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ARTICLE INFO ABSTRACT
Keywords: Introduction: The apnea-hypopnea index (AHI) is the current diagnostic parameter for diagnosing and estimating
Obstructive sleep apnea the severity of obstructive sleep apnea (OSA). It is, however, poorly associated with the main clinical symptom of

Apnea-hypopnea Index
Hypoxic load
Rey Auditory Verbal Learning Test

OSA, excessive daytime sleepiness, and with the often-seen cognitive decline among OSA patients. To better
evaluate OSA severity, novel hypoxic load parameters have been introduced that consider the duration and depth
Stroop Test of oxygen saturation drops associated with apneas or hypopneas. The aim of this paper was to compare novel
Verbal learning hypoxic load parameters and traditional OSA parameters to verbal memory and executive function in OSA
Executive function patients.

Method: A total of 207 adults completed a one-night polysomnography at sleep laboratory and two neuropsy-
chological assessments, the Rey Auditory Verbal Learning Test and Stroop test. Results: Simple linear regression
analyses were used to evaluate independent associations between each OSA parameter and cognitive perfor-
mance. Associations were found between immediate recall and arousal index, hypoxia <90 %, average SpOay
during sleep, and DesSev100-+RevSev100. Total recall was associated with all OSA parameters, and no associ-
ations were found with the Stroop test. Subsequently, sex, age, and education were included as covariates in
multiple linear regression analyses for each OSA parameter and cognitive performance. The main findings of the
study were that average SpO, during sleep was a significant predictor of total recall (p < .007, p = —.188) with
the regression model explaining 21.2 % of performance variation. Average SpO> during sleep was also a sig-
nificant predictor of immediate recall (p < .022, p = —.171) with the regression model explaining 11.4 % of
performance variation. Neither traditional OSA parameters nor novel hypoxic load parameters predicted
cognitive performance after adjustment for sex, age, and education.

Conclusion: The findings validate that the AHI is not an effective indicator of cognitive performance in OSA and
suggest that average oxygen saturation during sleep may be the strongest PSG predictor of cognitive decline seen
in OSA. The results also underline the importance of considering age when choosing neurocognitive tests, the
importance of including more than one test for each cognitive domain as most tests are not pure measures of a
single cognitive factor, and the importance of including tests that cover all cognitive domains as OSA is likely to
have diffuse cognitive effects.
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1. Introduction

Obstructive sleep apnea (OSA) is the most common sleep-related
breathing disorder, with a prevalence of up to one billion adults
worldwide based on current diagnostic criteria [1]. The disorder is
characterized by increased respiratory effort and repeated complete or
partial upper airway obstructions during sleep [2]. These events lead to
cortical arousals, sleep fragmentation, and decreased oxygen saturation
(SpO2), affecting sleep quality and often daytime functioning, with
excessive daytime sleepiness being the main clinical symptom [2,3].

The current diagnosis of OSA and its severity classification are based
on the apnea-hypopnea index (AHI), which counts only the number of
respiratory events per hour of sleep. However, several additional phys-
iological parameters can be drawn from polysomnography (PSG), which
may provide further information for diagnosing OSA and estimating its
severity, e.g., the duration and depth of respiratory events and respira-
tory effort [4-6]. These features should be included when evaluating the
severity of the disorder since increasing length of apnea and hypopnea
events most likely leads to more severe oxygen desaturation events,
causing more physiological stress [4]. They may also be potential
mechanisms for the cognitive difficulties seen in OSA. The greatest
cognitive impact is seen in attention and vigilance, verbal memory,
executive function, and information processing speed [7-12]. These
negative impacts are repeatedly seen but are poorly correlated with the
AHI [10,13-15].

Kulkas et al. [4] introduced novel parameters to bring additional
information for the evaluation of OSA severity, based on desaturation
events severity and duration. Azarbarzin et al. [16] later introduced
hypoxic burden, measuring the same area under the desaturation curve.
Since then, the term hypoxic load has been familiarized and describes
novel blood SpOj-based parameters [17]. Associations of cognitive
performance with SpO-based indices has been more evident than its
association with the AHI. For example, sustained attention/vigilance
and immediate recall have been independently linked to hypoxemia [10,
18]. Moreover, before the introduction of novel SpO»-based indices, we
had shown that average SpO2 was independently associated with im-
mediate recall in the same cohort [14]. Finally, the main clinical
symptom of OSA, excessive daytime sleepiness, is also poorly associated
with the AHI [19-21]. It has been found to be associated with longer
respiratory events [22], lower mean SpO; levels [23], and longer and
deeper desaturations [19].

The aim of this study was to compare the associations between novel
hypoxic load parameters and cognitive function to that between tradi-
tional OSA indices and cognitive function. Specifically, the aim was to
evaluate which parameter is most associated with verbal memory (i.e.,
immediate recall, total recall, and learning over trials), and executive
function (i.e., inhibitory control). In line with previous findings, we
hypothesized that hypoxic load would show a stronger association with
verbal memory and executive function than the traditional OSA indices.

2. Methods
2.1. Participants and demographic characteristics

A total of 207 participants were drawn from a screening sample of
16,302 subjects from the Akershus Sleep Apnea Project (ASAP) study in
Ahus, Norway [14,24]. Out of the 16,302 respondents, a random sample
of 654 was approached for study participation, all at high risk for OSA
according to the Berlin Questionnaire [25]. This resulted in 290 re-
spondents and a total of 207 who completed a one-night PSG and two
neurocognitive assessments during recruitment in 2006-2007. The
sample consisted of 92 females and 115 males, aged 30-67 years. For
data analysis, age was grouped into 30-39, 40-49, 50-59, and 60+
years. Demographic data and information on comorbidities were
collected via a screening questionnaire and medical records before the
PSG and neurocognitive administration. Education was grouped into
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three categories; completed preschool, completed/in high school, or
completed/in any college or university degree. The presence of asthma,
diabetes, and cardiovascular disease was self-reported (yes/no) in the
screening questionnaire and confirmed in medical records. Current
smoking was solely based on self-reported daily smoking (yes/no). Body
mass index (BMI) was calculated from self-reported weight and height,
with BMI 18.5-24.9 kg/m? defined as healthy, 25.0-29.9 kg/m? as
overweight, and >30 kg/m? as obese. One participant had a BMI of 18.3
kg/m? and was included in the healthy group.

2.2. Cognitive measures

All cognitive assessments were conducted the day before the PSG
[24]. The Rey Auditory Verbal Learning Test (RAVLT) [26] measuring
verbal memory was administered. RAVLT consisted of 15 nouns (List A)
that were read aloud five times in the same order, and participants were
asked to recall as many words as possible after each trial (A1 — A5). Next,
a second 15-word list, list B, was presented, and participants were asked
to recall as many words as possible (Trial B) [26]. The delayed recall of
List A was performed with a variable 10-20-min delay, instead of the
traditional 20-min delay and was therefore not used in the analysis.
Immediate recall (A1), total recall (A1+A2+A3+A4+A5) and learning
over trials (LOT) ((total recall) — (Trial A1) x 5) were included in the
analysis.

A shortened version of the Comalli and Kaplan version of the Stroop
test, measuring the ability to inhibit an overlearned response in favor of
an unusual one, was administered [27,28] ,. This version consisted of
three trials, each including 48 items. The first trial was a color-naming
trial (C) where participants were instructed to name the color of
patches in red, blue, and green as quickly as possible. The second trial
was a word-naming trial (W) where the color names were printed in
black ink, and participants were asked to read the words as quickly as
possible. The third trial was an interference trial/color-word naming
(CW) containing color names printed in inconsistent ink color, and
participants were asked to name the color of the words and not the typed
word as quickly as possible. A ratio score for the interference was
calculated by dividing the color-naming trial by the interference
trial/color-word naming multiplied by 10 (C/CW x 10) where a higher
score indicates worse performance [29]. The administrator (HHS) timed
each trial, and scores for analysis were the number of seconds it took to
finish each trial.

2.3. Sleep apnea assessment

All participants slept with a Embla PSG device (Flaga, Reykjavik,
Iceland) for one night at the Akershus University Hospital, Norway. The
PSG included the following sensors: two-channel electrooculography,
two-channel electroencephalography (C4/A1 and C3/A2), one-channel
submental electromyography, finger plethysmography measuring
pulse and SpO; (Nonin, Plymouth, MN, USA), left and right leg elec-
tromyography (anterior tibialis), nasal and oral airflow assessment
(Protech, Woodinville, WA, USA), respiratory inductance plethysmog-
raphy (Respitrace; Ambulatory Monitoring, Ardsley, NY, USA), body
position, and activity monitoring. Scoring was performed in the Som-
nologica 3.2 software package (Flaga-Medcare, Buffalo, NY, USA) by
two US board-certified sleep technologists by the Kales and Rechtchaf-
fen scoring manual within weeks after the sleep study [30]. The AHI and
arousal index were calculated as the sum of apneas plus hypopneas and
the sum of arousals per hour of sleep, respectively. Hypopneas were
scored if the nasal airflow dropped below 70 % of the reference ampli-
tude for >10 s and was followed by an oxygen desaturation of >4 %.
Apneas were scored if the nasal airflow dropped below 10 % of the
reference amplitude for >10 s [31]. Oxygen desaturation index (ODI)
was defined as the number of oxygen desaturation events of >4 % per
hour of sleep [32]. Average SpO; during sleep was registered, and
arousals were documented and classified according to the Sleep
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Disorders Atlas Task Force of the American Sleep Disorders Association
report [33]. The Automatic Blood Oxygen Saturation (ABOSA) signal
analysis software was used to automatically calculate novel SpO,-indi-
ces capturing hypoxic load [17,34]. Hypoxia was calculated as the
percentual time during total sleep time in which SpO, values are <90 %.
ABOSA was used to additionally calculate ODI with>4 % and >3 %
desaturations. Novel desaturation and recovery event indices included
were desaturation severity (DesSev) defined as the fall area (i.e., the sum
of the areas of oxygen desaturation events starting from the onset of
desaturation and ending to the nadir, divided by total sleep time),
desaturation severity from 100 % baseline (DesSev100) (i.e., the sum of
the areas of oxygen desaturation events starting from 100 % SpO,
baseline and ending to the nadir, divided by total sleep time), and
desaturation duration (DesDur) defined as the fall duration (i.e., the
percentage of total sleep time in desaturation). The same kind of indices
were calculated for recovery events which are areas from the nadir to the
end of the desaturation event i.e., where saturation levels reach baseline
(RecSev, RecSev100, and RecDur) [17]. Desaturation and recovery
events were also combined (DesSev + RecSev, DesSev100 + RecSev100,
and DesDur + RecDur (i.e., hypoxic duration)) to capture whole desa-
turation events from onset back to baseline. Participants were divided
into OSA severity groups according to current clinical standards based
on the AHI; no OSA is indicated by 0-4.9 events/hour, mild OSA by
5-14.9 events/hour, moderate by 15-29.9, and severe OSA by > 30
events/hour [35].

2.4. Statistical analysis

Differences between comparison groups were assessed using the Chi-
square test for categorical variables, where a >10 % difference was
interpreted as significant. For continuous variables, one-way analysis of
variance was used for comparison groups, followed by a Bonferroni post
hoc test if there were more than two variables. For the continuous pol-
ysomnography variables which were all non-normally distributed, a
non-parametric test called Kruskal-Wallis Test was used for comparison
groups followed by a post hoc test if more than two variables. An in-
dependent sample t-test was used for two categorical variables. Inde-
pendent simple linear regression models were generated for each sleep
parameter and cognitive skill, i.e., immediate recall, total recall, LOT,
and inhibitory control. The models were then modified to multiple
linear regression analysis and included sex, age, and education. All OSA
severity indices were logarithmically transformed for regression analysis
as their distributions were positively skewed. A reflection adjustment
was made to average SpO, as it was negatively skewed (Logio(1 +
highest value — average SpOs)). The Statistical Package for Social Sci-
ences (SPSS, version 27.0) was used for all analyses, and two-sided
pvalues < .05 were considered statistically significant.

Ethical approval

The study protocol was approved in 2005 by the Regional Committee
for Medical Research Ethics in eastern Norway, ID 138543, the National
Data Inspectorate, and the Norwegian Social Science Data Services. All
participants signed an informed consent for their data to be stored for
further research.

3. Results

The demographic and sleep results, separately for males and females,
are presented in Table 1. Males and females differed in BMI, where more
females were grouped healthy, and more males were overweight or
obese. Cardiovascular disease was significantly more common among
males than in females. Smoking status differed between sexes, where
more females were current smokers than males. Males scored higher on
all OSA severity indices besides hypoxia time <90 %, where no differ-
ence was found. Males and females did not significantly differ in age,
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Table 1

Demographic data and polysomnography indices of the study population ac-
cording to sex. Data are shown as mean (standard deviation, SD), percentage, or
median (interquartile range) and significant findings are in bold.

Demographics All subjects Male (N Female (N p-
(N =207) =115) =92) value
Age in years, mean (SD) 49.3 (11.3) 50.3 48.1 17
(11.3) (11.3)
Education, %
Primary/Middle school 21.6 24.8 17.6 12
High school 49.0 51.3 46.2
College/University 29.4 23.9 36.3
Body mass index, %
Healthy 23.9 13.2 37.4 <.001
Overweight 38.0 44.7 29.7
Obese 38.0 421 33.0
Diabetes, % 12.6 13.9 10.9 .33
Asthma, % 11.6 11.3 12.0 .52
Cardiovascular disease, % 19.3 28.7 7.6 <.001
Smoking status, %
Current smoker 25.9 19.8 33.3 .002
Previous smoker 37.3 47.7 24.4
Never smoked 36.8 32.4 42.2
Polysomnography indices, median (interquartile range)
Apnea-hypopnea index 6.8 (19.9) 11.4 4.8 (9.65) <.001
(events/hour) (27.6)
Oxygen desaturation index 6.3 (19.0) 9.8 4.1 (9.5) <.001
>4 % manual (events/ (23.7)
hour)
Oxygen desaturation index 8.4 (19.8) 12.2 6.0 (15.7) <.001
>4 % auto (events/hour) (20.2)
Oxygen desaturation index 17.3 (25.7) 20.8 13.5 <.001
>3 % auto (events/hour) (31.2) (21.7)
Arousal index (events/hour) 15.6 (14.3) 18.2 12.4 <.001
(15.2) (12.0)
Average SpO,, (%) 94.1 (2.3) 93.6 94.4 (2.0) <.001
2.4)
Desaturation Severity .57 (.51) .66 (.73) .43 (.51) .010
Desaturation Severity from 1.31 (1.3) 1.54 1.02 (1.2) .003
100 % baseline 1.4
Desaturation Duration 17.51 (13.7) 20.19 14.17 .001
(14.2) (12.3)
Recovery Severity 17 (17) .21 (.18) .14 (.116) .004
Recovery Severity from 100 47 (.42) .55 (.42) .37 (.41) .002
% baseline
Recovery Duration 6.6 (4.9) 7.7 (.5.0) 5.8 (4.6) <.001
DesSev + RecSev (%) 4 (.8) .6 (.9) .3(.6) <.001
DesSev100 + RecSev100 (%) 1.2 (2.1) 1.5 (2.3) .8 (1.6) <.001
Hypoxic duration (%) 18.3 (26.4) 23.1 14.2 <.001
(30.1) (22.6)
Hypoxia <90 % (%) 1.3(5.2) 2.0 (6.9) 1.2(3.3) .05

SpO2 = oxygen saturation, DesSev = desaturation severity, RecSev = recovery
severity, DesSev100 = desaturation severity from 100 % baseline, RecSev100 =
recovery severity from 100 % baseline.

education, diabetes, or asthma prevalence.

The traditional OSA severity groups based on the AHI are shown in
Table 2 with demographics and other PSG indices assessed. The patients
in the severe OSA group were the oldest, predominantly males, and had
the highest BMI and prevalence of cardiovascular disease. OSA severity
groups did not differ in education, diabetes, or asthma. Other OSA
severity indices assessed as well as the arousal index was also highest in
the severe OSA group.

Scores on the neurocognitive tests, Stroop and RAVLT, are shown in
Table 3 by demographic and OSA severity groups based on the AHI.
Even though no significant sex differences were found in education or
average age, females scored higher on immediate recall, total recall, and
LOT. Patients in age groups 50-59 and 60+ years scored worse on
inhibitory control than patients in the younger groups. Scores on im-
mediate recall, total recall on RAVLT, and inhibitory control differed
significantly between education groups. Those with diabetes scored
lower on total recall, LOT, and inhibitory control, and previous smokers
scored lower on total recall than those who never smoked. OSA severity
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Table 2

Demographics and polysomnography indices of the study population according
to traditional obstructive sleep apnea severity (OSA) severity groups. Data are
shown as mean (standard deviation, SD) or percentage and significant findings
are in bold.

Demographics No Mild Moderate Severe ANOVA
OSA OSA OSA (N = OSA (N p-value
N = N = 33) =38)
87) 49)
Age in years, mean 45.3 49.5 53.5 (10.5) 54.8 <.001
(SD) (11.7) 9.8) < * (9.1)*
Sex, %
Female 55.2 53.1 30.3 21.1 <.001
Male 44.8 46.9 68.7 78.9
Education, % .82
Primary/Middle 17.2 27.1 21.9 24.3
school
High school 49.4 50.0 46.9 48.9
College/ 33.3 229 31.3 27.0
University
Body mass index, 27.5 27.8 30.0 (4.0)* 31.5 <.001
kg/m? @47 (5.0 (4.6)*
Diabetes, % 8.0 8.2 24.2 18.4 .05
Asthma, % 8.0 16.3 18.2 7.9 .25
Cardiovascular 11.5 18.4 24.2 34.2 .02
disease, %
Smoking status, % .02
Current smoker 26.4 28.9 33.3 13.9
Previous smoker 26.4 37.8 42.4 58.3
Never smoked 47.1 33.3 24.2 27.8
Polysomnography indices, median (interquartile range)
Oxygen 2.0 7.9 20.9 (9.0) 43.8 <.001
desaturation 3.1 1.9) *# (24.7)*"
index >4 % w$<
manual (events/
hour)
Oxygen 3.6 8.7 21.3(7.6) 39.6 <.001
desaturation (4.1) (6.4) *# (23.3)**
index >4 % auto #$<
(events/hour)
Oxygen 8.9 17.4 33.5(13.2) 52.3 <.001
desaturation (7.1) (8.5) w# (21.3)
index >3 % auto #$< w#
(events/hour)
Arousal Index 11.8 15.6 17.0 (11.6) 29.9 <.001
(events/hour) (10.6)  (13.5) * (31.4)*%
Average SpO; (%) 94.7 94.1 93.1 (2.2)* 92.8 <.001
(1.8) 2.1 (2.5)*"
Desaturation 22 .38 .75 (.34) w# 1.4 (\92) <.001
Severity (.33) (.25) w#
$<
Desaturation .54 1.0 1.8(.81)**  2.9(1.5) <.001
Severity from (.67) (.69) w#
100 % baseline w$<
Desaturation 8.32 14.4 24.3(7.7) 36.7 <.001
Duration (7.8) 6.9) w# 12.3)
x$< Pl
Recovery Severity .70 13 (.7) 25 (1.2) **  .42(.18) <.001
(1.0) %$< w#
Recovery Severity .20 .37 .67 (.29) K 1.0 (44 <.001
from 100 % (.21) (.23) w#
baseline w$<
Recovery Duration 3.16 5.32 9.2(3.2) w# 13.8 <.001
2.7) (2.5) (3.8) **
%$<
DesSev + RecSev 2(2) 4(3) 9 (.4)*# 1.5(9) <.001
(%) *$< *#
DesSev100 + .5 (.6) 1.2(8) 231.0** 3.6 <.001
RecSev100 (%) w$< 2.5+
Hypoxic Duration 9.2 18.6 35.1 (8.2) 48.7 <.001
(%) (7.5) (8.9) ** (21.9)**
%$<
Hypoxia <90 % (%) .5(1.1) 1.1 3.6 (8.4)** 7.4 <.001
4.4 as.6)**
$<

From post hoc tests, *compared to No OSA, # compared to mild OSA, $
compared to moderate OSA, < compared to severe OSA.
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SpO2 = oxygen saturation, DesSev = desaturation severity, RecSev = recovery
severity, DesSev100 = desaturation severity from 100 % baseline, RecSev100 =
recovery severity from 100 % baseline.

Table 3
Average scores on RAVLT and Stroop for demographics and obstructive sleep
apnea severity groups.

Demographics Immediate Total Learning Inhibitory
recall recall Over Trials control
(RAVLT) (RAVLT) (RAVLT) (Stroop test)
Sex
Male 47 (1.4 31.4 (6.8) 8.1 (4.9 19.1 (3.5)
36.2 (6.8)
Female 5.3(1.4) <.001 9.9 (4.9 19.1 (4.1)
p-value .003 .009 .99
Age (years)
30-39 5.4 (1.3) 36.1 (6.6) 9.3 (5.6) 17.7 (2.2) <
40-49 4.7 (1.4) 32.9 (6.8) 9.4 (5.6) 17.5(3.5) <
50-59 4.9 (1.4) 33.5(7.1) 8.9 (4.2) 19.9 (4.0) ©*
60+ 4.9 (1.5) 32.4 (7.6) 8.1 (4.5) 20.7 (4.1)
p-value .14 .06 47 <.001
Education
Primary/ 4.4 (1.4) 30.3 (6.9) 8.2 (4.9) 20.4 (3.9)
Middle
High school 4.9 (1.3) 33.5(6.7)* 9.1(4.8) 18.6 (3.7)*
College/ 5.4 (1.5) * 36.0 (7.2)*  8.9(5.3) 18.8 (3.8)
University
p-value .002 <.001 .61 .02
Diabetes
No 4914 34.2 (6.9) 9.2(4.9 18.7 (3.3)
Yes 4.5(1.5) 28.9 (7.8) 6.4 (4.3) 21.3(5.9)
p-value .10 <.001 .006 <.001
Smoking status
Current 4.8 (1.5) 33.9(7.2) 9.8 (5.6) 18.4 (3.1)
smoker
Previous 4.7 (1.5) 31.8 (7.4) 8.1 (4.9) 19.5 (4.1)
smoker
Never 5.3(1.3) 35.2 8.9 (4.5) 19.1 (4.0)
smoked 6.5)*
p-value .06 .01 17 .27
OSA severity groups
No OSA 5.1 (1.5) 34.7 (6.9) 9.4 (4.8) 18.4 (3.4)
Mild OSA 49(1.4) 32.9 (6.9) 8.2(5.4) 19.3 (3.9)
Moderate 4.8 (1.3) 33.6 (8.0) 9.5 (4.4) 19.2 (4.2)
OSA
Severe OSA 4.7 (1.4) 31.3(7.1) 8.0 (5.2) 20.3 (4.1)
p-value .49 .08 .30 .07

AHI = Apnea-hypopnea Index, OSA = Obstructive Sleep Apnea, RAVLT = Rey
Auditory Verbal Learning Test.

From Bonferroni post hoc test, *compared to the first group within cell, #
compared to the second group within cell, $ compared to the third group within
cell, < compared to the fourth group within cell.

groups did not differ in any cognitive domain. Other OSA severity pa-
rameters were split into quartiles for comparison, but no difference was
found in performance on the neurocognitive tests between four severity
groups for any index (data not shown).

To examine the association between different PSG parameters and
cognitive function, simple linear regression analysis was used for each
parameter and cognitive outcome variable. Sex, age, and education were
then included as confounders in multiple linear regression analyses. No
assumptions were violated, including the assumption of normality,
autocorrelation, and multicollinearity. In Table 4, simple linear regres-
sion models show that the arousal index, average SpOj;, Des-
Sev100+RecSev100, and hypoxia <90 % were independently
significantly associated with immediate recall. Multiple linear regres-
sion models, adjusted for sex, age, and education, showed that average
SpO, was significantly and strongly associated with immediate recall (
= —.171). In that multiple regression model, education was a strong
predictor (p = .005, p = .195) whereas sex and age were not. No other
PSG parameter was significantly associated with immediate recall after
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Table 4
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Results from linear regression analyses for immediate recall independently fitted by different obstructive sleep apnea severity indices (simple linear regression) and
including covariates, sex, age and education (multiple linear regression). Statistically significant findings are shown in bold.

Simple linear regression

Multiple linear regression

R? B Coefficient p-value R? B Coefficient p-value
Apnea-hypopnea index (events/hour) .012 -.111 115 .095 .018 812
Oxygen desaturation index >4 % manual (events/hour) .007 —.083 .239 .093 .035 641
Oxygen desaturation index >4 % auto (events/hour) .008 —.089 .203 .090 .006 934
Oxygen desaturation index >3 % auto (events/hour) .013 —.112 .108 .090 —.022 761
Arousal Index (events/hour) .021 —.144 .039 .095 —.066 .351
Average SpO, (%) .057 —.238 <.001 114 -.171 .022
Desaturation Severity .012 -.110 114 .090 —.009 .900
Desaturation Severity from 100 % baseline .017 —-.130 .062 .091 —.030 .689
Desaturation Duration .013 —.115 .101 .090 —.018 .810
Recovery Severity .010 —.102 .145 .090 —.012 .873
Recovery Severity from 100 % baseline .016 -.126 .071 .091 —.033 649
Recovery Duration .011 —.106 128 .090 —.018 .807
DesSev + RecSev (%) .012 —.109 119 .090 —.010 .895
DesSev100 + RecSev100 (%) .022 —.150 .031 .096 —.069 .335
Hypoxic duration (%) .013 —.114 .104 .090 —.018 .810
Hypoxia <90 % (%) .036 —.190 .006 .105 —.124 .092
Sex - - - - (-.095-.165) (.023 -.180)
Age (years) - - - - (-.053-.106) (.147 —.567)
Education - - - - (.195 - .211) (.003 -.005)

SpO? = oxygen saturation, DesSev = desaturation severity, RecSev = recovery
covery severity from 100 % baseline.

adjustment for sex, age, and education.

Simple linear regression models showed that all OSA severity indices
were independently significantly associated with total recall (Table 5).
Multiple linear regression models, adjusted for sex, age, and education,
showed that average SpO, remained significantly and strongly associ-
ated with total recall (f = —.188). In that multiple regression model, sex
(p < .001, p =.237) and education (p < .001, p = .213) were also strong
predictors, whereas age was not. Regression models for LOT and
inhibitory control are not shown because there was no association with
any of the assessed indices.

4. Discussion
The primary aim of this study was to compare how traditional OSA

severity parameters and novel hypoxic load parameters [17] associate
with cognitive function. We hypothesized that novel hypoxic load

Table 5

severity, DesSev100 = desaturation severity from 100 % baseline, RecSev100 = re-

parameters associate better with cognitive outcomes compared to the
traditional OSA parameters, including the currently used diagnostic
parameter the AHI. The main findings were that OSA severity based on
the AHI was not associated with cognitive function and that average
SpO, was the only parameter associated with cognitive function, more
specifically immediate recall and total recall. The novel hypoxic load
parameters were also not associated with cognitive performance, which
does not support our primary hypothesis. However, the results are
supported by previous studies where the AHI was not associated with
cognitive performance [10,13-15].

The participants were Norwegian and Norwegian norms for RAVLT
[36] are similar to the group’s average scores on immediate recall.
Average total recall was, however, lower (33.5 (SD = 7.1) versus 45.6
(SD = 9.6)), and younger participants had low scores. These findings are
not consistent with Alchanatis et al. [37] who argue that younger pa-
tients with OSA are more likely to compensate for the cognitive

Results from linear regression analyses for total recall from RAVLT independently fitted by obstructive sleep apnea severity indices (simple linear regression) and
covariates, sex, age, and education (multiple linear regression). Statistically significant findings are shown in bold.

Polysomnography Simple linear regression Multiple linear regression

Indices R? i Coefficient p-value R? i Coefficient p-value
Apnea-hypopnea index (events/hour) .026 —-.161 .021 .188 .027 713
Oxygen desaturation index >4 % manual (events/hour) .021 —.144 .041 .188 .029 .682
Oxygen desaturation index >3 % auto (events/hour) .027 —.165 .018 .184 —.026 .700
Oxygen desaturation index >4 % auto (events/hour) .019 —.138 .049 .183 .006 927
Arousal Index (events/hour) .029 -.171 .014 .188 —.062 .355
Average SpO; (%) .096 —-.310 <.001 212 —.188 .007
Desaturation Severity .025 —.159 .023 .183 —.005 946
Desaturation Severity from 100 % baseline .037 —.193 .005 .184 —.039 .582
Desaturation Duration .029 —-.170 .015 183 —-.021 .767
Recovery Severity .022 —.149 .033 .183 —.011 .874
Recovery Severity from 100 % baseline .036 —.190 .006 .185 —.046 .505
Recovery Duration .025 —.159 .022 .184 -.330 742
DesSev + RecSev (%) .024 —-.156 .025 .183 —.005 948
DesSev100 + RecSev100 (%) .039 —-.196 .005 .189 -.071 .294
Hypoxic Duration (%) .028 —-.168 .016 .183 —-.020 774
Hypoxia <90 % (%) .053 —.230 <.001 195 —-.133 .056
Sex - - - - (-.237 to —.289) <.001
Age (years) - - - - (-.104-.270) (.016 -.040)
Education - - - - (.213 - .230) <.001

SpO? = oxygen saturation, DesSev = desaturation severity, RecSev = recovery severity, DesSev100 = desaturation severity from 100 % baseline, RecSev100 = re-

covery severity from 100 % baseline.
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symptoms caused by OSA compared to older adults where symptoms are
more noticeable. Education was strongly associated with cognitive
performance as expected, as educational levels have been repeatedly
associated with cognitive performance and increased risk of dementia
[38]. Females performed better on RAVLT which was also expected
because females were more highly educated compared to males. There
were no significant sex differences on the Stroop test which does support
prior research. However, the literature on sex differences in the test has
been equivocal [39]. Scores on the Stroop test were similar to Finish
normative data found from Sisco et al. [29] across age groups.

When comparing average SpO» to the other sleep parameters
included in the analysis, all parameters measure time limited events of
arousals, apneas, hypopneas or drops in SpO,, whereas average SpO5 is
calculated from the whole time period of sleep measurement or total
sleep time. That includes timepoints of all the above-mentioned events
along with frequent snoring and respiratory effort. These are charac-
teristics of sleep disordered breathing (SDB) which is a general term for
breathing difficulties during sleep that ranges from frequent loud snor-
ing to severe OSA [40]. A review by Leng et al. [41], concluded that SDB
is an important modifiable risk factor for cognitive impairment and
Gouveris et al. [42] found that snoring was associated with low average
SpO; levels among females with SDB. Thus, it may be that average SpO2
captures SDB rather than OSA severity which would explain the asso-
ciation between SpO; and verbal memory in this study. Cognitive
decline over time is also something to consider in OSA where the dis-
order onset could be long before symptoms of cognitive decline appear.
A recent study showed that SpO, was associated with decline in cogni-
tion over a 5-year period [43]. In addition, Marchi et al. [44] investi-
gated the association between traditional PSG parameters (i.e., mean
SpO3, lowest SpOs, hypoxia <90 %, ODI, and the AHI), and brain
anatomy in a cohort of 775 individuals from the general population
(ages 45-86 years). They found that mean SpO, (lower mean SpO,
during sleep) was the only parameter associated with gray matter vol-
ume and volume of brain regions that are associated with cognitive
function and are highly sensitive to oxygen supply.

The prevalence of OSA has been rising and 425 million adults aged
30-69 have moderate to severe OSA using the AHI threshold for >15
events per hour [1]. However, the majority of those with AHI >15 do not
have symptoms of sleepiness or impaired vigilance [13,45]. This is
important to consider and thus the lack of significant findings in this
study may be explained by the fact that the study cohort is from the
general population, not from a typical clinical cohort seeking medical
care due to a sleep problem. Therefore some participants may have
symptomless or even incidental OSA findings due to the inflated OSA
prevalence measured using current clinical standards, and the results
could be very different in a clinical cohort of OSA patients [46]. Another
limitation of this study is not including subjective cognitive measures to
compare with the objective measures. That would allow us to see if there
are differences across age groups in subjective measures and if they
coincide with the objective cognitive measures. Even though the neu-
rocognitive tests used in this study, the Stroop test and RAVLT, are
considered good options for detecting inhibitory control and verbal
learning in sleep research [47], they may lack sensitivity in young and
healthy populations. With the average age being relatively low and the
sample healthy, more sensitive and demanding neurocognitive tests
should have been considered. J6hannsdottir et al. [47] proposed that
sleep disorder studies should include tests covering all cognitive systems
because sleep disorders are likely to have diffuse cognitive effects.
Therefore, tests that cover all cognitive domains should be included
more often in sleep research. Finally, not having a comparison group of
low OSA risk from the general population according to the Berlin
Questionnaire is a limitation, considering both OSA severity and
cognitive performance.

A considerable strength of the study is the use of PSG for all partic-
ipants instead of home sleep apnea testing, allowing for the assessment
of the arousal index and more accurate index time for OSA severity
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assessments [48]. Another strength is the Stroop interference score.
Traditionally, the Stroop interference is calculated by the difference
between the time on the color-word and color-naming trial [49], pri-
marily capturing processing speed, which is problematic for populations
with a potential decline in processing speed, such as OSA patients [50].
The alternative algorithm used in this study controls for processing
speed, calculating the ratio between color-word and color-naming word
trials [51]. This also controls for age-related decline in processing speed
which applies here with the age range being 30-67 years.

In conclusion, verbal memory (immediate and total recall) and
inhibitory control did not associate with the novel hypoxic load pa-
rameters or the traditional AHI. However, immediate recall and total
recall were strongly associated with average SpO, during sleep. Given
these results and prior research where SpO2 was a strong predictor of
OSA and cognitive decline over time, SpO, may be the strongest pre-
dictor for cognitive decline seen in OSA. A longitudinal study would be
of value analyzing cognitive decline over time including OSA charac-
teristics, such as frequent loud snoring, when looking at the relationship
between OSA severity and cognitive function.
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