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Purpose: Obstructive sleep apnea hypopnea syndrome (OSAHS) can lead to cognitive impairment, though few studies have so far
examined hypercapnia as its causal mechanism, due to the invasive nature of conventional arterial CO, measurement. The study aims
to investigate the effects of daytime hypercapnia on working memory in young and middle-aged patients with OSAHS.

Patients and Methods: This prospective study screened 218 patients and eventually recruited 131 patients (aged 25-60 years) with
polysomnography (PSG)-diagnosed OSAHS. Using a cut-off of 4SmmHg daytime transcutaneous partial pressure of carbon dioxide
(PtcCO,), 86 patients were assigned into the normocapnic group and 45 patients into the hypercapnic group. Working memory was
evaluated using the Digit Span Backward Test (DSB) and the Cambridge Neuropsychological Test Automated Battery.

Results: Compared with the normocapnic group, the hypercapnic group performed worse in verbal, visual, and spatial working
memory tasks. PtcCO,>45mmHg was an independent predictor for lower DSB scores (OR=4.057), lower accuracy in the immediate
Pattern Recognition Memory (OR=2.600), delayed Pattern Recognition Memory (OR=2.766) and Spatial Recognition Memory
(OR=2.722) tasks, lower Spatial Span scores (OR=4.795), and more between errors in the Spatial Working Memory task
(OR=2.734 and 2.558, respectively). Notably, PSG indicators of hypoxia and sleep fragmentation did not predict task performance.
Conclusion: Hypercapnia may be plays an important role in working memory impairment in patients with OSAHS, perhaps more so
than hypoxia and sleep fragmentation. Routine CO, monitoring in these patients could prove of utility in clinical practices.
Keywords: hypercapnia, obstructive, sleep apnea, working memory

Plain Language Summary

It has been suggested that cognitive impairment in obstructive sleep apnea hypopnea syndrome (OSAHS) patients is caused by nocturnal
intermittent hypoxia and sleep fragmentation. Few studies have investigated the effect of hypercapnia on cognitive function in OSAHS patients.
Thus, the contributary factors to cognitive impairment in OSAHS patients remain to be elucidated. This study shown that hypercapnia plays an
important role in working memory impairment in OSAHS patients. Clinically, this provides insights that routine CO, monitoring in these
patients could prove of utility in clinical practices and future research should place an equal emphasis on the hypercapnia-mediated processes
alongside those of hypoxia and sleep fragmentation when studying the cognitive function of OSAHS patients.

Introduction
Obstructive sleep apnea-hypopnea syndrome (OSAHS) induces nocturnal intermittent hypoxia and hypercapnia due to

apnea and hypopnea caused by repeated airway collapse during sleep. The prevalence of OSAHS is increasing year
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by year, from 2% to 4% in the 1990s to the current 14% to 55%, and can be as high as 84% in the elderly.'* Many
studies reported cognitive deficits in patients with OSAHS, mainly manifested by inattention, and impaired memory and
executive function which reduces learning and working efficiency, affects interpersonal communication and quality of
life, and increases the incidence of traffic accidents.>> As a result, cognitive impairment caused by OSAHS places
a heavy effect on the patients’ families and the society.

The impact of OSAHS on cognitive impairment has been a subject of interest among researchers. In a model
proposed by A. Baddeley working memory was hypothesized as a limited capacity temporary memory system for
information storage and manipulation, which is the core of human advanced cognitive activities and facilitates the
execution of complex cognitive tasks.® Verbal working memory, visual memory, and spatial working memory are the
important components of working memory. Various researches on working memory have been carried out,” '° but there
are few studies exploring the risk factors of working memory.

Traditionally, it has been suggested that cognitive impairment is caused by nocturnal intermittent hypoxia and sleep
fragmentation.>''""'* However, some large clinical trials failed to find a strong correlation between cognitive impairment
and nocturnal intermittent hypoxia and sleep fragmentation in patients with OSAHS.'>'7 Alternatively, hypercapnia has
been shown to impair the working memory in rats,'® as well as the mental processing speed and logical memory in obese
patients with OSAHS.' However, the sample size in such studies tends to be limited due to the invasive CO, measuring
procedure. Thus, the contributary factors to cognitive impairment in Patients with OSAHS remain to be elucidated.

In this study, we employed the transcutaneous carbon dioxide monitoring technique to measure the blood carbon
dioxide level, and adopted the Digit Span Backward Test (DSB) and Cambridge Neuropsychological Test Automated
Battery (CANTAB) to assess the working memory in patients. We aim to investigate the effects of daytime hypercapnia
on working memory (verbal working memory, visual memory, and spatial memory) in young and middle-aged patients
with OSAHS.

Materials and Methods
Participants

This prospective study screened 218 patients with a primary complaint of snoring received at the sleep center of the
Second Affiliated Hospital of Soochow University from January 2020 to November 2020. The OSAHS diagnosis was
confirmed by polysomnography (PSG) with an apnea-hypopnea index (AHI) score > 5.2° Participants were between 25 to
60 years old. All participants were right-handed and received a minimum of 9 years of education. We excluded patients
who have previously received treatment for OSAHS or undergone similar neuropsychological tests. Individuals with
color blindness or color weakness were excluded. We also excluded patients who took medications that might affect sleep
structure and working memory (i.e benzodiazepines, opioids). Individuals with other sleep-disordered breathing (such as
central sleep apnea-hypopnea syndrome and obesity hypoventilation syndrome), unstable circulatory or respiratory
conditions, or neuropsychological diseases (including Parkinson’s disease, Alzheimer’s disease, anxiety, and depression)
were excluded.

Trial Procedures

We collected basic information from participants including gender, age, years of education, body mass index (BMI),
smoking history, drinking history, sleep-related complaints. Medical background questionnaires were administered to
gather the clinical and medical history of participants.

All participants underwent full-night, supervised, laboratory-based video-PSG. The participants slept in a standard
sound-attenuated room. The PSG was recorded for a minimum of 7 hours. Compumedice E Series 57 PSG monitoring
system (Compumedics Company, Australia) was used for all signal acquisition. Six electroencephalogram (EEG)
channels (F3/A2, F4/A1, C3/A2, C4/A1, O1/A2, O2/A1), bilateral electrooculograms, submental and bilateral anterior
tibialis electromyograms, nasal and oronasal airflow (by using nasal pressure monitor and thermistor), snoring, chest and
abdominal movements, body position, arterial oxygen saturation (by finger pulse oximetry), and electrocardiograms were
included in polysomnographic recordings. Sleep stage classification and sleep-related respiratory analysis were scored by
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a registered technician according to the American Academy of Sleep Medicine (AASM) criteria.”® Apnea was defined as
any airflow reduction greater than 90% that lasted longer than 10s. Hypopnea was defined as any airflow reduction
greater than 30% that lasted longer than 10s and resulted in either oxyhemoglobin desaturation more than 3% or
microarousal. The AHI was defined as the sum of the number of apnea and hypopnea per hour of sleep. Other measures
included total sleep time (TST), sleep efficiency, sleep latency, oxygen desaturation index (ODI), percentage of total
sleep time at Sa0, <90% (TS90), lowest oxygen saturation (LSa0,), average oxygen saturation (avgSaO,), arousal index
(Arl), and proportions of each sleep stage.

Daytime PtcCO, of participants was measured using the V-check mode of the transcutaneous capnometer (SenTec
Company, Switzerland) with patients in sitting position prior to cognitive test and participants were not informed of the
values of PtcCO, until the end of the cognitive test. The transcutaneous sensor was placed slightly below the cheekbones.
The capnometer was automatically calibrated for 15 minutes to obtain a stable signal, after which the average PtcCO,
was captured in a 5-minute window.

The working memory of participants was evaluated using the DSB and neuropsychological tasks including Pattern
Recognition Memory (PRM), Spatial Recognition Memory (SRM), Spatial Span (SSP) and Spatial Working Memory
(SWM) selected from the CANTAB in a quiet room before PSG. All participants completed neuropsychological tasks in
the same order instructed by an experienced doctor.

DSB was used to evaluate the verbal working memory. The numbers were read to the participants at an even rate of 1
digit per second. The participants were then asked to list the digits in reverse order. The test starts from three-digit
sequences and can increase to a maximum of 12 digits. The test stops when the participant produces two consecutive
incorrect responses. Each repeat of the correct string of digits awards one point.

Visual memory was evaluated by PRM and SRM. PRM focuses on graphic visual memory. The patients were asked
to remember twelve patterns shown individually in the presentation phase. In the immediate recognition phase, the
patients were shown each of the learned patterns with a distractor and were asked to select the previously seen pattern.
This recognition task was carried out again after a delay of 20 minutes. The outcome measures included response
accuracy, delay, and total test duration. SRM focuses on spatial visual memory. In the presentation phase, patients were
asked to remember the locations of a white square shown on the screen at five different locations consecutively. In the
recognition phase, two squares appear simultaneously each time and the patients were tasked to select the one at one of
the five previously seen locations, avoiding the other distractor square. The response accuracy and delay were recorded.

Spatial working memory was evaluated by SSP and SWM. SSP assesses memory capacity. A set of nine white
squares were shown on the screen. In the presentation phase, the squares were colorized, one at a time, in a sequence
from two to nine squares. The patients were tasked to reproduce the sequence in the recognition phase. The outcome
measure is the longest sequence successfully recalled by the patients. SWM evaluates the patient’s ability to retain spatial
information and to manipulate remembered items in working memory. A set of three to eight white squares were shown
on the screen. The patients were told that a blue token was “hidden” in one of the white squares and they could look for it
by clicking on the white squares. Once found, they need to click on the collection box to deposit the blue token. This then
repeated with a new token spawned in any of the white boxes, except in the one where the previous token was found. The
outcome measure included strategy score, i.e, the average number of clicks required to find each token, and between
error, i.e, the number of times the patients revisited the square where the previous token was found, that is, where the
current token could not be.

Statistical Analysis

The statistical analysis was performed using SPSS version 22 (SPSS Inc., Chicago, USA). Normality tests were
conducted using the Kolmogorov—Smirnov test. Normally distributed variables were expressed as mean + standard
deviation (SD), and non-normally distributed variables were expressed as median and interquartile range (IQR).
Numerical variables between two groups were compared using the unpaired #-test or the Mann—Whitney rank-sum test
as appropriate. Categorical variables were expressed as numbers and percentages (%). Categorical variables were
compared using the chi-square test, the chi-square test for continuous calibration, or Fisher’s exact test as appropriate.
Binary logistic regression analysis was used to identify potential predictors of cognitive impairment in basic information,
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sleep-related complaints such as daytime sleepiness, morning fatigue and poor memory, PSG parameters and hypercap-
nia. All independent variables with P < 0.2 in the univariate analysis as well as basic demographic parameters (age,
gender, BMI, years of education) were included in multivariate analysis. The threshold for statistical significance was set
at P<0.05.

Results

A flow chart illustrating the participants recruitment and design is shown in Figure 1. A total of 131 participants that met
the inclusion and exclusion criteria were divided into two groups according to daytime PtcCO,:*' 86 were normocapnic
with PtcCO,<45mmHg and 45 were hypercapnic with PtcCO, > 45mmHg.

Demographic and Clinical Parameters

Table 1 shows a cross-group comparison of demographic and clinical parameters. The hypercapnic group exhibits
significantly higher daytime PtcCO, (51.40 vs 39.20 mmHg, P<0.01) than that in the normocapnic group. Compared with
the normocapnic group, complaints of morning fatigue and daytime sleepiness were more frequent in the hypercapnic
group(P<0.05). There were no significant cross-group differences in other demographic and clinical parameters.

218 patients with snoring were assessed for eligibility

75 excluded:
—»| 64 did not meet inclusion criteria
11 did not give consent

A 4

PtcCO2 was monitored

Y

Working memory evaluation using DSB and CANTAB

A 4

143 underwent Polysomnography (PSG)

12 excluded:
1 central apnea
9 primary snoring without OSAHS
2 withdrew consent

A 4

131 were enrolled into the analysis

Yes
PtcCO2>45mmHg?

A 4 A 4

Hypercapnic group: 45 patients Normocapnic group: 86 patients

Figure | A flow chart illustrating the study sample and design.
Abbreviations: PtcCO,, transcutaneous partial pressure of carbon dioxide; DSB, Digit Span Backward; CANTAB, Cambridge Neuropsychological Test Automated Battery;
OSAHS, Obstructive sleep apnea hypopnea syndrome.
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Table | Baseline and Clinical Data in the Hypercapnic and Normocapnic Groups

Variables Hypercapnic Group(N=45) | Normocapnic Group(N=86) P-value
PtcCO,, mmHg 51.40(47.70,58.10) 39.20(37.20,40.90) <0.001
Age, years 41.18+7.80 39.49x6.61 0.194
Sex(male) 44(97.8%) 81(94.2%) 0.664
Education, years 16.00(15.00,16.00) 16.00(12.00,16.00) 0.990
Snoring, years 10.00(5.00,10.00) 6.00(3.00,10.00) 0.063
BMI, kg/m2 27.04(25.86,29.73) 26.56(24.91,29.41) 0.437
Smoking 16(35.6%) 23(26.7%) 0.295
Drinking 13(28.9%) 18(20.90%) 0.309
Common symptoms, n (%)
Poor memory 19(42. %2) 31(36.0%) 0.490
Morning fatigue 32(71.1%) 44(51.2%) 0.028
Dry mouth 31(68.9%) 54(62.8%) 0.487
Daytime sleepiness 33(73.3%) 45(52.3%) 0.020
Nocturia 25(55.6%) 44(51.2%) 0.633
Complications, n (%)
Hypertension 10(22.2%) 20(23.3%) 0.894
Diabetes 0(0.0%) 1(1.2%) 1.000
Fatty liver 1(2. 2%) 1(1.2%) 1.000

Abbreviations: PtcCO,, transcutaneous partial pressure of carbon dioxide; BMI, body mass index.

Polysomnographic Parameters
Table 2 shows the polysomnographic parameters of the two groups. The proportion of stage N3 sleep in the hypercapnic
group was lower than that in the normocapnic group (8.20% vs 12.70%, P<0.05). The AHI (46.80/h vs 31.00/h, P<0.05),
ODI (42.00/h vs 21.20/h, P<0.05), and TS90 (10.30% vs 1.90%, P<0.05) in the hypercapnic group were in turn higher
than those in the normocapnic group. There were no significant cross-group differences in other polysomnographic

parameters between the two groups.

Neuropsychological Tasks
The results of neuropsychological tasks were shown in Table 3. For verbal working memory, the DSB test scores in the

hypercapnic group were significantly lower than that in the normocapnic group (5.00 vs 6.00, P<0.01). In the visual

Table 2 Polysomnographic Parameters in the Hypercapnic and Normocapnic Groups

Variables Hypercapnic Group(N=45) | Normocapnic Group(N=86) P-value
TST, min 408.35+£74.03 409.57+75.62 0.930
Sleep efficiency, % 85.00(71.60,89.10) 88.35(79.00,92.00) 0.056
NREM 1| sleep, % 14.50(6.70,21.80) 12.00(6.90,19.40) 0.527
NREM 2 sleep, % 54.13£13.60 52.55£10.73 0.468
NREM 3 sleep, % 8.20(1.10,16.40) 12.70(6.70,18.90) 0.034
REM sleep, % 18.87+5.36 20.55+5.57 0.099
AHI, n/h 46.80(29.50,64.00) 31.00(14.70,55.90) 0.010
ODI, n/h 42.00(21.60,62.40) 21.20(7.50,45.30) 0.003
TS90, % 10.60(1.50,24.30) 1.90(0.20,12.00) 0.014
AvgSa0,, % 94.00(92.00,96.00) 95.00(94.00,96.00) 0.050
LSaO,, % 75.00(61.00,83.00) 81.00(71.00,87.00) 0.059
Arl, n/h 27.30(15.80,40.40) 19.80(9.70,40.20) 0.143

Abbreviations: TST, total sleep time; NREM, non-rapid eye movement; REM, rapid eye movement; AHI, apnea-hypopnea index;
ODI, oxygen desaturation index; TS90, percentage of total time with oxygen saturation level < 90%; AvgSaO,, average arterial
oxygen saturation; LSaO,, lowest arterial oxygen saturation; Arl, arousal index.
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Table 3 Results of the Neuropsychological Tasks in the Hypercapnic and Normocapnic Groups

Variables Hypercapnic Group(N=45) Normocapnic Group(N=86) P-value
DSB score 5.00(4.00,6.00) 6.00(5.00,7.00) 0.005
Immediate PRM

Accuracy, % 87.50(79.17,95.83) 91.67(87.50,95.83) 0.056

Response delay, ms 1725.08(1408.50,2277.96) 1574.49(1364.00,1884.92) 0.051

Total task duration, ms 170,497.00(163,259.00,182,362.00) 166,829.50(161,998.00,173,902.00) 0.018
Delayed PRM

Accuracy, % 83.33(75.00,91.67) 91.67(83.33,100.00) 0.020

Response delay, ms 1827.83(1457.50,2066.25) 1569.21(1391.67,1833.50) 0.059
SRM

Accuracy, % 80.00(70.00,90.00) 90.00(80.00,100.00) 0.004

Response delay, ms 1399.50(1259.00,1873.60) 1355.45(1142.40,1720.60) 0.135
SSP score 6.00(5.00,7.00) 7.00(6.00,8.00) <0.001
SWM

Between errors, n 32.00(30.00,36.00) 29.50(22.00,34.00) 0.002

Strategy score 107.00(104.00,113.00) 104.00(97.00,108.00) <0.001

Abbreviations: DSB, Digit Span Backward Test; PRM, Pattern Recognition Memory; SRM, Spatial Recognition Memory; SSP, Spatial Span; SWM,
Spatial Working Memory.

memory task, compared with the normocapnic group, the total PRM test duration in the hypercapnic group was
significantly longer (170497.00ms vs 166829.50ms, P<0.05), and the accuracy in the delayed PRM task in the
hypercapnic group was significantly lower (83.33 vs 91.67, P<0.05). The accuracy in the SRM task for the hypercapnic
group was lower than that in the normocapnic group (80.00% vs 90.00%, P<0.01). There was no significant difference in
the response delay for the SRM task between the hypercapnic group and normocapnic group. Lastly, in the spatial
memory task, the SSP task scores in the hypercapnic group were lower than that in the normocapnic group (6.00 vs 7.00,
P<0.01). For the SWM between errors and SWM strategy scores, both were significantly higher in the hypercapnic group
(32.00 vs 29.50 and 107.00 vs 104.00, respectively. All P<0.01).

Variables Associated with Working Memory Among Patients with OSAHS

Each parameter of neuropsychological tasks was dichotomized using the median, and patients with scores lower than the
median were classified into the poor performance group. Based on the results of the initial univariate analysis (for details
see Tables A1-A3), we included all independent variables with P < 0.2 as well as basic demographic parameters (age,
gender, BMI, years of education) in multivariate logistic regression. Due to the strong collinearity of ODI and AHI, ODI
was excluded in the multivariate regression analysis.

The results showed that years of education (OR 0.734; 95% CI 0.612—0.881, P=0.001) and hypercapnia (OR 4.057,;
95% CI 1.711-9.619, P=0.001) were independent predictors of low DSB score, which indicates poor verbal working
memory (See Figure 2).

In terms of visual memory, the results of multivariate logistic regression showed that hypercapnia (OR 2.600; 95% CI
1.121-6.029, P=0.026) and years of education(OR 0.836; 95% CI 0.714-0.978, P=0.025) were independent predictors of
accuracy in the immediate PRM task, hypercapnia (OR 2.766; 95% CI 1.150-6.654, P=0.023) and REM% (OR 1.099;
95% CI 1.014-1.192, P=0.022) were independent predictors of accuracy in the delayed PRM task, and hypercapnia(OR
2.722; 95% CI 1.083-6.843, P=0.033) was an independent predictor of accuracy in the SRM task(See Figure 3).

For spatial memory, hypercapnia (OR 4.795; 95% CI 1.844-12.472, P=0.001), years of education (OR 0.776; 95% CI
0.643-0.937, P=0.008) and years of snoring(OR 0.890; 95% CI 0.816-0.971, P=0.0009) were independent predictors of
poor SSP task performance, and hypercapnia was an independent predictor of poor SWM task performance, in terms of
both the between errors and strategy scores (OR 2.734; 95% CI 1.167-6.404, P=0.021; OR 2.558; 95% CI 1.169-5.595,
P=0.019; respectively) (See Figure 4).

3 6 8 https:

Dove!

Nature and Science of Sleep 2023:15


https://www.dovepress.com/get_supplementary_file.php?f=398440.docx
https://www.dovepress.com/get_supplementary_file.php?f=398440.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Wu et al

OR (95% CI) P value
Age 0.943 (0.884-1.016) 0.076 1
Gender(Female) 0.797 (0.127-5.000) 0.808 +—=
BMI 1.071 (0.946-1.213) 0.281

Years of education 0.734 (0.612-0.881) 0.001 L
AHI 1.000 (0.973-1.029) 0.978
TS90 1.003 (0.954-1.055) 0.907
AvgSaO, 0.981 (0.712-1.353) 0.908
LSa0, 0.994 (0.942-1.049) 0.821
Hypercapnia 4.057 (1.711-9.619) 0.001 O

Figure 2 Results of multivariate logistic regression in verbal working memory (low DSB score).
Abbreviations: BMI, body mass index; AHI, apnea-hypopnea index; TS90, percentage of total time with oxygen saturation level < 90%; AvgSaO,, average arterial oxygen
saturation; LSaO,, lowest arterial oxygen saturation.

(a)\ OR  (95%CI) P value (b) OR  (95%CI) P value
2¢ 0,980 (0.922-1.041)  0.505 Age  0.948 (0.887-1.013) 0.117 o
Gender(Female %
ender(Female) 1,123 (0.169-7.452)  0.905 Gender(Female) 0332 (0.032-3.422) 0354 +a—f—
BMIL 0951 (0.842-1.074) 0.420 =
. ) BMI  0.909 (0.802-1.031) 0.137 =
Years of education  0.836 (0.714-0.978)  0.025 -
ST 0.999 (0.993-1.005) 0.829 Years of education ~ 0.846 (0.715-1.001) 0.051 L
SE 1.034 (0.990,1.079) 0.128 Years of snoring 1.058 (0.987-1.135) 0.113 el
REM% 1.050 (0.989-1.131) 0.193 . TST  1.003 (0.998-1.009) 0.259
AHI 1.098 (0.989-1.026)  0.420 REM%  1.099 (1.014-1.192) 0.022 &l
Hypercapnia  2.600 (1.121,6.029) 0.026 Hypercapnia ~ 2.776 (1.150-6.654) 0.023
I 1 T T 1 1 1 1 T T T T T T T 1
o 1 2 3 4 5 6 71 8 0 1 2 3 4 5 6 7 3
(c) OR  (95%CI) P value
Age  1.003 (0.934-1.076) 0.943
Gender(Female) 0.868 (0.085-8.815) 0.905
BMI 1.066 (0.925-1.229) 0.379 o
Years of education 1.018 (0.854-1.213) 0.845 L &
Years of snoring 1.054 (0.976-1.139) 0.178 o
NREM 1% 1.008 (0.977-1.040) 0.634
AHL 0993 (0.959-1.028) 0.706
AvgSa0, 0934 (0.734-1.187) 0.576  HH
LSa0,  0.988 (0.929-1.050) 0.689
Arl 1.001 (0.968-1.035) 0.955
Hypercapnia 2.722 (1.083-6.843) 0.033 [
T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10

Figure 3 Results of multivariate logistic regression in visual memory. (a) accuracy in the immediate PRM task; (b) accuracy in the delayed PRM task; (c) accuracy in the SRM task.
Abbreviations: BMI, body mass index; TST, total sleep time; SE, Sleep efficiency; REM, rapid eye movement; AHI, apnea-hypopnea index; NREM, non-rapid eye movement;
AvgSa0,, average arterial oxygen saturation; LSaO,, lowest arterial oxygen saturation; Arl, arousal index.

Discussion

Daytime hypercapnia can develop in patients with OSAHS due to various factors including obesity, impaired lung function,
sleep respiratory disorder, and a decrease in the regulatory ability of the respiratory center.”?>* The prevalence of daytime
hypercapnia is estimated to be 11-43%in patients with OSAHS.***® Many previous studies have shown that PtcCO, is well
correlated with PaCO,.%”° Compared with other methods of measuring blood carbon dioxide levels, transcutaneous carbon
dioxide monitoring can be a suitable alternative to blood gas analysis with minimal loss to precision. Therefore, this study
employed transcutaneous carbon dioxide monitoring to measure the CO, level in all patients. In the present study, OSAHS
was accompanied by daytime hypercapnia in 35.8% of cases, consistent with previous studies. Previous studies suggested
that high BMI is associated with daytime hypercapnia in patients with OSAHS, but no cross-group difference in BMI was
observed in the present study.>' This could suggest that the hypercapnia experienced by patients in our study cohort may be
attributable to other factors such as the distribution of fat (such as upper airway stenosis caused by fat accumulation in the
neck, or upward movement of the diaphragm caused by fat accumulation in the abdomen) and maxillofacial anatomy (such

as the presence of a small mandible or mandibular retraction), rather than BMI itself.
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(a) OR  (95%CI) Pvalue (b) OR  (95%CI) Palue
Age 0965 (0.901-1.034) 0317 Age 0997 (0935.1.063) 0.926
Gender(Female) ~ 0.841 (0.136-5.218) 0.852 +—t——————i Gender(Female)  3.865 (0.545.27.419) 0.176
BMI 1014 (0.892-1153) 0834 @ B8 At Gaetinel) Beb)
i 2RI 0:53 Years of cducation 1038 (0.887.1214) 0.643
Years of education 0776 (0.643-0937) 0008 = Yearsof snoring 1036 (0.968.1.110) 0309
Yearsof snoring 0,890 (0.816-0.971) 0009 TST 0996 (0.990.1.003) 0298
Poormemory 1981 (0.812-4833) 0133  H—e— SE¢  WLOLL, (0:368.11033); 0462
65 G NS T B NREM1% 1016 (0.982.1.050) 0.361
02241029 REM% 0945 (0.873.1.022) 0.155
Hypercapnia  4.795 (1.844-12.472) 0.001 Hypercapnia 2734 (1.167.6.404) 0.021 b
r T 7T T T LR R B I3 6 5 1 ¢ @ % 6 5 = <« © B
012345678 910111213 o 4 8 12 16 2 24 28

(c OR (95%CI) P value
lge 1.008 (0.952-1.067) 0.783

Gender(Female) ~ 2.865 (0.437-18.782) 0.273
BMI 1.053 (0.939-1.181) 0.381
Years of education  1.043 (0.902-1.207) 0.569

TST 0.998 (0.993-1.003) 0.429

NREM1% 1.013 (0.983-1.044) 0.391

REM% 0.952 (0.886-1.023) 0.179
Hypercapnia ~ 2.558 (1.169-5.595) 0.019 ——

[ I B B B B B B L L B

0 2 4 6 8§ 10 12 14 16 18 20

Figure 4 Results of multivariate logistic regression in spatial memory. (a) SSP task; (b) between errors in SWM task; (c) strategy scores in SWM task.
Abbreviations: BMI, body mass index; ODI, oxygen desaturation index; TST, total sleep time; SE, Sleep efficiency; NREM, non-rapid eye movement; REM, rapid eye
movement.

Previous studies tended to use questionnaires to assess cognitive function,*” which are less objective than the precise
reaction time measurements offered by modern computerized cognitive tests. We selected non-verbal tests containing
only patterns and tones in the CANTAB suite to minimize the effects of language and level of education, to which
traditional questionnaires can easily be liable. The CANTAB has the exceptionally small practice effects and has also
been widely used in neuropsychiatric research.’®** The present study employed the DSB to evaluate the verbal working
memory and the CANTAB tests to assess the visual and spatial memory. The PRM, SRM, SSP, and SWM in CANTAB
are highly sensitive in detecting impairments in visual and spatial working memory.** In the present study, DSB scores in
the hypercapnic group were lower than those in the normocapnia group, demonstrating poorer verbal working memory.
Compared with patients in the normocapnic group, patients in the hypercapnic group performed worse in the PRM and
SRM tasks, suggesting worse spatial-visual memory. Hypercapnic patients showed poorer performance in the SWM and
SSP tasks, suggesting impaired spatial working memory. In summary, the memory and execution function of the
hypercapnic patients with OSAHS were impaired, in terms of both accuracy and speed.

Our previous study found that short-term memory and execution function in young Patients with OSAHS were
impaired.*® In the present study, patients with OSAHS were young (mean age =40.07, SD = 7.06), yet one-third of
patients complained of memory decline. In addition, no difference was observed in self-reported memory impairment
between the hypercapnic and normocapnic groups, while the test batteries in the study demonstrated a significant cross-
group difference in working memory. This suggests that the patients are unaware of the working memory impairment, or
the measured impairment has little noticeable impact on their quality of life. Moreover, the hypercapnic patients with
OSAHS complained more of severe morning fatigue and daytime sleepiness. This is in alignment with previous studies.
For example, David Wang et al found that hypercapnia is a key correlate of sleep-disordered breathing (SDB)-related
daytime sleepiness in a study of 55 patients with hypercapnic SDB.*¢

Traditionally, previous studies suggested that repeated nocturnal intermittent hypoxia and sleep fragmentation are the
main causes of cognitive impairment in patients with OSAHS."' '* In our study, there were no clear cross-group differences
in terms of sleep structure. Although the hypoxia indicators including AHI, ODI and TS90 were higher in the hypercapnic
group, which could lead to cognitive dysfunction by damaging the blood-brain barrier, brain micro-environment, synaptic

3738 our results indicated a much greater role for the hypercapnia-mediated cognitive impairment maybe

plasticity neuron,
over that by hypoxia or sleep fragmentation. Specifically, our results showed that daytime hypercapnia was a clear
independent performance predictor in all verbal working memory and spatial memory tasks except the PRM task, with

the odds ratios ranging from 2 to 5. On the other hand, no hypoxic parameters or indicators of sleep fragmentation were
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shown to be independently predictive of task performance. This clearly demonstrates the serious implications of daytime
hypercapnia on the working memory of patients with OSAHS. This is in line with previous studies similarly emphasizing the
prominent effect of hypercapnia on the cognitive function over that of nocturnal hypoxia or sleep fragmentation.**** This
hypercapnia-mediated damage tended to be overlooked by previous research emphasizing the role of hypoxia and sleep
fragmentation, possibly due to the less accessible nature of invasive CO, measurements. However, based on previous studies,
the influence of hypoxia on cognitive function cannot be ruled out. In the future, it may be necessary to develop different
animal models to test the influence of hypercapnia or hypoxia on cognitive function respectively.

Some studies have suggested potential mechanisms through which the hypercapnic damage occurs. Animal
experiments found that hypercapnia impairs cognitive function through neuroinflammation, increasing neuronal
cell death, and damaging the permeability of the Blood-Brain Barrier in the hypoxemic environment.'®*' Wang
et al found that hypercapnia can lead to EEG slowing with an increased delta/alpha ratio in healthy participants,
OHS patients, and overlap syndrome (COPD+OSA) patients, and the effect was found to be independent of
hypoxia.*®*° Sivam S et al found that delta/alpha ratio was negatively correlated with performance in psychomotor
alertness tests in OSA patients and OHS patients.*> These show that hypercapnia may cause memory and
execution function decline via EEG slowing. Additionally, both Wang and Sivam S. found that PAP treatment
partially reversed the EEG slowing.’®** As such, further mechanistic studies are needed to corroborate and
complement the current findings to obtain a fuller picture of the hypercapnia-mediated cognitive impairment.

There are several limitations to our study. Although we had strict inclusion criteria that excluded hypercapnia due to
other respiratory diseases, the lack of pulmonary function test in enrolled patients is a limitation of this study. We did not
evaluate the changes in working memory after PAP treatment to investigate its potential effects. We did not include
patients with OSA combined with sleep-related hypoventilation disorder. Admittedly, given the present study was
conducted at a single center, further research is needed to provide evidence for these severe hypercapnia-mediated

cognitive impairments.

Conclusion

In conclusion, young and middle-aged Patients with OSAHS with daytime hypercapnia exhibit clear evidence of visual,
verbal, and spatial working memory impairment. Future research should place an equal emphasis on the hypercapnia-
mediated processes alongside those of hypoxia and sleep fragmentation when studying the cognitive function of OSA
patients. With non-invasive techniques such as transcutaneous CO, measurement, it presents an increasingly compelling

case to recommend routine monitoring of CO, in patients with OSAHS.
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