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Abstract

Sleep apnea is a global public health concern, but little research has examined this issue in 

low- and middle-income countries, including Samoa. The purpose of this study was to examine 

the sample prevalence and characteristics of sleep apnea using a validated home sleep apnea 

device (WatchPAT, Itamar) and explore factors that may influence sleep health in the Samoan 

setting. This study used data collected through the Soifua Manuia (“Good Health”) study, which 

investigated the impact of the body mass index (BMI)-associated genetic variant rs373863828 in 

CREBRF on metabolic traits in Samoan adults (sampled to overrepresent the obesity-risk allele 

of interest). A total of 330 participants had sleep data available. Participants (53.3 % female) had 

a mean (SD) age of 52.0 (9.9) years and BMI of 35.5 (7.5) kg/m2, and 36.3 % of the sample 

had type 2 diabetes. Based on the 3 % and 4 % apnea hypopnea indices (AHI) and the 4 % 

oxygen desaturation index (ODI), descriptive analyses revealed moderate to severe sleep apnea 

(defined as ≥15 events/hr) in 54.9 %, 31.5 %, and 34.5 % of the sample, respectively. Sleep 

apnea was more severe in men (e.g., AHI 3 % ≥15 in 61.7 % of men and 48.9 % of women). 

Correction for non-representational sampling related to the CREBRF obesity-risk allele resulted 

in only slightly lower estimates. Multiple linear regression linked a higher number of events/hr 

to higher age, male sex, higher BMI, higher abdominal-hip circumference ratio, and geographic 

region of residence. Further research and an increased focus on equitable and affordable diagnosis 

and access to treatment are crucial to addressing sleep apnea in Samoa and globally.
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1. Introduction

Sleep apnea is a prevalent disorder characterized by recurring upper airway obstruction, 

resulting in reduced oxygen levels and fragmented sleep patterns. This condition has 

significant negative consequences for physical health, cognitive function, and overall quality 

of life [1]. Globally, sleep apnea affects an estimated 1 billion people, highlighting its 

importance as a public health issue [2]. Despite extensive research in high-income countries, 
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there is a lack of robust data from low- and middle-income countries [3], including Samoa, 

which has a notably high prevalence of obesity [4,5] — one of the key risk factors for sleep 

apnea.

Research on sleep health in Pacific Islander populations is scarce, but existing studies 

suggest significant concerns. For instance, Native Hawaiians and Pacific Islanders in the 

U.S. experience inadequate sleep and high daytime sleepiness [6,7], which may reflect 

underlying sleep pathology. Supporting this, a study of Native Hawaiian and Pacific Islander 

individuals in Utah found significant sleep apnea severity (and low treatment adherence) [8]. 

In New Zealand, Māori individuals show a higher prevalence of sleep apnea compared to 

non-Māori individuals [9]. It is worth noting that sleep apnea is an independent risk factor 

for mortality [10,11] but, fortunately, there are treatment interventions available that can 

reduce this risk. For example, Continuous Positive Airway Pressure (CPAP) can be effective 

in not only improving sleep quality [12], but also reducing cardiovascular morbidity and 

mortality [13,14] by enhancing glycemic control, reducing insulin resistance, improving 

fasting glucose, lowering hemoglobin A1c levels, and decreasing blood pressure [15,16].

These findings, combined with our previous work showing high rates of excessive daytime 

sleepiness in Samoan adults [17], underscore the need to examine sleep apnea’s prevalence 

and characteristics in Samoa. This study aims to address this gap by evaluating sleep apnea 

in this population and exploring culturally relevant factors that may influence sleep health.

2. Materials and methods

2.1. Study overview

This was a secondary analysis of data collected via the 2017–2019 Soifua Manuia (“Good 

Health”) study which aimed to investigate the impact of the CREB3 Regulatory Factor 

(CREBRF) genetic variant rs373863828 on metabolic traits in Samoan adults [18]. The 

variant’s minor allele (A) is paradoxically associated with increased body mass index 

(BMI), but lower odds of type 2 diabetes mellitus (T2DM) in Pacific Islander individuals 

[19]. The overall sample included 519 participants from ‘Upolu, Samoa, with intentional 

oversampling of the CREBRF obesity-risk A allele at an approximate GG:AG:AA genotype 

ratio of 2:2:1 (compared with the expected population ratio of 8.2:5.7:1). All participants 

completed extensive physical assessments and comprehensive behavioral questionnaires. 

Objective sleep data were collected in a subset of 391 participants (as the assessment was 

added several months into the recruitment/data collection period). The study protocol and 

recruitment procedures are detailed elsewhere [18]. The study received approval from ethical 

boards at Yale University, Brown University, the University of Pittsburgh, Mass General 

Brigham, and the Samoa Ministry of Health. All participants gave written informed consent.

2.2. Phenotype data

Objective sleep data were collected using WatchPAT TM 200 Unified (Itamar Medical 

Ltd.) devices worn on the nondominant wrist. These highly accurate and clinically reliable 

devices measure peripheral arterial tone, heart rate, oxygen saturation, actigraphy, snoring 

levels, and body position via three points of contact (wrist, finger, and chest). Data for 
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this study were reviewed and cleaned by trained sleep research polysomnologists (Methods 

S1). Unlike traditional polysomnography, WatchPAT does not rely on fixed time thresholds 

to define respiratory event durations. Instead, its proprietary algorithm analyzes multiple 

physiological parameters [20]. For this study, respiratory events were defined as a 30 % 

or greater peripheral arterial tone amplitude reduction together with a specific oxygen 

desaturation threshold (3 % or 4 %, details below). Despite this difference, the WatchPAT 

apnea-hypopnea and oxygen desaturation indices demonstrate an impressive 93 % to 99 

% correlation when compared to the same metrics collected using the gold standard 

polysomnography [21].

In this study, we focused on three clinical indicators of sleep apnea: the apnea-hypopnea 

index (AHI) using both 3 % and 4 % oxygen desaturation cutoffs, and the oxygen 

desaturation index (ODI) using a 4 % oxygen desaturation cutoff. Each measure provides 

distinct insights into sleep apnea severity, and their combined use ensures a comprehensive 

assessment of the condition in this novel population. The AHI quantifies the number of 

apneas (pauses in breathing) and hypopneas (partial reductions in breathing) per hour of 

sleep, based on reductions in blood oxygen levels of ≥3 % (AHI 3 %) or ≥4 % (AHI 4 %). 

The 3 % cutoff captures a broader range of events, including those that might be less severe 

but still clinically relevant. In contrast, the 4 % cutoff is more stringent and is widely used 

in clinical practice to diagnose moderate to severe sleep apnea. We chose to use both cutoffs 

to provide a nuanced characterization of sleep apnea severity and evaluate how different 

thresholds impact the classification within this specific population. Given that this is the 

first examination of sleep apnea in Samoan adults, this approach allowed us to place our 

findings within the context of existing literature and clinical practices. The ODI measures 

the frequency of ≥4 % oxygen desaturation events per hour (events/hr) of sleep, independent 

of apneas/hypopneas. This measure provides valuable information on the frequency and 

impact of significant oxygen desaturation events. Including the ODI helped us more fully 

characterize the data and align our findings with a broader range of sleep apnea measures 

reported in the literature.

To further support the descriptive nature of this paper, secondary measures included the AHI 

3 %, AHI 4 %, and ODI 4 % across supine and non-supine sleep positions and rapid eye 

movement (REM) and non-REM estimates of sleep states using the devices’ proprietary 

algorithm [22] as well as percent time spent below 90 % oxygen saturation (T90). Sleep 

apnea measures were examined as continuous events/hr and collapsed based on clinically 

accepted sleep apnea categories by number of events/hr (none/minimal: <5; mild: 5 to 

<15; moderate: 15 to < 30; and severe: ≥30) [23]. Finally, sleep apnea measures were also 

summarized in a “clinically actionable” moderate to severe category (≥15 events/hr).

AHI 3 % and 4 % and ODI 4 % distributions were examined by participant characteristics 

known to be associated with sleep apnea in other populations [24], as well as factors unique 

to the Samoan context that may influence sleep health. Age and sex were self-reported by 

participants. Weight and height were measured in duplicate using a digital scale (Tanita HD 

351; Tanita Corporation of America) and portable stadiometer (SECA 213, Seca GmbH & 

Co), and BMI was computed from the averaged values. BMI was treated as continuous and 

categorical variables using Polynesian cutoffs for underweight (<18 kg/m2), ‘normal’ (18 
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to <26 kg/m2), overweight (26 to 32 kg/m2), and obesity (>32 kg/m2). Abdominal and hip 

circumference were measured using a standard tape measure (SECA 201, SECA, Hamburg, 

Germany) and abdominal-hip ratio was computed. CREBRF rs373863828 genotype data 

were generated via TaqMan real-time PCR (Applied Biosystems) [19]. T2DM status was 

determined based on any of the following: current use of diabetes medication; Hemoglobin 

A1c (HbA1c) (5.7–6.4 %, pre-diabetes; >6.4 %, diabetes); fasting blood glucose (FBG; 

100–125, pre-diabetes; ≥126, diabetes); and/or oral glucose tolerance testing based on the 

American Diabetes Association criteria [25]. Blood pressure (BP) was measured in triplicate 

and the second and third values were averaged; hypertension was defined as hypertension 

medication use or an average systolic BP ≥140 or average diastolic BP ≥90 mmHg. 

Participants self-reported asthma diagnoses. Behavioral and social data encompassed self-

reported smoking habits (current use of cigarettes, tobacco, or pipe; yes/no), alcohol 

consumption in the past 12 months (yes/no), and socioeconomic resources quantified 

using a material lifestyle score [26] which sums the number of items owned from an 

18-item household inventory (refrigerator, freezer, portable stereo/MP3 player, etc.). For 

participants with a low level (i.e., <35 %) of missing information across the household 

inventory questionnaire, imputation was used to fill in missing data [17]. Moderate-vigorous 

physical activity data (average minutes per day) were collected using Actigraph GT3X+ 

accelerometer-based devices (ActiGraph Corporation) as detailed elsewhere [27]. Finally, 

participants provided data about the night of the WatchPAT assessment related to sleep 

surface (e.g., mattress on a raised bed, mat on the floor, etc.), the number of people sharing 

the sleep surface, and the number of people sharing the room. WatchPAT assessment season 

(cool/dry vs. hot/wet) was inferred based on assessment date. These variables were also 

explored to comprehensively characterize the impact of these culturally unique factors on 

sleep apnea measures in this population.

2.3. Statistical analyses

Statistical and descriptive analyses were conducted using R version 4.1.2 [28]. Data were 

described using means, standard deviations (SD), medians, and interquartile ranges (IQR) 

for continuous variables and frequency counts and percentages for categorical variables. 

Categorical sleep apnea sample prevalence was calculated across the three primary sleep 

apnea measures (AHI 3 %, AHI 4 %, and ODI 4 %), including for supine/non-supine 

position and REM/non-REM cycles. To evaluate the influence of non-representational 

sampling and to obtain more accurate estimates of sleep apnea prevalence that might be 

seen in a random sample of the population, we performed a correction for CREBRF obesity-

risk allele enrichment (Code S1). Specifically, we calculated genotype-specific weights by 

comparing the expected genotype frequencies in the general population with the observed 

genotype frequencies in our sample. Similar to inverse probability weighting, we then used 

the genotype-specific weights to adjust the counts of categorical sleep apnea severity (none, 

mild, moderate, severe).

To better understand AHI and ODI data distributions across the participant factors described 

above, various visualizations were employed including stacked bar, sina with violin, rain, 

scatter, and mosaic plots. Associations between sleep measures and participant factors 

were formally tested using Spearman correlation coefficients and Wilcoxon or Kruskal-
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Wallis rank sum tests depending on the predictor variable type. Finally, multiple linear 

regression was used to examine associations of square root transformed (given data 

skewness) sleep apnea measures and a priori selected participant characteristics of age, sex, 

CREBRF genotype, BMI, abdominal-hip ratio, T2DM, hypertension, asthma, census region, 

relationship status, and cigarette and alcohol use. Unstandardized regression estimates, 95 % 

confidence intervals (CI), and p-values were reported, and model assessment was performed 

using residual analysis and influence diagnostics. Across all analyses, p-values < 0.05 were 

considered statistically significant.

3. Results

After data cleaning and quality control, the WatchPAT sample consisted of 330 participants 

(53.3 % female) with a mean (±SD) age of 52.0 (±9.9) years and BMI of 35.5 (±7.5) kg/m2 

(Table 1). No statistically significant differences were observed between the WatchPAT 

sample and the larger parent sample (Table S1).

Of the sample, 54.9 %, 31.5 %, and 34.5 % had moderate to severe sleep apnea (≥15 

events/hr) based on the AHI 3 %, AHI 4 %, and ODI 4 %, respectively (Table 1); rates 

were higher among men (61.7 %, 38.9 %, and 42.9 %, respectively) vs. women (48.9 %, 

25.0 %, and 27.3 %, respectively). Higher AHI and ODI scores were observed in supine (vs. 

non-supine) sleep positions and REM (vs. non-REM) sleep cycles (Table S2). For example, 

for the AHI 4 %, 41.4 % of the sample had moderate to severe sleep apnea in the supine 

position compared with only 20.7 % in the non-supine position. Likewise, 56.1% vs. 23.4 % 

had moderate to severe sleep apnea in REM vs. non-REM sleep, respectively.

Empirical correction to obtain prevalence estimates that better reflect the sleep apnea 

severity distribution that might be seen in the broader population, accounting for the 

overrepresentation of the CREBRF obesity-risk allele associated BMI inflation in the 

sample, revealed only small shifts in sleep apnea categories across the three measures (Table 

S3). Specifically, percentages in each sleep apnea category had a maximum shift of 1.6 

%, and the estimated percentage of individuals with moderate to severe sleep apnea (≥15 

events/hr) dropped by only 1 % to 1.5 % across the three measures, so CREBRF-adjusted 

prevalences were very similar to the raw frequencies shown in Table 1.

Despite the high AHI/ODI levels, depending on the measure, 23.4–28.4 % of the sample had 

no hypoxia (T90 of 0 %) and 54.4–63.1 % had only light hypoxia (T90 of >0 % to <5 %) 

(Table 1). As expected, greater hypoxia was observed in individuals with more severe sleep 

apnea (Table S4).

Stacked bar plots depict the distribution of categorical sleep apnea categories across a 

variety of different factors (Fig. 1). Consistent with the observed distributions seen in 

Fig. 1, a more detailed examination of the relationships between continuous (i.e., without 

collapsing) AHI/ODI data and categorical (Figures S1-S3) and continuous (Figure S4) 

participant factors showed that, across the AHI/ODI measures, a greater number of events/hr 

was associated with increased age (p = 0.002 to 0.10), BMI (p < 2.2e-16), abdominal-hip 

ratio (p = 1.1e-10 to 2.7e-10), and number of household assets (p = 0.002 to 0.035); lower 
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physical activity levels (p = 0.016 to 0.031); male sex (p = 0.012 to 0.022); the presence of 

hypertension (p = 0.004 to 0.006); and CREBRF genotype (more copies of the A allele, p 
= 0.034 to 0.039). Exploratory analyses revealed that the association between sleep apnea 

measures and CREBRF genotype persisted when controlling for age, sex, and T2DM status 

(β=0.397 to 0.437, p = 0.001 to 0.028) but did not persist when controlling for age, sex, and 

BMI (β=0.085 to 0.096, p = 0.391 to 0.433) (Table S5). Exploratory mosaic plots (Figures 

S5-S8) depicting the proportional distribution of sleep apnea categories across a variety of 

factors support joint effects of sex, age, and BMI on sleep apnea severity.

Finally, the results of linear regression examining associations of square root-transformed 

sleep apnea with a priori selected participant characteristics (age, sex, CREBRF genotype, 

BMI, abdominal-hip circumference ratio, T2DM status, hypertension status, asthma status, 

census region of residence, relationship status, socioeconomic resources, education, cigarette 

use, and alcohol use) are presented (Table 2). We observed associations between higher 

AHI/ODI levels and higher age (β = 0.03, p = 0.001 to 0.002); male sex (β = 0.884 to 0.979, 

p = 1.52E-07 to 7.99E-08); higher BMI (β = 0.124 to 0.136, p = 6.16E-21 to 9.35E-19); 

higher abdominal-hip circumference ratio (β = 2.875 to 2.923, p = 0.016 to 0.033); and 

residence in NWU vs AUA (β = 0.403 to 0.442 p = 0.037 to 0.052) while controlling for 

covariates.

Discussion

Our study highlights a high prevalence of sleep apnea in this sample of adults from Samoa, 

emphasizing the urgency of addressing this public health issue. We found that 54.9 % of 

the sample had moderate to severe sleep apnea with ≥15 events/hr based on the AHI 3 % 

metric. This exceeds values reported in a previous study [2], which estimated (based only 

on population similarity to other areas with similar BMI and geographical proximity) lower 

expected prevalence rates in Samoa of 14.7 % by similar definition [2].

Beyond this work, only two other research papers have focused on sleep health in Samoa. 

The first study, conducted in 2009, examined the relationship between sleep apnea treatment 

and blood pressure reduction among adults from Samoa [16]. The researchers found that 

sleep apnea treatment by CPAP resulted in a 12.9/10.5 mm Hg reduction in BP over a 

6-month period in the overall group, with an even greater reduction of 21.5/13.1 mm Hg 

in the baseline hypertensive group [16]. This study highlights the effectiveness of CPAP 

in reducing cardiovascular morbidity risk factors in this population. As mentioned above 

as an underlying motivation for this follow up study, the second paper was from our own 

group and characterized self-reported daytime sleepiness and insomnia in the same sample 

of adults from Samoa as this study and found a generally higher sample prevalence of 

excessive daytime sleepiness, but lower sample prevalence of insomnia compared with 

individuals from high-income countries [17].

To our knowledge there are no other studies focused on sleep apnea in Samoa. Direct 

comparisons with other populations need to be done cautiously due to the influences of 

age, sex, BMI, T2DM distributions, social determinants of health, and cultural differences 

on sleep apnea measures as well as the influences of sleep apnea measurement differences 
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themselves. However, to put these findings in the context of existing research, the frequency 

of moderate to severe (≥15 events/hr) sleep apnea in the current study (AHI 3 % of 54.9 

%) was higher than in the US-based Multi-Ethnic Study of Atherosclerosis (MESA). The 

MESA study, which measured sleep apnea (AHI 3 %) but using polysomnography across 

a variety of racial/ethnic groups, found the following rates: White (30.3 %), Black (32.4 

%), Hispanic (38.2 %), and Chinese (39.4 %) [29]. Further comparisons can be made with 

a US-based sample of Mexican American adults from Starr County, Texas, who differ 

significantly from Samoans in environment and culture but share similarities in age range, 

technology (WatchPAT), and a high prevalence of T2DM. In the Starr County sample, 52.5 

% of men and 48.1 % of women (all with T2DM) had moderate to severe sleep apnea [30]. 

In contrast, within the current Samoan sample, where only 36.5 % had T2DM, the rates 

were higher in men (61.7 %) and similar in women (48.9 %). Finally, in a high-risk group 

of African-Americans living in the southeastern U.S. (the Jackson Heart Sleep Study; mean 

age 63 years, 66 % female, mean BMI 32 kg/m2), the prevalence of moderate to severe sleep 

apnea (AHI 4 % ≥15) was 23.6 % measured via an in-home Embletta-Gold sleep apnea 

test [31]. These figures were also lower than the rate observed in this study, which found a 

sample rate of 31.5 % by the same metric.

Compared with other studies, we identified similar associations between AHI and ODI 

measures and participant factors such as male sex [32,33], higher BMI [33], higher age 

[33], an abdominal-hip circumference ratio [34]. In bivariate analyses, we also identified 

associations previously noted in the literature, including those with higher AHI/ODI 

measures and more socioeconomic resources [35], less physical activity [36], and the 

presence of hypertension [37]. Of note, we also identified associations with CREBRF 
genotype – though this association did not persist when controlling for BMI. Interestingly, 

we identified no associations between sleep apnea measures and T2DM status in this 

sample despite strong associations reported in prior work [38,39]. This null association 

persisted even when T2DM categories of pre-diabetes and diabetes were collapsed and 

treated as binary (explored based on graphical distribution shown in Figure S1). While we 

hypothesize this may be due to the saturation of overweight/obesity in this sample and/or 

the protective glycemic effect of the CREBRF obesity-risk allele, this is purely speculative 

and additional research is needed to understand this observation. We also did not identify 

associations between sleep apnea and unique environmental/lifestyle variables including 

sleep surface, season of assessment, or room/sleep surface sharing. Given the paucity of 

research concerning Pacific Islanders, coupled with the alarming evidence (presented above) 

that points toward a disproportionate burden of sleep issues in this group, it is evident 

that prioritizing sleep health research within this historically underrepresented group is 

imperative. This will enable a more comprehensive understanding of how age, sex, BMI, 

T2DM, social determinants of health, and cultural factors collectively impact sleep apnea 

measurements and their implications for cardiometabolic health.

While there are many strengths to this study, including that it provides one of the 

first examinations of sleep apnea in Samoa using clinically reliable devices, the sample 

ascertainment bias that resulted from intentional oversampling of the CREBRF obesity-risk 

allele potentially reduces the generalizability of our findings as a product of a moderately 

upwardly biased sample mean BMI. Specifically, the frequency of the CREBRF minor allele 
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(A) in our sample was 0.561 compared with a lower frequency of 0.259 in the general 

Samoan population [19]. The sample mean BMI of the present study, 35.5 kg/m2, was 

higher than that from the larger more generally representative (but earlier) 2010 sample of 

33.5 kg/m2 [19]. Of note, the participants for this study were recruited through the earlier 

2010 study, so this increase in BMI is likely a product of not only CREBRF obesity-risk 

allele overrepresentation, but also year-on-year effects associated with aging and nutritional 

transition. However, even after adjusting for CREBRF-related sample ascertainment bias 

(Code S1), the sleep apnea category distributions shift by only 1–2 % (Table S3). Further, 

we don’t believe that the rates of sleep apnea in this sample are fully explained by obesity. 

In a sub-analysis of individuals with a BMI <30 kg/m2 (n = 73), a substantial 27.3 % 

exhibited an AHI 3 % ≥15 events/hr. This underscores the need for further research to better 

understand the role of not just body size, but also other factors on the development of this 

condition, as well as on the generalizability of findings.

Given the distribution of sleep apnea data in this study sample, there is a compelling 

need for further research dedicated to confirming these findings and exploring sleep apnea 

subtypes/endotypes. Most immediately, however, these data suggest a need for public health 

planning and policies geared toward the diagnosis and provision of accessible, cost-effective 

sleep apnea treatment options in Samoa. With the closure of a local sleep clinic in 2020 

and a reported lack of CPAP machines locally, individuals suspected of having sleep apnea 

must currently seek screening and treatment in New Zealand or Australia. Prioritizing 

the development of healthcare infrastructure specifically focused on sleep-related issues 

is imperative. A concerted effort, integrating public health initiatives, improved medical 

accessibility, and dedicated research, is needed to mitigate the impact of sleep apnea in 

Samoa and foster a healthier future.
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Fig. 1. Stacked bar plots of sleep apnea measures by participant characteristics.
AHI = apnea hypopnea index; ODI = oxygen desaturation index; None = <5 events/hr; 

Mild = 5–14.9 events/hr; Moderate = 15–29.9 events/hr; Severe = ≥30 events/hr. Age 

(years); BMI (kg/m2), ‘Normal’ = 18–25.99 kg/m2, Overweight = 26–32 kg/m2, Obesity 

= >32 kg/m2; Hypertension, defined as an average value ≥140/90 mmHg and/or current 

hypertension medication use; Diabetes, Type 2 diabetes status was determined based on any 

of the following: current use of diabetes medication; Hemoglobin A1c (HbA1c) (5.7–6.4 %, 

pre-diabetes; >6.4 %, diabetes); fasting blood glucose (FBG; 100–125, pre-diabetes; ≥126, 

diabetes); and/or oral glucose tolerance testing based on the American Diabetes Association 

criteria; Asthma, self-report history of asthma diagnosis; Smoking, defined based on self-

report of current use of cigarettes, cigars, or pipes; Alcohol, defined based on self-report 
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of consumption of alcohol in the past 12 months; see Figures S1 and S2 for additional 

descriptive plots.
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