
Cardiometabolic correlates of sleep
disordered breathing in Andean
highlanders

Luu V. Pham 1, Catherine H. Miele1, Noah G. Schwartz2, Rafael S. Arias3,
Adi Rattner3, Robert H. Gilman4, J. Jaime Miranda 5,6, Vsevolod Y. Polotsky1,
William Checkley1,4 and Alan R. Schwartz1

Affiliations: 1Division of Pulmonary and Critical Care and Sleep Medicine, Dept of Medicine, School of
Medicine, Johns Hopkins University, Baltimore, MD, USA. 2University of Chicago Pritzker School of Medicine,
Chicago, IL, USA. 3School of Medicine, Johns Hopkins University, Baltimore, MD, USA. 4Program in Global
Disease, Epidemiology and Control, Dept of International Health, Bloomberg School of Public Health,
Johns Hopkins University, Baltimore, MD, USA. 5CRONICAS Center of Excellence in Chronic Diseases,
Universidad Peruana Cayetano Heredia, Lima, Peru. 6School of Medicine, Universidad Peruana Cayetano
Heredia, Lima, Peru.

Correspondence: Luu Pham, Johns Hopkins Sleep Disorders Center, Asthma and Allergy, 4th Floor, 5501
Hopkins Bayview Circle, Baltimore, MD 21224, USA. E-mail: lpham1@jhmi.edu

@ERSpublications
In highlanders, nocturnal hypoxaemia and sleep apnoea were associated with differential outcomes
http://ow.ly/1k6z309MyDR

Cite this article as: Pham LV, Miele CH, Schwartz NG, et al. Cardiometabolic correlates of sleep
disordered breathing in Andean highlanders. Eur Respir J 2017; 49: 1601705 [https://doi.org/10.1183/
13993003.01705-2016].

ABSTRACT Associations between sleep disordered breathing (SDB) and cardiometabolic outcomes have
not been examined in highlanders.

We performed nocturnal polygraphy in Peruvian highlanders (3825 m). Multivariable linear regression
models examined associations between SDB metrics and haemoglobin, glucose tolerance (haemoglobin
A1c (HbA1c)), fasting glucose, homeostatic model-based assessments of insulin resistance and β-cell
function (HOMA-IR and HOMA-β, respectively), blood pressure, and lipids, while adjusting for age, sex,
body mass index (BMI) and wake oxygenation.

Participants (n=187; 91 men) were (median (interquartile range)) 52 (45–62) years old, and had a BMI
of 27.0 (24.3–29.5) kg·m−2 and 87% (85–88%) oxyhaemoglobin (arterial oxygen) saturation during
wakefulness. In fully adjusted models, worsening nocturnal hypoxaemia was associated with haemoglobin
elevations in men (p=0.03), independent of wake oxygenation and apnoea–hypopnoea index (AHI),
whereas worsening wake oxygenation was associated with haemoglobin elevations in older women
(p=0.02). In contrast, AHI was independently associated with HbA1c elevations (p<0.05). In single-
variable models, nocturnal hypoxaemia was associated with higher HbA1c, HOMA-IR and HOMA-β
(p<0.001, p=0.02 and p=0.04, respectively), whereas AHI was associated with HOMA-IR, systolic blood
pressure and triglyceride elevations (p=0.02, p=0.01 and p<0.01, respectively). These associations were not
significant in fully adjusted models.

In highlanders, nocturnal hypoxaemia and sleep apnoea were associated with distinct cardiometabolic
outcomes, conferring differential risk for excessive erythrocytosis and glucose intolerance, respectively.
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Introduction
Globally, approximately 150 million people live at altitudes >2500 m. Ambient hypoxia makes highlanders
chronically hypoxaemic, which further worsens during sleep. Hypoxia causes increases in ventilatory
chemosensitivity, which predisposes to central sleep apnoea with intermittent nocturnal oxyhaemoglobin
desaturations. Ambient hypoxia further amplifies sleep-related decreases and swings in nocturnal
oxyhaemoglobin saturation since oxygenation lies on the steep rather than flat portion of the
oxyhaemoglobin dissociation curve. Thus, altitude may represent a “perfect storm” for sleep disordered
breathing (SDB), exposing highlanders to uncommon degrees of sleep apnoea and nocturnal
oxyhaemoglobin desaturation, and related cardiometabolic sequelae [1]. Nevertheless, the effects of chronic
and intermittent nocturnal hypoxaemia have not been well characterised in highlanders.

It is well recognised that chronic nocturnal hypoxaemia is associated with pulmonary hypertension, cor
pulmonale and mortality. In patients with severe chronic obstructive pulmonary disease, nocturnal hypoxaemia
is a predictor of pulmonary hypertension and mortality [2]. Oxygen treatment trials in patients with sustained
nocturnal hypoxaemia have, however, yielded equivocal haemodynamic responses and no improvements in
mortality [3–6]. In morbid obesity, chronic nocturnal hypoxaemia has also been associated with elevations in
pulmonary artery pressure [7, 8], secondary polycythaemia and frank cor pulmonale [9]. Nevertheless, clinical
comorbidities in these patients may confound the effects of chronic nocturnal hypoxaemia on pulmonary
haemodynamics and overall morbidity and mortality. At high altitude, a similar constellation of clinical
findings can develop in normal highlanders, without comorbid obesity or lung disease [10–12].

In contrast to chronically hypoxaemic individuals, patients with intermittent hypoxaemia from sleep apnoea
exhibit a different spectrum of clinical comorbidities. Specifically, sleep apnoea has been primarily associated
with systemic rather than pulmonary hypertension and left heart dysfunction, including hypertension,
coronary artery disease, heart failure and cardiovascular mortality [13–19]. Sleep apnoea has also been
associated with metabolic dysfunction, including glucose intolerance, hyperlipidaemia and fatty liver disease
[20–23]. While treating sleep apnoea can mitigate these cardiometabolic sequelae [24, 25], it is still likely that
concomitant obesity, a potent sleep apnoea risk factor in lowland populations, can confound these associations.

The purpose of this study was to examine the cross-sectional relationships between specific SDB patterns
and cardiometabolic outcomes in highlanders. Recently, we have found unique associations between
cardiometabolic outcomes, sleep-related breathing disturbances [26] and hypoxaemia during wakefulness
in Peruvian highlanders [27], suggesting a pathogenic role for SDB. We hypothesised that chronic and
intermittent nocturnal hypoxaemia are differentially associated with specific biomarkers of cardiometabolic
dysfunction, i.e. haemoglobin concentration and glucose levels, respectively. We addressed this hypothesis
by performing nocturnal assessments of SDB in highland participants from the CRONICAS cohort study,
who were well characterised for a range of cardiometabolic biomarkers [28].

Methods
Study setting and participant selection
The present study is an ancillary study of the CRONICAS cohort study, an epidemiological study designed
to characterise risk factors for noncommunicable chronic diseases in four distinct settings differing in
altitude, air quality and urbanisation [28]. A convenience sample of highlanders aged 35–75 years was
recruited from the high-altitude site (Puno, Peru; 3825 m). These subjects were long-standing native
highlanders of Aymara and Quechua descent. The majority of subjects (80%) were urban residents of
Puno. In those for whom occupation data was available, government or private sector was the largest
source of employment (39%), followed by agriculture (14%). As part of this study, demographic,
anthropometric measurements and biomarkers of chronic disease were recorded. The study protocol was
approved by the Institutional Review Boards of the Johns Hopkins Bloomberg School of Public Health
(Baltimore, MD, USA) and Universidad Peruana Cayetano Heredia and A.B. PRISMA (Lima, Peru). All
participants provided verbal informed assent because of low literacy rates.
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Daytime clinical assessment and laboratory analyses
Methods for clinical assessments and laboratory analyses were described previously [28]. Briefly, trained
fieldwork personnel obtained anthropometrics and vital signs in triplicate using standardised techniques.
Blood pressure was measured in triplicate using an automatic monitor. Venous blood samples were obtained
after fasting between 8 and 12 h. Plasma glucose was measured using an enzymatic colorimetric method,
serum insulin using electrochemiluminescence and haemoglobin A1c (HbA1c) using high-performance
liquid chromatography. All samples were analysed in a single facility. Quality assurance was performed with
regular external standards and internal duplicate assays.

Nocturnal recording methods
Study subjects underwent nocturnal polygraphy with continuous recordings of nasal flow, respiratory
effort and pulse oximetry (ApneaLink Plus; ResMed, Bella Vista, New South Wales, Australia).
Simultaneous wrist actigraphy (Actiwatch 16 or 64; Philips Respironics, Amsterdam, The Netherlands)
provided an indicator of sleep/wake state and movement arousals [29]. Study participants were instructed
to start recordings at bedtime and stop at final awakening. A minimum of 4 h of recording was required;
studies of <4 h were repeated.

Analysis
Independent variables
We characterised SDB by the frequency of apnoeas and hypopnoeas (apnoea–hypopnoea index (AHI)) in
accordance with the 2007 American Academy of Sleep Medicine recommended criteria [30]. Specifically,
apnoeas were scored when there was absence of flow for ⩾10 s. Hypopnoeas were scored when a >30%
reduction in flow resulted in ⩾4% desaturation or movement arousal.

The mean nocturnal arterial oxygen saturation measured by pulse oximetry (SpO2) was chosen to represent
nocturnal hypoxaemia severity and was calculated as the average SpO2 during sleep epochs. The mean
nocturnal SpO2 among subjects was normally distributed, forming a continuum. Although we also sought
to determine whether meaningful SpO2 thresholds could be established (e.g. percentage of sleep time with
SpO2 <90%, etc.) to quantify nocturnal hypoxaemic stress, we found that the distributions of these metrics
varied widely with minimal changes in the threshold and were not normally distributed. Thus, time spent
below a given SpO2 was unlikely to yield a readily interpretable predictor of cardiometabolic outcomes. We
therefore chose mean SpO2 as an indicator of nocturnal hypoxaemia in highlanders.

In modelling cardiometabolic outcomes, we recognised that the severity of nocturnal hypoxaemia could be
affected by levels of daytime hypoxaemia and apnoeic episodes. To account for these factors, we further
considered two nocturnal SpO2 components: 1) SpO2 during wakefulness, which was measured prior to
sleep onset at the start of the recording, and 2) the degree to which SpO2 deviated from expected levels
during sleep after accounting for daytime hypoxaemia and frequency of apnoeic events (i.e. SpO2 residuals).
These SpO2 residuals reflected the severity of nocturnal hypoxaemia (the more negative the SpO2 residual,
the greater the severity of nocturnal hypoxaemia), independent of daytime SpO2 and apnoeic activity.

Outcomes
Our primary outcomes were haemoglobin, a marker of chronic mountain sickness (CMS) [31], and the
circulating components of the metabolic syndrome. Specifically, we examined haemoglobin, HbA1c,
fasting glucose, homeostatic model-based assessments of insulin resistance and β-cell function (HOMA-IR
and HOMA-β, respectively), blood pressure, and triglyceride and high-density lipoprotein cholesterol as
continuous outcomes. HOMA-β and HOMA-IR were calculated from fasting glucose and insulin levels
using previously described methods [32]. Excessive erythrocytosis was defined as haemoglobin >21 g·dL–1

in men and >19 g·dL–1 in women.

Statistics
Analyses were performed with R (www.r-project.org). Linear regression models were built in three stages.
First, single-variable models examined biomarkers as functions of nocturnal SpO2 and AHI. In these
models, biomarkers with a skewed distribution were normalised with Box–Cox transformations. In
addition, we censored test subjects who had a diagnosis of or were actively treated for cardiometabolic
diseases (e.g. diabetes, hypertension) from analysis. Sensitivity analyses were performed to confirm that the
exclusion of these subjects did not significantly influence model results.

In the second stage, multivariable models were developed to examine the independent effects of SDB while
adjusting for SpO2 during wakefulness. During this stage, SDB was modelled by AHI and the degree to
which SpO2 deviated from expected levels after accounting for AHI and SpO2 during wakefulness SpO2

residuals. In the final stage, the multivariable models were extended to adjust for potential influences of
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age, sex and obesity. To account for potential effects of menses and menopause on haemoglobin in
women, analyses were stratified by sex and age (⩾55 or <55 years old).

Our sample size was based on the number of observations required to attribute a significant amount of the
variance (r2) in haemoglobin to differences in nocturnal hypoxaemia. As haemoglobin concentration is a
continuous measure and was modelled as a function of multiple variables with linear regression, we examined
the variance in this outcome that could be attributed to nocturnal hypoxaemia and potential confounding
variables (e.g. BMI, sex and age). Within this framework, we calculated that a sample size of 160 subjects
would enable the detection of a partial r2 of >0.05 related to the nocturnal hypoxaemia with >80% power
while assuming a false type I error rate of 0.05. To account for potential loss of data in up to 20% of test
subjects, we sought to enrol 200 participants. Statistical inferences were drawn for factors achieving a p⩽0.05
level of significance.

Results
Subject characteristics
Study subject characteristics are presented in table 1. In total, 187 subjects were included, who were evenly
split between men and women. In median, they were middle aged and mildly overweight but not obese.
During wakefulness, highlanders had SpO2 percentage values in the high 80s, which decreased to the low
80s during sleep. Sleep apnoea was highly prevalent, with >75% of highlanders demonstrating sleep
apnoea (AHI ⩾5 events·h−1) characterised by a mix of central and obstructive events. Apnoeic events were
often associated with dips in SpO2 percentage values into the 70s. Arousals from sleep, as detected by
actigraphy, were infrequent and occurred a median of 5.6 events·h–1. While apnoeic episodes contributed

TABLE 1 Subject characteristics

Subjects 187
Male/female 91/96
Age years 52 (45–62)
Anthropometrics
Body mass index kg·m−2 27.0 (24.3–29.5)
Waist circumference cm 90.0 (82.2–98.5)
Hip circumference cm 95.5 (90.8–99.4)
Waist-to-hip ratio 0.9 (0.9–1.0)

Oxygenation
SpO2 during wakefulness % 87 (85–88)
Mean nocturnal SpO2 % 83.3 (81.7–84.7)
Mean nadir SpO2 after apnoeic events % 79.8 (77.9–81.5)

Sleep characteristics
Total recording time min 436.5 (381.4–376.4)
Total sleep time min 401.2 (349.0–439.0)
Arousal index events·h–1 5.6 (3.9–7.9)

Apnoea frequency and type
Apnoea–hypopnoea index events·h–1 11.0 (5.5–22.4)
Central % 47.9 (25.5–77.7)
Mixed % 0.0 (0.0–1.6)
Obstructive % 47.4 (21.4–74.4)

Cardiometabolic disease occurrence and prevalence
Excessive erythrocytosis 6 (3.2)
Metabolic syndrome 74 (39.6)
Diabetes 8 (4.3)
Hypertension 9 (4.8)

Cardiometabolic parameters
Haemoglobin g·dL−1 16.7 (15.8–18.1)
Haemoglobin A1c % 5.8 (5.5–6.1)
Fasting glucose mg·dL−1 89 (82–98)
Fasting insulin mIU·L−1 6.9 (4.1–12.0)
Triglyceride mg·dL−1 134 (107–194)
High-density lipoprotein cholesterol mg·dL−1 39 (34–47)
Systolic blood pressure mmHg 109 (101–117)
Diastolic blood pressure mmHg 72 (66–78)

Data are presented as n, median (interquartile range) or n (%). SpO2: arterial oxygen saturation measured
by pulse oximetry.
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to a reduction in mean nocturnal SpO2, their effect on oxygenation appear to be mitigated by more
frequent arousals (supplementary appendix S1). On average, men had greater haemoglobin concentrations
than women (18.0 versus 15.8 g·dL−1; p<0.001). Haemoglobin concentrations of older women were not
significantly different from younger women (16.1 versus 15.7; p=0.25). The prevalence of excessive
erythrocytosis was low in this sample. In contrast, metabolic syndrome was highly prevalent in Peruvian
highlanders, although few had frank diabetes or hypertension.

SDB and haemoglobin
Single-variable associations between haemoglobin concentration and SDB are presented in figure 1. In
men, haemoglobin concentration was inversely related to mean nocturnal SpO2 (p<0.001) (figure 1a). In
women aged ⩾55 years, who were likely to have undergone menopause, the haemoglobin concentration

20

a)

15

10

H
ae

m
og

lo
bi

n 
g·

dL
–1

Mean nocturnal SpO2 %
75 80 90 9085 80 85

p<0.01

9080

20

b)

15

10

H
ae

m
og

lo
bi

n 
g·

dL
–1

Mean nocturnal SpO2 %
75

p=0.03

20

c)

15

10

H
ae

m
og

lo
bi

n 
g·

dL
–1

Mean nocturnal SpO2 %
75 85

20

d)

15

10

H
ae

m
og

lo
bi

n 
g·

dL
–1

AHI events·h–1
1 10 100

20

e)

15

10

H
ae

m
og

lo
bi

n 
g·

dL
–1

AHI events·h–1
1 10010

20

f)

15

10

H
ae

m
og

lo
bi

n 
g·

dL
–1

AHI events·h–1
1 10010

FIGURE 1 Haemoglobin versus sleep disordered breathing. SpO2: arterial oxygen saturation measured by pulse
oximetry; AHI: apnoea–hypopnoea index. Scatter plots of haemoglobin versus a–c) mean nocturnal SpO2 and d–
f ) AHI (semi-log scale) in a, d) men, b, e) women aged ⩾55 years and c, f ) women aged <55 years. Solid lines
represent fitted linear regression models in which a significant association was found. Haemoglobin was
inversely associated with mean nocturnal SpO2 in men (p<0.001) and women aged ⩾55 years (p=0.03). AHI was
not associated with haemoglobin concentration in men, women aged ⩾55 years or women aged <55 years.
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was also inversely associated with nocturnal SpO2 (p=0.03) (figure 1b). In contrast, in women aged
<55 years, haemoglobin was not associated with nocturnal SpO2 (figure 1c). Despite these associations with
nocturnal SpO2, haemoglobin was not associated with AHI in either men or women (figure 1d–f ).

Multivariable regression models also demonstrated that AHI was not associated with haemoglobin
concentration in either men or in older or younger women after adjusting for SpO2 during wakefulness
(figure 2a). Rather, nocturnal SpO2 residuals were inversely associated with haemoglobin concentration in
men, but not women aged either ⩾55 or <55 years (p=0.02) (figure 2b). After adjustment for age and
BMI, the SpO2 residual reductions remained significantly associated with haemoglobin concentration
elevations in men, but not in older or younger women. Specifically, every 1% reduction in nocturnal SpO2

was associated with a 0.23 g·dL−1 elevation in haemoglobin concentration in men. Haemoglobin in older
women was negatively associated with SpO2 during wakefulness (p<0.05) rather than sleep, although this
association was not significant when adjusted for age and BMI (figure 2c).

SDB and cardiometabolic outcomes
Single-variable associations between SDB and glucose homeostasis are represented in figure 3. Lower
nocturnal SpO2 was associated with higher HbA1c (p<0.001), HOMA-β (p=0.04) and HOMA-IR (p=0.02),
but not fasting glucose. Elevations in AHI were associated with elevations in HbA1c (p<0.001) and
HOMA-IR (p=0.02), but not HOMA-β. A trend toward increasing fasting glucose with AHI was also
observed (p=0.07), consistent with the association between AHI and HbA1c.

In multivariable models, HbA1c and HOMA-IR elevations were both associated with AHI after adjusting
for SpO2 during wakefulness (p<0.001 and p<0.05, respectively) (figure 4a and b). The association between
HbA1c and AHI remained significant even after adjusting for age, sex and BMI (p<0.05), although the
associations between HOMA-IR and AHI did not. The SpO2 residual was also inversely associated with
HbA1c (p<0.05) (figure 4d), suggesting a link between nocturnal desaturation and glucose intolerance.
This association was not significant after adjusting for age, sex and BMI. Nonetheless, HbA1c elevations
were also associated with reductions in SpO2 during wakefulness. Of note, the inclusion of nocturnal SpO2
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FIGURE 2 Multivariable models of haemoglobin as a function of sleep disordered breathing components. SpO2:
arterial oxygen saturation measured by pulse oximetry; AHI: apnoea–hypopnoea index. The results of
multivariable models (β (95% CI) to examine the association between a) haemoglobin and AHI (log AHI), b) the
degree to which nocturnal hypoxaemia was attenuated (SpO2 residual), and c) oxygenation during wakefulness
(wake SpO2) in men, women aged ⩾55 years and women aged <55 years. *: p<0.05. These models
demonstrated that AHI was not associated with haemoglobin. Reductions in SpO2 residual (lower than expected
nocturnal SpO2) independently predicted haemoglobin elevations in men. Wake SpO2 predicted haemoglobin in
women aged ⩾55 years in unadjusted but not adjusted models.
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residual and AHI in the model did not diminish the strength or significance of the association between
HbA1c and SpO2 during wakefulness (supplemental appendix S7).

To account for potential confounding by haemoglobin concentration on HbA1c, we adjusted for this
parameter and found that it did not alter the above associations between SDB and HbA1c (supplementary
appendix S2). Sensitivity analyses also demonstrated that the association between HbA1c and AHI was not
significantly altered even when subjects with diabetes were included or when waist circumference and
waist-to-hip ratio were substituted for BMI in multivariable models (supplementary appendices S3 and S4).

In single-variable models of the remaining cardiometabolic outcomes, AHI was associated with systolic blood
pressure (p<0.001) and triglycerides (p<0.01), but not high-density lipoprotein (HDL) cholesterol
(supplementary appendix S5). A borderline association between AHI and diastolic blood pressure was also
demonstrated (p=0.05). Mean nocturnal SpO2 was associated with triglycerides (p<0.001), but not blood
pressure or cholesterol. After adjusting for SpO2 during wakefulness, multivariable models of SDB
demonstrated that AHI was associated with systolic blood pressure (p=0.01) and serum triglyceride levels
(p<0.01), but not diastolic blood pressure or HDL cholesterol. These associations were not significant after
adjusting for age, sex and BMI.

Discussion
We demonstrated that nocturnal hypoxaemia and sleep apnoea were associated with distinct patterns of
cardiometabolic dysfunction in a large sample of native highlanders. Specifically, increasing degrees of
nocturnal hypoxaemia rather than AHI predicted elevations in haemoglobin concentrations in male
highlanders independent of age and BMI, predisposing them to CMS [33]. A similar association was
observed in older women, which was primarily related to hypoxaemia during wakefulness rather than during
sleep. Conversely, AHI rather than severity of nocturnal hypoxaemia was associated with metabolic
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dysregulation. Specifically, AHI was associated with HbA1c elevations, independent of age, BMI, sex, sleep
and wake levels of SpO2, and HOMA-IR elevations, independent of SpO2 during sleep and wakefulness. Taken
together, our findings suggest that recurrent SDB episodes with intermittent hypoxaemia contributed to
glucose intolerance, whereas sustained nocturnal hypoxaemia contributed to elevations in haemoglobin, a
key marker for CMS in highlanders. As discussed later in this section, our findings also suggest that
differential disturbances in sleep and gas exchange threaten highland communities with excess metabolic and
cardiovascular morbidity and mortality, respectively.

Our study demonstrated a novel association between nocturnal oxygenation and haemoglobin concentration
in male highlanders. Of note, this association was independent of age, BMI and SpO2 during wakefulness.
These findings in Andean highlanders strengthen the link between sustained hypoxaemia and elevated
haemoglobin, a key biomarker for CMS susceptibility in highlanders [33]. Investigators have demonstrated
similar findings in observational case series of CMS highland patients compared with highland controls [31,
34–36]. Nonetheless, previous population-based studies of highlanders have not confirmed this association,
possibly due to small sample sizes or less extreme exposure to altitude [37]. In contrast, our sample size was
considerably larger, which allowed us to examine associations between several SDB components (i.e. AHI
and SpO2 residual) and haemoglobin concentration while adjusting for daytime hypoxaemia. Although
apnoeic episodes were associated with worsening nocturnal hypoxaemia, we still found no association
between AHI and haemoglobin concentration in single or multivariable models, indicating that sustained
rather than intermittent hypoxaemia accounts for haemoglobin elevations in this population. Among
highland populations worldwide, Andean highlanders may be particularly susceptible to the effects of
chronic hypoxia on haemoglobin concentration [38–40], although the prevalence of excessive erythrocytosis
remained relatively low. Several factors may have contributed to the development of this condition in
highlanders including in addition to genetic background, degree of ambient hypoxia, vital capacity, age,
obesity and comorbid conditions [41]. Our study extends prior work by highlighting the potential impact of
nocturnal desaturation as a risk factor for elevated haemoglobin concentration in highlanders.

In contrast to nocturnal hypoxaemia, we found that recurrent SDB episodes (AHI) were associated with
elevations in HbA1c in age-, weight-, sex- and SpO2-adjusted models, and with HOMA-IR, even after
adjusting for SpO2 during sleep and wakefulness. These findings in highlanders are consistent with recognised
associations between glucose intolerance and sleep apnoea in lowlanders [20]. In lowlanders, glucose
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FIGURE 4 Multivariable models of glucose homeostasis as functions of sleep disordered breathing
components. SpO2: arterial oxygen saturation measured by pulse oximetry; AHI: apnoea–hypopnoea index;
HbA1c: haemoglobin A1c; HOMA-IR: homeostatic model-based assessment of insulin resistance; HOMA-β:
homeostatic model-based assessment of β-cell function; BMI: body mass index. a–i) Results of multivariable
models examining associations (β (95% CI)) between glucose homeostasis markers (HbA1c, HOMA-IR and
HOMA-β) and a–c) AHI (log AHI), d–f ) the degree to which nocturnal hypoxaemia was attenuated (SpO2

residual) and g–i) oxygenation during wakefulness (wake SpO2) are presented. *: p<0.05; **: p<0.001. AHI was
independently associated with HbA1c.
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intolerance in sleep apnoea is attributed to intermittent hypoxaemia and recurrent arousals from sleep, and
improves with continuous positive airway pressure intervention [24, 42, 43]. Our findings provide further
insight into mechanisms of glucose dysregulation in SDB by dissecting associations with sustained
hypoxaemia and recurrent SDB episodes along with intermittent hypoxaemia and repetitive arousals from
sleep. Our findings suggest that the frequency of events rather than the severity of nocturnal hypoxaemia
could account for glucose intolerance in these highlanders. In addition to recurrent SDB episodes, we
confirmed our previous finding that sustained hypoxaemia during wakefulness was also associated with
HbA1c elevations (figure 4a, d and g) [27]. The present study extends this previous finding by
demonstrating an association between glucose intolerance and AHI, independent of daytime SpO2. Moreover,
adjusting for AHI in this model did not attenuate the association between SpO2 during wakefulness and
HbA1c (supplementary appendix S7), suggesting that both apnoeic episodes and SpO2 account for HbA1c
elevations in highlanders. Thus, our findings in Peruvian highlanders suggest that daytime sustained
hypoxaemia and nocturnal recurrent SDB episodes both contribute to the severity of glucose dysregulation
in highlanders.

Our study has several limitations worth considering when interpreting our findings. First, the cross-sectional
design in a convenience sample precludes drawing causal inferences between cardiometabolic dysfunction and
SDB. We recognise that unmeasured confounders and sampling bias could influence the association between
SDB and cardiometabolic dysfunction. Nevertheless, our findings are consistent with biologically plausible
mechanisms and previous studies, which have linked SDB to CMS and glucose intolerance. Furthermore, our
main findings were of sufficient magnitude and remained significant after adjusting for age, sex and BMI. In
addition, sensitivity analyses (supplementary appendix S4) demonstrated alternative measures of obesity,
including waist circumference and waist-to-hip ratio, did not attenuate the association between HbA1c and
AHI. Second, the overall prevalence of chronic diseases (i.e. excessive erythrocytosis and diabetes) in our
cohort was low, which prevented us from examining the association between SDB and chronic disease.
Nevertheless, the observed associations of haemoglobin and HbA1c with nocturnal hypoxaemia and AHI,
respectively, suggest that these nocturnal exposures impose cardiometabolic stress in highlanders, placing
highlanders at risk for diabetes and CMS. Moreover, the relative low prevalence of these chronic conditions
may have allowed us to detect associations between the markers of metabolic stress and SDB in a relatively
small sample size. Third, polygraphy was employed to assess SDB rather than polysomnography. Nevertheless,
our methods incorporated a validated algorithm for actigraphy to estimate sleep–wake state and movement
arousals [29], possibly leading to an overestimation of sleep time and corresponding underestimation of sleep
disturbances and SDB severity, as measured by SDB event frequency and wake-to-sleep reductions in SpO2.
Fourth, hypoxia generally elevates haemoglobin concentrations, which can lower HbA1c and the likelihood of
detecting significant associations. Nevertheless, inclusion of haemoglobin to account for the potential effects of
haemoglobin elevations in sensitivity analyses did not significantly change our findings. Fifth, we recognise
that it is difficult to separate the effects of sleep apnoea from nocturnal hypoxaemia on outcomes, since sleep
apnoea is frequently associated with greater degrees of nocturnal hypoxaemia. Nonetheless, we dissected the
nocturnal component (SpO2 residual) from overall levels of oxygenation and found that it predicted
haemoglobin independent of oxygenation during wakefulness. A similar approach allowed us to isolate an
association between HbA1c and AHI, independent of nocturnal desaturation (SpO2 residual). Sixth, we
recognise that biomarkers, including HbA1c and fasting glucose, can be confounded by diabetes and its
treatment. Nevertheless, sensitivity analyses demonstrated that the association between AHI and HbA1c did
not significantly change with the inclusion of diabetic study subjects. Seventh, we acknowledge our study was
limited to only one highland group (i.e. Andeans). Highland populations are known to have adopted different
strategies for meeting the challenges of living at altitude, which could impact links between cardiometabolic
dysfunction and SDB. Residual confounding from genetic adaptations and environmental exposures in specific
highland groups (based on differences in food, water and rural/urban exposures) may also have influenced
manifestations of both SDB and related cardiometabolic outcomes [44].

Our findings are consistent with the notion that nocturnal hypoxaemia and recurrent apnoeic events could
exert differential effects on cardiometabolic outcomes. In our study, highlanders demonstrated specific SDB
patterns characterised by alterations in both oxygenation and sleep to varying degrees (figure 5). When sleep
continuity was maintained, highlanders were exposed to prolonged nocturnal periods of sustained rather
than intermittent periods of hypoxaemia. This pattern was associated with elevated haemoglobin, a hallmark
of CMS [33]. In contrast, highlanders who aroused readily from SDB episodes appeared to experience a
greater frequency of SDB episodes with intermittent rather than sustained hypoxaemia. Under these
circumstances, arousals from sleep can mitigate hypoxaemia severity. Our findings suggest that periodic SDB
episodes with attendant arousals and intermittent desaturations can aggravate glucose homeostasis but do
not confer risk of excessive erythrocytosis and CMS. These concepts lead us to speculate that alleviating
nocturnal hypoxaemia and sleep apnoea in highlanders could improve polycythaemia and glucose
intolerance, respectively. We further speculate that lowland patients with underlying cardiopulmonary
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disease, who often demonstrate similar degrees of nocturnal hypoxaemia and sleep apnoea, remain at
increased risk for cardiometabolic dysfunction and accelerated disease progression. Thus, sleep remains an
untapped therapeutic window during which cardiometabolic risk can be mitigated. Further mechanistic
studies are required to establish causal mechanisms linking SDB with the development of cardiometabolic
diseases and develop nocturnal therapeutic strategies.
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