brae-
bon, Ottawa, ON, Canada) and oral thermistor (Protech; Philips

Respironics, Murrysville, PA), thoracic and abdomen respira-
tory excursions (Respitrace; Ambulatory Monitoring, Ardsley,
NY), finger pulse oximetry (NATUS Embla Systems, Tona-
wanda, NY), and TcCO2 (TCM4; Radiometer Medical, Copen-
hagen, Denmark). Calibration and placement details for TcCO2

monitoring are provided in the supplemental material. All data
were continuously recorded and stored electronically for subse-
quent scoring (Sandman; Tyco Healthcare, Kanata, ON, Can-
ada). Polysomnograms were manually scored by experienced
registered PSG technologists according to the American Acad-
emy of Sleep Medicine criteria.26 An obstructive apnea was
defined as a decrease in respiratory airflow amplitude by ≥ 90%
for at least 10 seconds with continued respiratory efforts. An
obstructive hypopnea was defined as a decrease in respiratory
airflow amplitude of ≥ 30% lasting for at least 10 seconds fol-
lowed by a decrease in SpO2 of ≥ 3% or an arousal from sleep.

Arterial blood sampling
Arterial blood samples were collected immediately prior to the
PSG by a respiratory therapist with the patient supine, awake,
and breathing room air. Samples were analyzed for the partial
pressures of carbon dioxide (PaCO2) and oxygen (PaO2), pH
(pHa), and bicarbonate (GEM Premier 5000; Instrumentation
Laboratories, Bedford, MA).

Sleep questionnaire
The sleep questionnaire included demographics (age, height,
weight, sex), medical history, comorbidities, medications, sleep
schedule, symptoms of restless legs syndrome, and insomnia.
The Epworth Sleepiness Scale (ESS)27 and the Pittsburgh Sleep
Quality Index (PSQI)28 were used to assess daytime sleepiness
and sleep quality. Additional details are provided in the supple-
mental material and a recent publication.7

Cognitive testing
Administration and scoring of cognitive tests were performed
by qualified personnel. Tests included the Montreal Cognitive
Assessment (MoCA) of global cognition,29 the Rey Auditory
Verbal Learning Test (RAVLT) of episodic memory,30 and the
Wechsler Adult Intelligence Scale, Fourth Edition, Digit Sym-
bol Coding (DSC) subtest of information processing speed.31

Test details are provided in the supplemental material and a
recent publication.7

Data analyses
Patients were categorized as having no hypoventilation, iso-
lated sleep hypoventilation, or awake hypoventilation based
upon ABG and TcCO2. Since Calgary is located at �1100 m
above sea level where normal PaCO2 is 30–40mmHg during
wakefulness, PaCO2 >40mmHg was used to define awake
hypoventilation.32 Table 1 outlines categorization criteria. For
completeness, analyses were repeated using the standard, sea-
level criteria of PaCO2 >45mmHg to define awake hypoventi-
lation26 (Table S1 in the supplemental material). For patients
without a PaCO2 measurement (10 with no hypoventilation, 3
with sleep hypoventilation), the TcCO2 value recorded at the
beginning of the PSG with the patient supine, awake, and
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breathing room air was used. PSG data were obtained from the
diagnostic portion of study. Overlap syndrome was defined as
OSA accompanied by either PFT evidence of COPD (Global
Initiative for Chronic Obstructive Lung Disease [GOLD] class
1–433) or, if PFT data were not available, self-reported history
of COPD or asthma, or a smoking history > 10 pack-years.34

Sleep duration was quantified from the PSQI question 4
(“How many hours of actual sleep do you get at night?”).
Patients were categorized as having short sleep duration if they
reported less than 6 hours of sleep per night.35

Self-reported medications were categorized according to
their drug classification.36 For clinical relevance, we have
reported only medications known to impact cognition37 (antide-
pressants, atypical antipsychotics, benzodiazepines, cannabi-
noids, dopaminergics, gabapentinoids, nonbenzodiazepines,
opioids, and statins).

A validated MoCA score <26 (range: 0–3029) was operation-
ally defined to indicate the presence of MCI because it has
acceptable discriminatory ability to identify patients with OSA
and MCI.38 However, since a MoCA <26 may be too liberal to
detect MCI39 we also calculated the prevalence of a MoCA
<25 and <24. RAVLT delayed free recall and recognition, and
DSC scores were expressed as z-scores relative to age-matched
norms.40–42

Statistical analyses
Continuous descriptive variables were compared across
groups using 1-way analyses of variance incorporating a
Tukey-Kramer correction for post hoc comparisons; categori-
cal variables were compared using a chi-square goodness-of-
fit test. Group mean RAVLT delayed recall and recognition
and DSC z-scores were compared to zero (hypothesized no
difference from age-adjusted norms) using 1-sample t tests.
Cognitive scores were compared across groups using analyses

of covariance. Covariates included age, sex, low education
(≤12 years of formal education, except for the MoCA, which
includes a correction for low education), apnea-hypopnea
index (AHI), hypoxemia (percentage of total sleep time with
SpO2 <90% [T90]), sleep fragmentation (arousal/awakening
index), and the presence (or absence) of excessive daytime
sleepiness (ESS >10), poor sleep quality (PSQI > 5), short
sleep duration (<6 hours/night), comorbidities (including over-
lap syndrome), and medication use. Relationships between
cognitive scores, PaCO2, and TcCO2 were assessed using
multivariable linear regression adjusting for the same con-
founders included in our analyses of covariance. Analyses
were performed with Statistical Analysis Software (version
9.4; SAS Institute, Cary, NC) and an a ≤ 0.05 was considered
significant.

RESULTS

The sleep- and awake-hypoventilation groups had a lower mean
SpO2 and greater T90 compared with the no-hypoventilation
group (Table 2), COPD was more prevalent in the awake-
hypoventilation group, and the sleep-hypoventilation group had
fewer patients using antidepressants (Table 3). By design,
PaCO2 was highest in the awake-hypoventilation group. Com-
pared with the no-hypoventilation group, baseline TcCO2, peak
TcCO2 during sleep, and the increase in TcCO2 during the tran-
sition from wakefulness to sleep were higher in the sleep- and
awake-hypoventilation groups. Furthermore, smoking history
and PFT evidence of airflow obstruction were similar across
groups, although forced vital capacity was lower in patients
with awake hypoventilation (Table 4). The prevalence of over-
lap syndrome in the no-hypoventilation, sleep-hypoventilation,
and awake-hypoventilation groups was 33%, 43%, and 38%
(x2, P= .58). Group differences were comparable when patients
were categorized using PaCO2 >45mmHg, except the sleep-
hypoventilation group had the lowest AHI and a lower arousal/
awakening index compared with the no-hypoventilation group,
hypertension and opioid use were more prevalent in the awake-
hypoventilation group, and PFT evidence of airflow obstruction
was greater in the sleep- and awake-hypoventilation groups
(Table S2, Table S3, and Table S4 in the supplemental
material), resulting in 45% of patients in these groups having
overlap syndrome compared with 31% of patients with no
hypoventilation (x2, P= .09).

PSG measures of sleep from the diagnostic portion of the
split-night studies were similar across groups, except patients
with awake hypoventilation spent less time in rapid eye move-
ment (REM) sleep compared with patients with sleep hypo-
ventilation (Table S5 in the supplemental material). When
categorized using PaCO2 >45mmHg, patients with sleep
hypoventilation spent less time in stage 1 NREM sleep and
had higher sleep efficiency compared with patients with no
hypoventilation.

Mean MoCA scores were <26 in all groups (P= .22; Figure
1A). Within the no-hypoventilation, sleep-hypoventilation, and
awake-hypoventilation groups the prevalence of a MoCA <26

Table 1—Hypoventilation categorization criteria.

Category Criteria

No hypoventilation PaCO2 ≤ 40mmHg; TcCO2 increase during
sleep <10mmHg; and peak TcCO2 during
sleep ≤ 55mmHg

or

PaCO2 ≤ 40mmHg; TcCO2 increase during
sleep ≥ 10mmHg; and peak TcCO2 during
sleep ≤ 50mmHg

Sleep
hypoventilation

PaCO2 ≤ 40mmHg; TcCO2 increase during
sleep ≥ 10mmHg; and peak TcCO2 during
sleep > 50mmHg

or

PaCO2 ≤ 40mmHg and peak TcCO2 during
sleep > 55mmHg

Awake
hypoventilation

PaCO2 > 40mmHg

PaCO2 = arterial partial pressure of carbon dioxide, TcCO2 = transcuta-
neous partial pressure of CO2.
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was 56%, 45%, and 60%, respectively (x2, P= .26), while 42%,
35%, and 44% had a MoCA <25 (x2, P= .59) and 30%, 20%,
and 31% had a MoCA <24 (x2, P= .39) (Table S6 in the
supplemental material). Mean RAVLT delayed recall and rec-
ognition scores were lower than age-adjusted norms in the

awake-hypoventilation group (P <.01), whereas the mean DSC
score was lower than age-adjusted norms in all groups (P <.01;
Figure 1B–D). Results were similar when PaCO2 > 45mmHg
defined awake hypoventilation, except the mean RAVLT
delayed recall within the no-hypoventilation group was lower

Table 2—Patient demographics, measures of OSA severity and hypercapnia, daytime sleepiness, and sleep characteristics when
categorizedusing PaCO2 > 40 mmHg to indicate awake hypoventilation.

No Hypoventilation Sleep Hypoventilation Awake Hypoventilation P

n 84 40 122

Female, n (%) 31 (36.9) 21 (52.5) 58 (47.5) .18

Age, y 53.0 ± 12.9 55.7 ± 11.1 55.0 ± 12.1 .41

Education ≤ 12 years, n (%) 19 (22.6) 12 (30.0) 43 (35.2) .15

BMI, kg/m2 41.0 ± 8.7 39.5 ± 8.4 43.0 ± 9.1 .07

White, n (%) 73 (86.9) 37 (92.5) 104 (85.2) .87

OSA severity

AHI, events/h 75.9 ± 48.9 59.9 ± 37.0 75.9 ± 49.4 .15

ODI (3%), events/h 73.4 ± 35.6 64.8 ± 28.5 76.8 ± 37.8 .18

ODI (4%), events/h 63.3 ± 40.4 55.1 ± 30.5 66.2 ± 41.3 .30

Mean SpO2, (%) 87.5 ± 3.9 85.4 ± 4.0* 84.3 ± 4.9* <.01

T90, % TST 67.8 ± 26.9 81.3 ± 20.7* 86.2 ± 19.1* <.01

Arousal/awakening index, /h 51.3 ± 29.2 (n = 81) 42.2 ± 25.9 (n = 38) 48.9 ± 28.5 (n = 121) .27

Arterial blood gases and TcCO2

PaCO2, mmHg 36.9 ± 2.7a 38.2 ± 2.5b 44.3 ± 3.0*,† <.01

PaO2, mmHg 70.1 ± 9.9 (n = 75) 66.9 ± 11.4 (n = 37) 60.8 ± 7.9*,† <.01

pHa 7.44 ± 0.03 (n = 75) 7.44 ± 0.02 (n = 37) 7.42 ± 0.03*,† (n = 120) <.01

Bicarbonate, mEq/L 24.7 ± 2.1 (n = 75) 25.9 ± 1.4* (n = 37) 28.7 ± 2.2*,† (n = 121) <.01

Baseline TcCO2, mmHg 39.6 ± 3.1 42.3 ± 3.4* 46.3 ± 3.9*,† (n = 119) <.01

Peak TcCO2 during sleep, mmHg 46.7 ± 3.4 55.8 ± 4.2* 55.3 ± 6.0* (n = 119) <.01

DTcCO2, mmHg 7.2 ± 2.4 13.5 ± 2.9* 9.0 ± 4.1*,† (n = 119) <.01

Daytime sleepiness

ESS score 11.7 ± 5.0 10.3 ± 5.5 10.7 ± 4.9 (n = 121) .27

ESS > 10, n (%) 55 (65.5) 20 (50.0) 71 (58.7) .25

Sleep characteristics

PSQI global score 9.7 ± 4.4 8.6 ± 2.9 9.6 ± 3.9 .28

PSQI > 5, n (%) 74 (88.1) 37 (92.5) 107 (88.4) .74

Sleep duration (h) 6.4 ± 1.9 6.4 ± 1.2 6.4 ± 1.8 .99

Sleep <6 hours, n (%) 43 (51.2) 21 (52.5) 67 (54.9) .87

ISI (total score) 14.7 ± 6.4 (n = 83) 12.9 ± 5.4 13.5 ± 6.2 .20

No insomnia, n (%) 14 (16.9) 7 (17.5) 26 (21.3) .56

Subthreshold insomnia, n (%) 23 (27.7) 16 (40.0) 36 (29.5)

Moderate insomnia, n (%) 36 (43.4) 16 (40.0) 49 (40.2)

Severe insomnia, n (%) 10 (12.0) 1 (2.5) 11 (9.0)

RLS, n (%) 19 (22.6) 7 (17.5) 34 (27.9) .37

RLS severity (range: 1–7) 5.2 ± 1.3 4.1 ± 1.8 5.1 ± 1.7 .30

Values are n (%) for categorical variables (P values = x2) and means ± SDs for continuous variables (P values= ANOVA). aTcCO2 baseline values used for 10
patients who did not have an arterial blood gas. bTcCO2 baseline values used for 3 patients who did not have an arterial blood gas. *P <.05 vs no
hypoventilation; †P <.05 vs sleep hypoventilation. AHI = apnea-hypopnea index, ANOVA = analysis of variance, BMI = body mass index, ESS = Epworth
Sleepiness Scale, ISI = Insomnia Severity Index, mean SpO2 = mean arterial oxyhemoglobin saturation during sleep, ODI = oxygen desaturation index based
upon either 3% or 4% desaturations, OSA = obstructive sleep apnea, PaCO2 = arterial partial pressure of carbon dioxide, PaO2 = arterial partial pressure of
oxygen, pHa = arterial pH, PSQI = Pittsburgh Sleep Quality Index, RLS = restless legs syndrome, T90 = percentage of total sleep time with SpO2 <90%;
TcCO2 = transcutaneous partial pressure of carbon dioxide, DTcCO2 = increase in TcCO2 during transition from wakefulness to sleep, TST = total sleep time.
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than age-adjusted norms (P= .02) (Table S6 and Figure S1 in
the supplemental material).

Lower MoCA and DSC, but not RAVLT delayed recall or
recognition, were associated with higher PaCO2 (P ≤ .03) and
baseline TcCO2 (P ≤ .03) values independent of age, sex, low
education (DSC and RAVLT), AHI, T90, sleep fragmentation,
daytime sleepiness, sleep quality, sleep duration, comorbidities
(including overlap syndrome), and medication use (Figure 2).
Cognitive scores were not associated with the peak TcCO2 dur-
ing sleep or the change in TcCO2 during the transition from
wakefulness to sleep with adjustments for the same confound-
ers (P ≥ .10 for all regression models).

Results were unaltered by removing the 13 patients from the
analyses for whom baseline TcCO2 was substituted for PaCO2.

DISCUSSION

This study investigated the impact of hypercapnia during wake-
fulness and sleep on cognitive function in patients with severe
SDB. We found that (1) cognitive impairment was common,
with 45–60% of patients within each group having a MoCA
<26; (2) only patients with hypercapnia during wakefulness had
worse memory performance compared with age-adjusted
norms, while all groups had lower information processing
speed; and (3) higher PaCO2 was associated with lower MoCA

and DSC scores after adjusting for confounders, including hyp-
oxemia, sleep fragmentation, and overlap syndrome.

OSA is associated with reduced measures of global cognitive
function,38 memory, executive function, attention, and visuospa-
tial cognitive abilities.1,2 The finding that the mean MoCA was
<26 in all groups aligns with our prior study in a larger sleep
clinic population of patients with untreated OSA.7 Specifically,
we found that the mean MoCA for participants with severe OSA
was 24.8 ± 2.9 and that 55% (177 out of 320) of participants had
a MoCA <26. Furthermore, in a previous study of 394 sleep
clinic patients, 41% with severe OSA (AHI >40 events/h) had a
MoCA <26, with a mean MoCA score of 25.6 ± 3.0.43 Conse-
quently, we believe that the participants in the current study are
representative of sleep clinic cohorts with severe OSA. The
memory deficits observed in delayed verbal recall and recogni-
tion in the awake-hypoventilation group are also consistent with
previous studies in patients with OSA.44 Moreover, the deficits
observed in information processing speed across all groups are
also comparable to prior studies in patients with OSA.45 Of note,
the greater deficits in information processing speed compared
with memory within all groups are likely due to the DSC test
requiring multiple cognitive, and noncognitive, domains such as
short-term memory, attention, concentration, learning, psycho-
motor speed, visuo-perception, and motor speed.31

Traditionally, chronic intermittent hypoxemia and sleep
fragmentation are considered the primary mechanisms leading

Table 3—Patient comorbidities and medication use when categorized using PaCO2 > 40 mmHg to indicate awake hypoventilation.

No Hypoventilation Sleep Hypoventilation Awake
Hypoventilation P

n 84 40 122

Comorbidities, n (%)

Hypertension 48 (57.1) 20 (50.0) 74 (60.7) .49

Diabetes 26 (31.0) 9 (22.5) 43 (35.2) .32

High cholesterol 40 (47.6) 16 (40.0) 62 (50.8) .49

Kidney disease 7 (8.3) 1 (2.5) 11 (9.0) .39

Coronary artery disease 11 (13.1) 3 (7.5) 17 (13.9) .56

Heart failure 4 (4.8) 1 (2.5) 3 (2.5) .63

Atrial fibrillation 3 (3.6) 3 (7.5) 8 (6.6) .57

Prior stroke 2 (2.4) 1 (2.5) 6 (4.9) .58

Chronic obstructive pulmonary disease 4 (4.8) 4 (10.0) 19 (15.6) .05

Asthma 20 (23.8) 9 (22.5) 38 (31.1) .39

Medications, n (%)

Statins 33 (39.3) 9 (22.5) 53 (43.4) .06

Antidepressant 26 (31.0) 3 (7.5) 41 (33.6) .01

Gabapentinoid 11 (13.1) 5 (12.5) 19 (15.6) .83

Opioid 13 (15.5) 2 (5.0) 9 (7.4) .09

Nonbenzodiazepine 5 (6.0) 1 (2.5) 8 (6.6) .63

Atypical antipsychotic 2 (2.4) 2 (5.0) 9 (7.4) .29

Benzodiazepine 3 (3.6) 0 (0) 3 (2.5) .48

Cannabinoid 4 (4.8) 1 (2.5) 3 (2.5) .63

Dopaminergic 0 (0) 0 (0) 5 (4.1) .08

Values are n (%) for categorical variables (P value = x2). PaCO2 = arterial partial pressure of carbon dioxide.
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to cognitive impairment in untreated OSA.5,6 Based upon a pos-
itive relationship between hypercapnia during wakefulness and
EEG slowing (higher Delta:Alpha ratio) during sleep in patients
with respiratory failure, OHS, and overlap syndrome, hypercap-
nia was proposed to contribute to this complication.9–12,22

These same investigators found a negative correlation between
EEG slowing during NREM sleep and psychomotor vigilance
in 15 patients with OHS (PaCO2 >45mmHg) with severe OSA
(AHI: 78 ± 47 events/h).24 Our observation that patients with
awake hypercapnia performed worse on the RAVLT and DSC
compared with age-adjusted norms supports the hypothesis that
awake hypercapnia contributes, at least in part, to impaired day-
time function, including diminished cognition in patients with
severe SDB, and specifically in those with OHS.

A previous study of 39 obese patients (24 normocapnic; 15
with awake hypercapnia [PaCO2 >45mmHg]) investigated the
relationship between hypercapnia and cognitive function in
OSA.23 Compared with normocapnic patients, those with
awake hypercapnia had worse information processing speed
and logical memory performance and increased reaction time
within psychomotor vigilance tasks (Stroop and Eriksen flanker
tasks). These observations are similar to Sivam et al24 who
found that patients with OHS with severe OSA had slower reac-
tion time on the Stroop test, but in contrast with our findings of
no difference in global cognitive function (MoCA), memory
(RAVLT), or information processing speed (DSC) between
patients with awake and no hypoventilation using either PaCO2

> 40mmHg or PaCO2 > 45mmHg to indicate awake hypercap-
nia. There are several possible explanations for these differ-
ences. First, awake hypercapnia was more severe in these

previous studies with PaCO2 = 52.8 ± 8.4mmHg23 and 51.4 ±
5.1mmHg24 compared with our 44.3 ± 3.0mmHg (PaCO2 >
40mmHg criteria) and 48.1 ± 2.2mmHg (PaCO2 > 45mmHg
criteria). Second, in contrast to our study, neither of the previ-
ous studies adjusted their group comparisons for differences in
age, sex, and education. Finally, since Kung et al23 did not
report medication use, it is possible that hypercapnic patients in
their study were taking more medications that can impact
cognition.

In addition to group comparisons, to further explore the rela-
tionship between hypercapnia during wakefulness and sleep
and cognitive function we quantified the relationships between
measures of hypercapnia while awake (PaCO2, baseline
TcCO2) and during sleep (peak TcCO2 during sleep and the
increase in TcCO2 during the transition from wakefulness to
sleep) using multivariable linear regression analyses of data
pooled across all patients. In these analyses, MoCA and DSC
scores had negative associations with PaCO2 and baseline
TcCO2, independent of multiple confounders, including noctur-
nal hypoxemia, sleep fragmentation, and overlap syndrome,
while RAVLT delayed recall and recognition were not associ-
ated with either measure of awake hypercapnia (Figure 2). In
contrast, there were no relationships between cognitive scores
and indices of hypercapnia during sleep (Figure 2). Although a
negative association between awake PaCO2 and MoCA score
has been reported in patients with COPD,46 this is the first study
to report a similar relationship in patients with severe SDB
adjusting for the presence of overlap syndrome. The negative
association between PaCO2 and DSC scores is comparable to
that observed by Kung et al,23 but the absence of an association

Table 4—Smoking status and pulmonary function data.

No Hypoventilation Sleep Hypoventilation Awake Hypoventilation P

Smoking status

n 84 40 122

Never, n (%) 40 (47.6) 17 (42.5) 45 (36.9) .27

Current, n (%) 7 (8.3) 6 (15.0) 23 (18.9)

Past, n (%) 37 (44.1) 17 (42.5) 54 (44.3)

Smoking history,a pack-years 23.9 ± 18.3 27.6 ± 22.5 30.4 ± 29.4 .41

Pulmonary function

n 49 24 94

FEV1 (% predicted) 85.2 ± 14.8 76.5 ± 15.4 74.3 ± 18.4* < .01

FVC (% predicted) 87.0 ± 11.4 79.7 ± 20.0 80.1 ± 15.5* .03

FEV1:FVC 76.1 ± 10.8 71.7 ± 9.6 72.2 ± 13.4 .16

Airflow limitation classification, n (%)

None 39 (79.6) 15 (62.5) 60 (64.5) .19

Mild: GOLD 1 2 (4.1) 1 (4.2) 3 (3.2)

Moderate: GOLD 2 7 (14.3) 8 (33.3) 24 (25.8)

Severe: GOLD 3 0 (0.0) 0 (0.0) 6 (6.5)

Very severe: GOLD 4 1 (2.0) 0 (0.0) 0 (0.0)

Values are n (%) for categorical variables (P values = x2) and means ± SDs for continuous variables (P values = ANOVA). aCurrent and past smokers only.
*P < .05 vs no hypoventilation. ANOVA = analysis of variance, FEV1 = forced expiratory volume in 1 second, FEV1:FVC = ratio between FEV1 and FVC,
FVC = forced vital capacity, GOLD = Global Initiative for Chronic Obstructive Lung Disease classification of airflow limitation.
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between PaCO2 and memory in our study contrasts to those by
Kung et al, who reported negative associations between PaCO2

and indices of logical memory. These contrasting findings may
be related to differences in hypercapnia severity and medication
use between studies discussed earlier.

This is the first study to examine the impact of hypercapnia
isolated to sleep (quantified with TcCO2 monitoring) on cogni-
tive function in patients with severe SDB. The lack of any asso-
ciation between peak TcCO2 during sleep and the increase in
TcCO2 during the transition from wakefulness to sleep and cog-
nitive scores suggest that, in contrast to awake hypercapnia,
hypercapnia isolated to sleep does not contribute to cognitive
deficits observed in this patient population. It may be that the

“hypercapnic load” that develops during sleep is insufficient to
impair cognition, or that any impairment that develops during
sleep is corrected by restoration of normocapnia during
wakefulness.

In this study, we used PaCO2 >40mmHg to identify awake
hypercapnia for our primary patient categorization. This thresh-
old was chosen because Calgary is �1100 m above sea level
where the normal range of PaCO2 is 30–40mmHg.32 However,
we repeated our analyses using sea-level criteria of PaCO2

>45mmHg to indicate awake hypercapnia.26 Although our
revised awake-hypoventilation group was substantially smaller
(38 vs 122), our results and conclusions did not change. Addi-
tionally, we used the validated MoCA score <26 to indicate the

Figure 1—Cognitive testing across groups.

MoCA (A), RAVLT delayed recall (B), RAVLT delayed recognition (C), and DSC scores (D) across groups categorized using PaCO2 > 40 mmHg to indicate awake
hypoventilation. Asterisks (*) indicate where the group mean is significantly different from zero (ie, hypothesized no difference from age-adjusted norms; dotted
lines), with P ≤ .05; ANCOVA: group comparisons adjusted for age, sex, low education, AHI, T90, sleep fragmentation (arousal/awakening index), daytime sleepi-
ness (ESS), sleep quality (PSQI), sleep duration, comorbidities (including overlap syndrome), and medication use. AHI = apnea-hypopnea index, ANCOVA = analy-
sis of covariance, DSC = Wechsler Adult Intelligence Scale, 4th Edition, Digit Symbol Coding subtest, ESS = Epworth Sleepiness Scale, MoCA = Montreal
Cognitive Assessment, PSQI = Pittsburgh Sleep Quality Index, RAVLT = Rey Auditory Verbal Learning Test, T90 = percentage of total sleep time with SpO2 <90%.
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presence of MCI,29 but the MoCA’s sensitivity and specificity
for detecting MCI varies according to clinical settings.38

Although aMoCA <26 was found to have acceptable discrimina-
tory ability to identify patients with OSA andMCI, a MoCA <27
has been reported to be the optimal threshold to detect MCI in
patients with moderate-to-severe OSA.38 Notwithstanding that
by using a MoCA <26, we may have underestimated the preva-
lence ofMCI in our patient cohort, we believe that this more con-
servative threshold strengthened our statistical analysis.

This study has limitations. First, all patients underwent split-
night PSGs, which have the potential to underestimate the preva-
lence of sleep hypoventilation if the diagnostic portion does not
include REM sleep. To address this, we determined the change in
peak TcCO2 during transition from NREM to REM sleep in the
sleep-hypoventilation group participants who had >10 minutes

of REM sleep. The mean ± SD increase was 2 ± 2mmHg. Next,
we added 4mmHg to the peak TcCO2 during sleep of partici-
pants in the no-hypoventilation group who did not have REM
sleep and recategorized those who met our criteria for sleep
hypoventilation and repeated our statistical analyses. Although
20 participants moved from the no-hypoventilation group into
the sleep-hypoventilation group, this did not change the results
and conclusions. Second, participants had very severe OSA,
which could limit the translation of our findings to patients with
milder OSA. However, most patients who have hypercapnia
from SDB have severe OSA. Furthermore, patients with mild
and moderate OSA do not usually have hypercapnia, unless they
have a significant comorbidity such as severe COPD. Conse-
quently, we believe that the impact of hypoventilation due to
SDB is most relevant to the patient population we investigated.

Figure 2—Relationships between cognitive testing and PaCO2, and TcCO2 measurements.

Parameter estimates (95% confidence interval) from multivariable regression analyses assessing the individual relationships between MoCA (A) (n = 238), RAVLT
delayed recall (B) (n = 237), RAVLT delayed recognition (C) (n = 237), and the DSC scores (D) (n = 238) with PaCO2, TcCO2 recorded at the beginning of the PSG
(baseline TcCO2), peak TcCO2 during sleep (peak TcCO2), and the change in TcCO2 during the transition from wakefulness to sleep (DTcCO2). Parameter esti-
mates are independent of age, sex, low education (RAVLT and DSC scores only), AHI, hypoxemia (T90), sleep fragmentation (arousal/awakening index), daytime
sleepiness (ESS), sleep quality (PSQI), sleep duration, comorbidities (including overlap syndrome), and medication use. AHI = apnea-hypopnea index, DSC =
Wechsler Adult Intelligence Scale, 4th Edition, Digit Symbol Coding subtest, ESS = Epworth Sleepiness Scale, MoCA = Montreal Cognitive Assessment, PaCO2 =
arterial partial pressure of CO2, PSG = polysomnography, PSQI = Pittsburgh Sleep Quality Index, RAVLT = Rey Auditory Verbal Learning Test, T90 = percentage of
total sleep time with SpO2 < 90%, TcCO2 = transcutaneous CO2.
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Third, ABGs were not measured the morning after the sleep
study as the results would have been confounded by continuous
positive airway pressure and/or bilevel positive airway pressure
titration during the second part of the night. Consequently, we
were unable to evaluate TcCO2 signal drift across the night,
which raises the potential for some participants to be miscatego-
rized regarding hypoventilation. However, the TcCO2 monitors
we used, when properly calibrated prior to PSG (details in the
Supplemental Methods), are designed for up to 8 hours of contin-
uous recording with minimal drift and without a need for recali-
bration for measurements to show good agreement with PaCO2

values.47,48 Moreover, we only used TcCO2 data from the diag-
nostic portion of the split-night PSGs, which had mean recording
times of �160 to 180 minutes across the 3 participant groups
(Table S5). Therefore, any slow drift in the TcCO2 signal likely
had minimal impact on the categorization of participants. Fourth,
we did not perform quantitative EEG analyses of the PSG, which
precluded our ability to investigate the association between hy-
percapnia and EEG parameters. Consequently, we are unable to
determine if the cognitive deficits observed in patients with
awake hypoventilation were related to previously described
hypercapnia-induced EEG slowing.11,12 Fifth, we included
patients with comorbidities (including overlap syndrome) and
those taking medications known to impact cognition since these
are commonly seen in sleep clinic populations. However, we
controlled for these potential confounders in our statistical analy-
ses and found independent associations between our indices of
hypercapnia and cognitive scores. Sixth, the predominance of
White patients may limit the generalizability of results to other
ethnic populations. Finally, since this is a cross-sectional study,
causal inferences between hypercapnia and MCI cannot be made
from our results. Noteworthy strengths of our study include the
large sample size compared with previous studies,23,24 standard-
ized ABG analyses performed the same night as patients’ PSG,
and continuous TcCO2 monitoring during the PSG.

Clinical implications
Our results support the hypothesis that awake hypercapnia con-
tributes to the development of impaired cognitive function in
patients with severe SDB.11,12 Further research is needed to
determine whether this clinical phenotype, if untreated, leads to
progressive cognitive impairment and whether correction of
awake hypercapnia, over and above correction of nocturnal
hypoxemia and sleep fragmentation, improves these outcomes.

ABBREVIATIONS

ABG, arterial blood gas
AHI, apnea-hypopnea index
COPD, chronic obstructive pulmonary disease
DSC,Wechsler Adult Intelligence Scale, 4th Edition, Digit

Symbol Coding subtest
EEG, electroencephalogram
ESS, Epworth Sleepiness Scale
GOLD, Global Initiative for Chronic Obstructive Lung Disease
OHS, obesity-hypoventilation syndrome
OSA, obstructive sleep apnea

MCI, mild cognitive impairment
MoCA, Montreal Cognitive Assessment
NREM, non–rapid eye movement
PaCO2, partial pressure of arterial carbon dioxide
PFT, pulmonary function test
PSG, polysomnography
PSQI, Pittsburgh Sleep Quality Index
RAVLT, Rey Auditory Verbal Learning Test
REM, rapid eye movement
SDB, sleep-disordered breathing
SpO2, arterial oxyhemoglobin saturation measured by pulse

oximetry
T90, percentage of total sleep time with SpO2<90%
TcCO2, transcutaneous carbon dioxide
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