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Purpose: Obstructive sleep apnea (OSA) is common both at low and high altitude. Since adaptations to high altitude and respiratory
control may differ among Tibetans and Hans, we compared characteristics of sleep-disordered breathing in the two ethnic groups at
high altitude.

Materials and Methods: This was a prospective observational study including 86 Tibetan and Han long-term (>5 years) high
altitude residents with chief complaints of snoring and/or witnessed apnea underwent clinical evaluation and polysomnography at 3200
meters in Shangri-La, China.

Results: In 42 Tibetans, 38 men, median (quartiles) age was 50.0 (41.0; 56.0)y, total apnea/hypopnea index (AHI) 53.9 (32.0; 77.5)/h,
obstructive AHI 51.0 (28.0; 72.2)/h and central AHI 1.5 (0.2; 3.1)/h. In 44 Hans, 32 men, median (quartiles) age was 47.0 (43.5; 51.0)y,
total AHI 22.2 (12.8; 39.2)/h, obstructive AHI 17.7 (12.0; 33.0)/h and central AHI 2.4 (0.5; 3.4)/h (p < 0.001 total and obstructive AHI vs
Tibetans). In Tibetans, mean nocturnal oxygen saturation was lower [median 85.0 (83.0; 88.0)% vs 88.5 (87.0; 90.0)%] and obstructive
apnea and hypopnea duration was longer [22.0 (19.6; 24.8) sec vs 18.3 (16.7; 20.6) sec] than in Hans (all p < 0.001). In regression
analysis, Tibetan ethnicity, neck circumference and high-altitude living duration were the predictors of total AHI. We also found that with
every 10/h increase in total AHI, there were an approximately 0.9 beat/min and 0.8 beat/min increase in mean heart rate during rapid eye
movement (REM) and non-REM sleep and 1.9 mmHg and 2.0 mmHg increase in evening and morning systolic blood pressure.
Conclusion: Our data suggest that Tibetans presented more severe obstructive sleep apnea, hypoxemia and longer apnea duration
compared to Hans at 3200 meters, which was correlated with higher heart rate and blood pressure suggesting a greater cardiovascular
risk.
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Introduction
Obstructive sleep apnea (OSA) is one of the most common sleep disorders characterized by recurrent upper airway
collapse that results in intermittent oxygen desaturations and fragmented sleep.' The prevalence of moderate-to-severe
sleep-disordered breathing (apnea—hypopnea index >15/h) was 10% and 3% among 30—49 years old men and women in
a cohort study including 1520 participants.” In a Swiss sample of the general population including 2121 participants, the
prevalence was 49.7% in men and 23.4% in women aged 35-75 years.’ Major consequences of OSA included excessive
daytime sleepiness,* hypertension, cardiovascular and cerebrovascular disease™® and traffic or work accidents.”

The Qinghai-Tibetan Plateau, located in the eastern part of China, is the highest plateau in the world with an average
altitude of over 4000 meters.® Hypobaric hypoxia is one of the main factors that influences the living of human beings at
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high altitude.’ Hypobaric hypoxia may also contribute to the higher prevalence of OSA at high altitude. Questionnaire
studies conducted in Peru found a higher prevalence of observed apnea at 3825 m compared to lower altitude.'® Another
study included 170 age-, body mass index-, and sex-matched participants living at sea-level (Lima) and high-altitude
(Puno, 3825 m) found that the prevalence of sleep apnea, defined by an apnea—hypopnea index (AHI) over 5/h, was 54%
and 77%, respectively (p < 0.001)."" Corresponding data were also reported from Kyrgyz highlanders.'? Further studies
also found higher AHI in patients with chronic mountain sickness compared to healthy high-altitude dwellers."?

Tibetans as the permanent residents of the Qinghai-Tibetan Plateau have lived there for over 25,000 years,'* while
lowland Hans have immigrated and lived at high altitude since the late 19th and early 20th century.'”> Due to the
difference in the duration of high-altitude exposure and genetics between Tibetans and Hans, the two ethnic groups differ
in their adaptation to high altitude. Thus, previous studies found that Tibetans presented higher oxygen saturation, larger
vital and total lung capacity compared to Hans living at the same altitude.'®'® Tibetans also have better performance
during exercise, greater minute ventilation and oxygen uptake at maximal effort,'” and sustained increase in flow velocity
and cerebral oxygen delivery at peak exercise?® compared to Han. In other studies, high-altitude living Hans were found
to have a blunted hypoxic ventilation response (HVR),?' while Tibetans presented a similar HVR compared to low
altitude residents.”> The cited observations may suggest differences in control of breathing and in susceptibility and
clinical manifestations of OSA among Tibetans and Hans, although this has not been conclusively studied.

Therefore, the purpose of this study was to compare the characteristics of sleep apnea and clinical outcomes among
Tibetan and Han OSA patients living permanently or long term at 3200 meters in Shangri-La area. We hypothesized that
Tibetan highland OSA patients may have a greater number of sleep apnea, lower nocturnal oxygen saturation and more
severe clinical outcomes than Hans at the same altitude due to different adaptations to hypobaric hypoxia environment in
the two ethnic groups.

Materials and Methods
Study Design and Setting

This was a prospective observational study carried out in Shangri-La, Yunnan Province of China at an altitude of
3200 m from August 2017 to December 2017 to evaluate the difference of sleep apnea, oxygen saturation and clinical
outcomes in Tibetan and Han long-term high-altitude residents. The study was approved by the West China Hospital of
Sichuan University Biomedical Research Ethics Committee [2016(90)] and complied with the Declaration of Helsinki.
Informed consent was obtained from all participants when they underwent polysomnography (PSG).

Patients

Native Tibetan and Han adults (>18 years old, both sexes) with a chief complaint of snoring and/or witnessed apnea
referred for evaluation of suspected OSA living in Shangri-La, Yunnan Province of China at altitude of 3200 meters for
over 5 years were included in the study. We excluded patients who had uncontrolled hypertension (systolic blood
pressure >160 mmHg and diastolic blood pressure >100 mmHg), angina, atrial fibrillation or diabetes (fasting blood
glucose >6.5 mmol/L), previous stroke, severe chronic obstructive pulmonary disease (FEV1/FVC <0.7) or obesity
hypoventilation syndrome (PaCO, >6kPa), a chronic sleep-disrupting medical condition, a current major psychiatric
condition (ie, anxiety or depression) and evidence of other comorbid sleep disorder. Patients with current use of
hypnotics, anxiolytics, antidepressants, and any other antipsychotics during the past 3 months, who were exposed to
low altitude (<1500 m) or higher altitude (>4000 m) in the previous 6 months for over 2 weeks were also excluded.

Overnight PSG

Overnight PSG was performed according to standard procedures (Alice 5; Respironics Inc., Murrysville, USA). Briefly, it
consisted of continuous recordings from six electroencephalographic (EEG) leads (F3-A2, F4-A1, C3-A2, C4-Al, O1-A2,
02-Al), two electrooculographic leads (ROC-A1, LOC-A2), four electromyographic leads (two submental and bilateral
tibialis anterior), thermistors for nasal and oral airflow, nasal pressure swing, strain gauges for thoracic and abdominal
excursion, finger pulse oximetry, electrocardiography, body position and audio-visual recordings. Sleep and respiratory
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events were scored according to American Academy of Sleep Medicine guidelines (Version 2.3).>* An apnea was defined as
more than 90% reduction in airflow for at least 10 seconds. Obstructive or central events were scored based on whether or
not it was associated with persistent or increased respiratory effort throughout the entire period of events. Mixed apneas
were scored as obstructive events in this study to be consistent with previous study.”* Hypopnea was defined as 30% or
more reduction of airflow for at least 10 seconds associated with at least 3% reduction in oxygen saturation or an arousal.
Obstructive hypopnea was scored if there was snoring during the event or there was increased inspiratory flattening of the
nasal pressure compared to baseline breathing or there was an associated thoracoabdominal paradox that occurs during the
event but not during pre-event breathing. Central hypopnea was scored if not met any criteria of obstructive hypopnea. Total
AHI was computed as the sum of apnea and hypopnea events divided by total sleep time (TST). Obstructive or central AHI
was computed as the sum of obstructive or central apneas and hypopneas per hour. The oxygen desaturation index (ODI)
was computed as the number of cyclic desaturations >3% divided by TST. Nadir oxygen saturation was the lowest oxygen
saturation during sleep.

Clinical and Morning Evaluations

A medical history and clinical examination were obtained including weight, height, neck, waist and hip circumference,
smoking habits, alcoholic intake, blood pressure, pulse rate and spirometry. The assessment of tonsil and tongue
hypertrophy, and Mallampati score was also performed. Berlin questionnaire was used to evaluate the risk of OSA,*
the generalized anxiety disorder-7 and patient health questionnaire-9 were used to exclude patients with moderate-to-

severe anxiety and depression,”®?’

and the Chinese version of the Epworth sleepiness scale (ESS) was used to evaluate
daytime sleepiness.”® Venous blood was withdrawn to assess hemoglobin, erythrocyte parameters, fasting blood glucose
and blood lipids to exclude patients with uncontrolled diabetes or other severe medical diseases. Spirometry was
performed together with clinical examination according to international guidelines including variables such as forced
vital capacity (FVC), forced expiratory volume in 1 second (FEV1), FEV1% predicted and FEVI/FVC.

Arterial blood gas analysis was carried out at night before overnight PSG. Morning evaluations included blood
pressure, sleep quality evaluated by morning questionnaire, and vigilance evaluated by psychomotor vigilance test
(PVT). During the PVT test, patients were sitting comfortably on a chair in a quiet room. They had to press the
“space” on the keyboard in response to the appearance of a red dot on the computer screen at random intervals. A PVT
response was regarded valid if response time (RT) >100ms. Failing to press the button for 3 s or longer was counted as
error and excluded from the analyses. The following PVT outcome metrics were assessed and included in our analysis:
mean RT, mean 1/RT, slowest 10% 1/RT and number of lapses.>’

Statistical Analysis

Results were shown as median and quartile range for continuous variables and numbers and percent for categorical variables.
Comparisons of continuous variables and proportions between two groups were performed using Mann—Whitney U-test and
chi-square test (X* test), respectively.

Generalized least square regression was used to assess the effect of ethnicity on AHI and mean obstructive apnea/
hypopnea (OAH) duration when controlling for various potential confounders. AHI was square root transformed and
mean OAH duration was inverse transformed to obtain a normal distribution. Independent variables with p < 0.2 in the
univariable analysis were included in the multivariable analysis. Multiple linear regression analysis was used to assess
the effect of AHI on clinical outcomes such as heart rate during sleep and evening or morning blood pressure in all
patients.

As age, body mass index (BMI) and OSA symptoms such as daytime sleepiness were risk factors of OSA severity,
data were compared between groups matched for age within +5 years, BMI within +2 kg/m?® and ESS score within +2
scores to control for the above risk factors between the two ethnic groups. Moreover, based on our previous study that
found longer apnea duration in Tibetans than in Han OSA patients, and longer apnea duration was correlated with higher
blood pressure and prevalence of hypertension in other studies, data were also compared between groups matched for age
within +5 years, BMI within +2 kg/m* and AHI within +5 /h, respectively, to explore the difference of apnea duration
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between groups with similar AHI. The gender in the two matched groups was all male due to the low number of female
OSA patients in two ethnic groups.
Stata 15.0 was used for all statistical analysis, and statistical significance was defined as p < 0.05.

Results

A total of 164 participants were assessed for eligibility and 86 were available for the final analysis, including 42 Tibetans
and 44 Hans. A patient flow chart is illustrated in Figure 1. Demographic characteristics are shown in Table 1. The
proportion of men was slightly higher in Tibetans than in Hans. The median age in the two groups was 50 years and 47
years (p = 0.156), and the percentage of patients living over 30 years at high altitude was higher in Tibetans than Hans
(76.2% vs 25%, p < 0.001). Despite similar BMI, Tibetan OSA patients were higher and heavier compared to Hans.
Tibetans also had larger neck and waist circumference and higher waist-to-hip ratio (all p < 0.05). There was a higher
percentage of participants with tongue hypertrophy (p = 0.001) and a trend of higher percentage of participants with
higher degree of Mallampati score in Tibetans (p = 0.081). Tibetan OSA patients presented a higher percentage of
hypertension, smoking and drinking tea with butter. The percentage of patients with high risk of OSA evaluated by Berlin
Questionnaire was 57.1% in Tibetans and 22.7% in Hans (p = 0.001).

The polysomnography parameters are shown in Table 2. Tibetan OSA patients had higher AHI compared to Han
counterparts (53.9/h vs 22.2/h, p < 0.001), with predominately higher obstructive AHI (51.0/h vs 17.7/h, p < 0.001) and
lower central hypopnea index (0.1/h in Tibetans vs 0.8/h in Hans, p = 0.016). The periodic breathing duration and index
showed no significant difference between the two groups (p > 0.05). Besides higher AHI, Tibetans also had longer mean and

®Snoring or witnessed apnea

® Age>18 years, both sexes

®Living in Shangri-La area over 5 years
®Tibetan or Han

! !
Tibetan, n=78 Han, n=86

l l

Excluded participants after demographic data collection

®Exposed to low altitude, n=19 ¢ | l ®Exposed to low altitude, n=19

®Currently use hypnotics, n=1 ®Currently use hypnotics, n=2
Tibetan, n=58 Han, n=65

! !

®Uncontrolled hypertension, n=5 Excluded participants after physical and blood examination|  |@yncontrolled hypertension, n=3

®Uncontrolled diabetes, n=2 <—l l—> ®Uncontrolled diabetes, n=6

®Severe COPD, n=1 Tibetan, n=50 Han, n=55 ®Severe COPD, n=1

! !

Excluded participants who are not willing to undergo PSG

! !

Tibetan, n=43 Han, n=47

! !

Excluded participants who have incomplete PSG data

! !

Tibetan, n=42 Han, n=44

Figure | Patient flowchart.
Abbreviations: COPD, chronic obstructive pulmonary disease; PSG, polysomnography.
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Table | Demographic Characteristics in Tibetan and Han Highland OSA Patients
Tibetans (n = 42) Hans (n = 44) P value
Male, n (%) 38 (90.5%) 32 (72.7%) 0.034
Age, y 50.0 (41.0; 56.0) 47.0 (43.5; 51.0) 0.156
Height, cm 172.0 (169.0; 175.0) 161.0 (155.5; 169.0) <0.001
Weight, kg 73.5 (68.0; 85.0) 64.5 (55.0; 70.0) <0.001
Body mass index, kg/m? 25.1 (23.8; 27.7) 24.4 (22.5; 26.4) 0.126
Neck circumference, cm 37.0 (36.0; 39.0) 34.0 (31.0; 36.0) <0.001
Waist circumference, cm 94.5 (90.0; 100.0) 88.0 (80.0; 96.0) 0.003
Hip circumference, cm 98.0 (95.0; 102.5) 95.0 (92.0; 100.0) 0.074
Waist-to-hip ratio, % 96.3 (93.7; 99.2) 94.3 (88.2; 97.0) 0.013
Tonsil hypertrophy, n (%) 29 (69.1) 24 (54.6) 0.167
Tongue hypertrophy, n (%) 29 (69.1) 15 (34.1) 0.001
Mallampati score 0.081
Class IV, n (%) 5(119) 4 (9.1
Class Ill, n (%) 6 (14.3) 5(11.4)
Class Il, n (%) 22 (52.4) 14 (31.8)
Class |, n (%) 9 (21.4) 21 (47.7)
High-altitude living duration <0.001
230 years, n (%) 32 (76.2%) 11 (25.0%)
<30 years, n (%) 10 (23.8%) 33 (75.0%)
Hypertension, n (%) 14 (33.3%) 4 (9.1%) 0.006
Smoking, n (%) 27 (64.3%) 14 (31.8%) 0.003
Smoking, pack/year 10.0 (7.5; 30.0) 10.0 (10.0; 20.0) 0.780
Alcohol, n (%) 7 (16.7%) 7 (15.9%) 0.924
Tea with butter, n (%) 31 (73.8%) 12 (27.3%) <0.001
Epworth sleepiness scale 6.0 (4.0; 11.0) 5.0 (2.0; 9.0) 0.118
Berlin questionnaire, n (%) 24 (57.1%) 10 (22.7%) 0.001
GAD-7 2.0 (0.0; 4.0) 1.5 (0.0; 5.0) 0.862
PHQ-9 2.0 (0.0; 7.0) 3.0 (1.0; 5.0) 0.958
Abbreviations: GAD-7, generalized anxiety disorder-7; PHQ-9, patient health questionnaire-9.
Table 2 Polysomnography Parameters in Tibetan and Han Highland OSA Patients
Tibetans (n = 42) Hans (n = 44) P value
Respiratory-related parameters
Total AHI, /h 53.9 (32.0; 77.5) 222 (12.8; 39.2) <0.001
Obstructive AHI, /h 51.0 (28.0; 72.2) 17.7 (12.0; 33.0) <0.001
Central AHI, /h 1.5 (0.2; 3.1) 2.4 (0.5; 6.2) 0.070
Obstructive apnea index, /h 14.3 (4.9; 40.7) 0.8 (0.5; 3.4) <0.001
Obstructive hypopnea index, /h 25.8 (17.1; 40.4) 15.8 (10.3; 27.9) 0.004
Mean OAH duration, sec 22.0 (19.6; 24.8) 18.3 (16.7; 20.6) <0.001
Longest OAH duration, sec 56.2 (49.0; 68.5) 42.5 (33.8; 53.0) <0.001
Time spend with OAH, min 114.7 (75.4; 208.5) 333 (21.3; 82.7) <0.001
Time spend with OAH, %TST 29.9 (16.5; 50.3) 8.6 (5.6; 18.8) <0.001
Central apnea index, /h 0.7 (0.1; 1.9) 0.5 (0.2; 2.9) 0.710
Central hypopnea index, /h 0.1 (0.0; 0.8) 0.8 (0.0; 2.8) 0.016
Mean CAH duration, sec 15.9 (13.1; 19.5) 14.2 (12.8; 16.8) 0.188
Longest CAH duration, sec 24.3 (16.0; 37.0) 20.5 (16.0; 25.5) 0.156
Time spend with CAH, min 2.7 (0.4; 6.8) 4.1 (0.8; 11.0) 0.159
Time spend with CAH, %TST 0.6 (0.1; 1.8) 12.1 (6.6; 18.6) 0.112
Periodic breathing duration, min 0.0 (0.0; 0.0) 0.0 (0.0; 1.9) 0.082
(Continued)
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Table 2 (Continued).

Tibetans (n = 42) Hans (n = 44) P value
Periodic breathing index, /h 0.0 (0.0; 0.0) 0.0 (0.0; 0.2) 0.069
Oxygen desaturation index, /h 61.5 (32.5; 76.9) 27.4 (17.1; 43.1) <0.001
Mean oxygen saturation, % 85.0 (83.0; 88.0) 88.5 (87.0; 90.0) <0.001
Nadir oxygen saturation, % 64.5 (56.0; 72.0) 77.0 (71.5; 79.0) <0.001
Oxygen saturation<90%, %TST 85.3 (69.8; 94.9) 68.1 (39.3; 86.6) 0.003
Oxygen saturation<85%, %TST 36.6 (11.6; 64.2) 3.7 (0.7; 15.1) <0.001
Oxygen saturation<80%, %TST 9.1 (1.7; 21.5) 0.1 (0.0; 1.3) <0.001
Sleep-related parameters
Total sleep time, min 443.0 (407.0; 469.0) 415.5 (387.5; 455.0) 0.063
Sleep efficiency, % 91.7 (81.7; 94.6) 85.8 (77.8; 90.3) 0.010
NREM 1, %TST 32.0 (24.6; 47.8) 21.8 (l6.3; 26.1) <0.001
NREM 2, %TST 48.2 (34.4; 54.2) 58.0 (52.0; 61.0) <0.001
NREM 3, %TST 0.1 (0.0; 3.0) 1.2 (0.0; 5.8) 0.323
REM, %TST 16.7 (13.9; 20.0) 18.8 (15.0; 22.0) 0.210
Wake after sleep onset, min 39.5 (18.0; 81.0) 64.0 (39.5; 94.8) 0.020
Arousal index, /h 26.1 (18.1; 39.8) 14.7 (10.9; 20.6) <0.001
REM mean heart rate, beats/min 69.6 (65.3; 77.1) 68.3 (62.3; 74.3) 0.136
NREM mean heart rate, beats/min 67.5 (63.8; 74.6) 65.8 (61.7;70.7) 0.086

Abbreviations: AHI, apnea-hypopnea index; OAH, obstructive apnea and hypopnea; TST, total sleep time; CAH, central apnea and hypopnea;
NREM [-3, non-rapid eye movement sleep stage 1-3; REM, rapid eye movement sleep; PaCO,, partial pressure of carbon dioxide in artery;
PaO,, partial pressure of oxygen in artery; A-aDO,, alveolar-arterial oxygen partial pressure gradient; PVT, psychomotor vigilance test.

longest OAH duration and lower mean and nadir oxygen saturation than Hans (all p < 0.001). The median percentage of time
with oxygen saturation below 85% was 36.6% in Tibetans and only 3.7% in Hans (p < 0.001). With regard to sleep structure,
Tibetans presented higher sleep efficiency with longer total sleep time and shorter wake after sleep onset time. Moreover,
higher percentage of non-rapid eye movement (NREM) sleep stage 1 and arousal index were found in Tibetans that was
correlated with higher AHI. Both groups had hardly any stage N3 sleep. The mean heart rate during rapid eye movement
(REM) sleep and NREM sleep showed no significant difference between two groups.

Clinical assessment, morning questionnaire and psychomotor vigilance test are shown in Table 3. The FVC and FEV1
were larger in Tibetans, while FVC, FEV1% predicted and FEV1/FVC showed no significant difference between two
groups. Arterial blood gas analysis before PSG revealed mild hypoxemia and hypocapnia, while Tibetans showed lower
partial pressure of oxygen than Hans (p = 0.017). Evening and morning systolic and diastolic blood pressure were all
significantly higher in Tibetan OSA patients. However, the subjective sleep quality evaluated by morning questionnaire
and mean reaction time (RT), 1/RT, slowest 10% 1/RT and lapse evaluated by PVT showed no differences between the
two ethnic groups.

To investigate the determinants of AHI and mean OAH duration, generalized least square regression analysis was
performed. The results confirmed that Tibetan ethnicity, neck circumference and high-altitude living duration were
positive predictors of AHI. As for mean OAH, the results revealed that Tibetan ethnicity, BMI and high-altitude living
duration were positive predictors of mean OAH duration (Table 4).

Further comparisons among groups in males matched for age, BMI and ESS score are performed in eTable 1.
Tibetans also had higher AHI, obstructive AHI and longer mean or longest OAH duration compared to Hans, while no
difference in ESS score and percentage of patient with high risk of OSA. Another comparison matched for age, BMI and
AHI, Tibetan OSA patients consistently presented longer mean (22.0 seconds vs 19.1 seconds, p = 0.002) and longest
OAH duration (58.5 seconds vs 45.5 seconds, p = 0.031) with lower nadir oxygen saturation despite similar AHI
compared to Han counterparts (e¢Table 1). The summary of respiratory and oxygen saturation parameters in three separate

comparisons is shown in Figure 2.
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Table 3 Clinical Assessments, Morning Questionnaire and Psychomotor Vigilance Test in Tibetan and Han

Highland OSA Patients

Tibetans (n = 42) Hans (n = 44) P value
Pulmonary function test
FVC, L 4.1 3.5;4.7) 3.7 (3.0; 4.0) 0.013
FEVI, L 3.3 (28; 3.6) 2.8 (2.2; 3.3) 0.025
FVC, %predicted 96 (89; 109) 99.5 (91.5; 111.0) 0.524
FEVI, %predicted 93 (82; 109) 98.0 (87.0; 105.5) 0.682
FEVI/FVC, % 78.5 (73.5; 80.9) 77.9 (74.5; 82.5) 0.987
Arterial blood gas analysis
pH 745 (7.43; 747) 7.47 (7.45; 7.48) 0.008
Standard bicarbonate, mmol/L 23.6 (22.5; 24.6) 23.8 (23.3; 24.5) 0.386
PaCO,, kPa 4.1 3.9; 4.3) 4.0 (3.7, 43) 0.086
PaO,, kPa 84 (7.7, 8.8) 8.9 (8.1;9.2) 0.017
A-aDO,, kPa 6.8 (6.3;7.1) 6.7 (6.5; 6.9) 0.782
Blood pressure
Evening systolic BF, mmHg 126.0 (112.0; 136.0) 110.5 (101.5; 127.0) 0.005
Evening diastolic BF, mmHg 86.0 (78.0; 90.0) 76.0 (66.0; 89.0) 0.012
Morning systolic BF, mmHg 120.0 (108.0; 139.0) 107.5 (97.0; 122.0) 0.003
Morning diastolic BF, mmHg 86.5 (78.0; 97.0) 78.0 (66.0; 84.5) 0.001
Morning questionnaire
Subjective TST, min 410.0 (300.0; 480.0) 420.0 (337.0; 430.0) 0.839
Subjective wake time 3.0 (2.0; 4.0) 2.0 (1.0; 3.0) 0.159
Psychomotor vigilance test
RT, ms 420.3 (386.3; 455.1) 424.3 (381.4; 460.6) 0.648
I/RT 2.6 (2.3, 27) 2.5(23;27) 0.603
Slowest 10% |/RT 1.6 (1.4; 1.9) 1.6 (1.4; 1.9) 0.830
Lapse 10.5 (4.5; 20.0) 10.5 (5.5; 19.0) 0.733

Abbreviations: FVC, forced vital capacity; FEVI, forced expiratory volume in | second; PaCO,, partial pressure of carbon dioxide in
artery; PaO,, partial pressure of oxygen in artery; A-aDO,, alveolar-arterial oxygen partial pressure gradient; BP, blood pressure; TST,

total sleep time; RT, reaction time.

Table 4 Generalized Least Square Regression Analysis of the Effect of Ethnicity on Apnea/Hypopnea Index and Mean OAH Duration

Square Root (AHI)
Univariable Analysis Multivariable Model

Independent variables Coefficient 95% CI P Coefficient 95% ClI P
Tibetans vs Hans 2.03 1.2] to 2.85 <0.001 1.41 0.49 to 2.33 0.003

Male vs Female 1.78 0.62 to 2.95 0.003

Age, year 0.02 —0.03 to 0.6 0.526

Body mass index, kg/m? 0.27 0.14 to 0.39 <0.001 0.01 —0.13 to 0.16 0.864

Neck circumference, cm 0.38 0.27 to 0.50 <0.001 033 0.15 to 0.51 0.001
Waist-Hip ratio, % 0.11 0.05 to 0.17 0.001 0.0l —0.04 to 0.07 0.694
Living duration230 years 0.98 0.07 to 1.89 0.034 091 0.05 to 1.76 0.037

Tea with butter 0.65 —0.27 to 1.57 0.164 —-0.86 —1.73 to 0.00 0.050
Alcohol 0.51 —0.74 to 1.77 0418

Smoking 0.25 —0.68 to 1.18 0.934

Hypertension 2.03 0.97 to 3.08 <0.001 0.86 —0.07 to 1.80 0.069
Berlin questionnaire 1.93 1.07 to 2.78 <0.001 0.79 —0.08 to 1.67 0.076

(Continued)
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Table 4 (Continued).

1/Mean OAH
Univariable analysis Multivariable model

Independent variables Coefficient 95% CI P Coefficient 95% CI P
Tibetans vs Hans 0.009 0.006 to 0.013 <0.001 0.0065 0.0019 to 0.0111 0.006
Male vs Female 0.009 0.004 to 0.014 0.001

Age, year —0.0002 —0.0004 to 0.0000 0.029

Body mass index, kg/m” 0.0005 —0.0002 to 0.001 | 0.141 0.0013 0.0006 to 0.0021 <0.001
Neck circumference, cm —0.0006 —0.0013 to 0.0000 0.056 —0.0007 —0.0017 to 0.0002 0.136
Waist-Hip ratio, % —0.0002 —0.0005 to 0.0000 0.086

Living duration=30 years 0.0074 0.0035 to 0.0112 <0.001 0.0051 0.0009 to 0.0093 0.018
Tea with butter —0.0069 —0.0108 to —0.0030 0.001 —0.0028 —0.0072 to 0.0015 0.200
Alcohol 0.0011 —0.0045 to 0.0068 0.691

Smoking —0.0030 —0.0072 to 0.001 | 0.150 0.0035 —0.0006 to 0.0076 0.095
Hypertension —0.0037 —0.0088 to 0.0014 0.149 —0.0003 —0.0048 to 0.0043 0.904
Berlin questionnaire —0.0006 —0.0049 to 0.0037 0.777

Note: Independent variables with p<0.2 in the univariable analysis were included in the multivariable analysis.
Abbreviations: AHI, apnea-hypopnea index; OAH, obstructive apnea hypopnea; ESS, Epworth sleepiness score; Cl, confidence interval.

The multivariable linear regression analysis to assess the association among OSA severity, heart rate and blood pressure is
shown in eTable 2. There was an approximately 0.9 beat/min and 0.8 beat/min increase in mean heart rate during REM (p=0.017)
and NREM sleep (p = 0.024) with every 10/h increase in total AHI, respectively (all p < 0.05). The evening and morning systolic
blood pressure also presented a 2.0 mmHg increase with every 10/h increase in total AHI (p < 0.05).
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Figure 2 Individual values, medians and quartiles of apnea/hypopnea index (AHI), mean obstructive apnea/hypopnea (OAH) duration, mean nocturnal oxygen saturation
(SpO,) and oxygen desaturation index (ODI) in all patients (n=42 in Tibetan, n=44 in Han) (A), patients matched for age, body mass index (BMI) and Epworth sleepiness
score (n=20 for each group) (B) and patients matched for age, BMI and AHI (n=18 for each group) (C).

Abbreviations: AHI, apnea/hypopnea index; OAH, obstructive apnea and hypopnea; ODI, oxygen desaturation index; SpO,, oxygen saturation; BMI, body mass index; ESS,
Epworth sleepiness scale.
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Discussion

This was the first prospective observational study using polysomnography to explore the characteristics of sleep apnea
and clinical outcomes in Tibetans and Hans with snoring and/or witnessed apnea referred for evaluation of suspected
OSA living at an altitude of 3200 meters. We found a significantly higher AHI, longer mean and longest apnea duration
and lower oxygen saturation in Tibetans than Hans. Similar results were found in further comparisons matched for age,
BMI and ESS score and in comparisons matched for age, BMI and AHI. Further analysis found that Tibetan ethnicity and
high-altitude living duration were positive predictors of AHI and mean OAH duration. Linear regression analysis
revealed an approximately 1 beat/min and 2 mmHg increase in mean heart rate during sleep and systolic blood pressure
with 10/h increase in AHI. These findings suggest that Tibetan OSA patients had more severe OSA and worse clinical
outcomes at an altitude of 3200 meters compared to Hans.

Previous studies have found a higher prevalence of OSA or OSA-related symptoms at higher altitudes.'®'" The
prevalence was much higher in patients with chronic diseases, such as pulmonary hypertension, cardiovascular disease,
and chronic mountain sickness compared to those without at high altitude.'*'**° One hospital-based study including
patients who underwent PSG in Lhasa (altitude of 3658 m) also evaluated the OSA severity in Tibetans and Hans with
a similar age and higher BMI compared to our study. The study in Lhasa found a trend of lower AHI in Tibetans (27.3/
h vs 34.5/h, p = 0.054) compared to Han counterparts.*' However, in our study, we found Tibetan OSA patients had
higher AHI with predominantly higher obstructive AHI than Han counterparts at 3200 meters even after controlling for
confounding factors. There are two potential explanations for this. First, Tibetans had larger neck circumference, higher
waist-hip ratio and higher percentage of participants with tongue hypertrophy compared to Hans that were associated
with higher AHI.*?* Correspondingly, regression analysis confirmed that the neck circumference was a predictor of
AHI. The larger neck circumference and higher waist-hip ratio may be related to the high intake of salt, meat, fat and

34736 reflected in the higher percentage of patients taking tea

alcohol and low intake of fruit and vegetables in Tibetans,
with butter in our study. Second, one study found that Tibetans presented more periodic breathing at a simulated altitude
of 5000 meters which indicated that they have instability of ventilation control during sleep®’ although no significant
difference in periodic breathing was found in our study. Ventilation control instability was a risk factor of OSA,** which
may contribute to the higher AHI in Tibetan OSA patients in our study; however, this needs to be confirmed in further
studies.

Besides the higher AHI, Tibetans also presented longer apnea duration at 3200 meters even after controlling for OSA
severity and other factors. In a previous study, we also found longer apnea duration in Tibetan highlanders than Han
highlanders or Han lowlanders at low altitude.>® There were three possible mechanisms to explain this that need to be
confirmed in further studies. First, Tibetans have a better tolerance to hypoxemia due to the longer living duration at high
altitude or genetic differences.’’** Therefore, once having OSA, the time needed to reach the arterial oxygen saturation
threshold that triggers arousal may be prolonged in Tibetans, thus causing longer apnea duration. Second, the association
between longer apnea duration and larger neck circumference was found in previous studies consistent with the longer
apnea duration in Tibetans in our study. Third, previous studies found that reduced gas stores reflected in smaller lung
volume were associated with a more rapid fall in SpO,. Conversely, the larger lung volume (larger FVC and FEV1)
therefore results in a slower fall in the SpO, compared to Hans, thus contributing to a longer apnea duration. Moreover,
the mean and lowest oxygen saturation was lower in Tibetans in line with longer apnea duration, and this was consistent
with another study conducted in Tibetan and Han OSA patients at 3658 m.>'

Although Tibetans presented more severe OSA than Hans at high altitude, they had longer sleep time, higher sleep
efficiency and shorter wake time after sleep onset. Our study was partially consistent with a previous study that found
shorter wake time after sleep onset in Tibetans vs Hans at 2261 meters and a longer sleep time and higher sleep efficiency
at simulated 5000 meters in Tibetans.>” However, the mechanism was not clear and genetic difference may explain this
and need to be confirmed in future studies. Moreover, we also found less central events in both Tibetans and Han OSA
patients that were consistent with our previous study.”* We speculated that this may be due to the inclusion criteria for
our study that selected participants with clear symptoms of OSA. Although the absolute value for central events was low,
the central hypopnea index was higher in Hans compared to Tibetans [median (quartile range) of 0.8 (0.0; 2.8) vs 0.1
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(0.0; 0.8), p = 0.016]. Differences in respiratory control and the adaptation to high altitude in the two groups of
participants may explain this.

The higher AHI, longer apnea duration and more severe hypoxemia in Tibetan OSA patients may result in clinical
consequences such as higher blood pressure, heart rate and longer QT interval.*' * Consistent with these previous
reports, we found a positive relationship between the total AHI and heart rate during REM and NREM sleep, and evening
and morning systolic blood pressure. Since the prevalence of hypertension was higher at high altitude, especially in
Tibetans,** the combination of more severe OSA and longer apnea duration may result in higher risk of presenting
hypertension as well as other cardiovascular diseases in Tibetan OSA patients at high altitude. Conversely, cardiovascular
disease may lead to a high loop gain of the respiratory control system that may have contributed to the severity of OSA.

Our study had some limitations that should be considered in its interpretation. First, the Tibetan OSA patients we
included in the study presented more risk factors than Hans. Although multiple linear regression analysis was controlling
for confounding factors and comparisons in groups matched for ESS, BMI and AHI found the same results, we could not
avoid a potential selection bias. Second, the different diet, such as higher intake of fat in Tibetan OSA that may be related
to hypertension, may also be risk factors of OSA. Patients matched for potential factors of OSA should be included in the
future studies, and the prevalence of OSA in general populations of Tibetans and Hans should be investigated. Third, we
could only speculate that the difference in the severity of OSA in these two ethnic groups was related to differences in
control of ventilation during sleep since the arterial blood gas analysis was similar during wake time between two groups.
Further studies are needed to evaluate the specific mechanism regarding the different severity of OSA in Tibetans and
Hans at high altitude. Fourth, we found increased mean heart rate and blood pressure with higher AHI in the total sample.
However, the relatively small sample size, the observational design and lack of follow-up data prevent firm conclusions
on the relative prevalence of cardiovascular disease among Tibetans and Hans, and further studies on this topic are
warranted.

Conclusions

In the current prospective observational study among long-term high-altitude residents, Tibetan OSA patients presented
higher AHI, especially higher obstructive AHI, more severe hypoxemia and longer apnea duration compared to Hans at
3200 meters. We speculated that these differences are likely due to the better adaptation to hypoxic environment in
Tibetans, thus resulting in different respiratory control during sleep as reflected in longer apnea events in Tibetans than
Hans, while the awake PaCO, was the same in the two groups. Moreover, higher AHI was correlated with worse clinical
outcomes such as higher heart rate and blood pressure, which suggested a greater cardiovascular risk. These implicated
that more attention should be paid to highland OSA patients, especially Tibetans.
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