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Abstract
Background  Mechanisms underlying blood pressure 
(BP) changes in obstructive sleep apnoea (OSA) are 
incompletely understood. We assessed the associations 
between BP and selected polysomnography (PSG) traits: 
sleep depth, airflow limitation measurements and OSA-
specific hypoxic burden.
Methods  This cross-sectional analysis included 
2055 participants from the Multi-Ethnic Study 
of Atherosclerosis who underwent PSG and BP 
measurements in 2010–2013. Sleep depth was assessed 
using the ’OR product’, a continuous measure of 
arousability. Airflow limitation was assessed by duty cycle 
(Ti/Tt) and % of breaths with flow limitation, and hypoxia 
by ’hypoxic burden’. Primary outcomes were medication-
adjusted systolic BP (SBP) and diastolic BP (DBP). We 
used generalised linear models adjusted for age, sex, 
race/ethnicity, smoking, education, body mass index, 
alcohol use, periodic limb movements and alternative 
physiological disturbances.
Results  The sample had a mean age of 68.4 years 
and apnoea–hypopnoea index of 14.8 events/hour. 
Sleep depth was not significantly associated with BP. 
Every 1 SD increment in log-transformed non-rapid eye 
movement duty cycle was associated with 0.9% decrease 
in SBP (95% CI: 0.1% to 1.6%), even after adjusting for 
sleep depth and hypoxic burden. Every 1 SD increment in 
log-transformed hypoxic burden was associated with a 
1.1% increase in SBP (95% CI: 0.1% to 2.1%) and 1.9% 
increase in DBP (95% CI: 1.0% to 2.8%) among those 
not using hypertension medications.
Conclusions  Higher duty cycle was associated with 
lower SBP overall and hypoxic burden with higher 
SBP and DBP among non-BP medication users. These 
findings suggest changes in both respiratory effort and 
oxygenation during sleep influence BP.

Introduction
Hypertension is a prevalent risk factor for myocar-
dial infarction and stroke.1 Obstructive sleep 
apnoea (OSA) has been suggested as one of the 
contributing factors for high blood pressure (BP).2 
There are several mechanisms by which OSA could 
lead to heightened BP, including increased sympa-
thetic activation and circulating catecholamines 
caused by intermittent hypoxia, hypercapnia, or 
sleep arousals.

Prior studies have shown that polysomnography 
(PSG) measurements, such as the apnoea–hypopnoea 

index (AHI), periodic limb movement index (PLMI) 
and reduced slow wave sleep (SWS), are associated 
with elevated BP.3 4 However, the contribution of 
other OSA-induced abnormalities has not been well 
studied. Quantitative measures of sleep disturbance, 
airflow limitation and hypoxaemia have been iden-
tified, which could provide further insight into 
underlying OSA-related physiological mechanisms 
that cause hypertension.

The relation between sleep depth and OSA is 
complex.5 Overt OSA reduces overall sleep depth 
because of frequent interruptions by obstructive 
events and arousals, and by excessive wake time 
that frequently accompanies OSA.6 7 Poor quality 
sleep and excessive wake time have been inde-
pendently associated with hypertension.8 However, 
deep sleep promotes flow limitation which may 
lead to sustained hypercapnia and hypoxia which 
may increase BP.9 A continuous index of sleep 
depth derived from electroencephalogram (EEG) 
termed the ‘odds ratio product’ (ORP) can distin-
guish between different levels of sleep depth within 
conventional sleep stages and has excellent correla-
tion with arousability.10 We also measured inspira-
tory flow limitation (IFL) and duty cycle (inspiratory 
time (Ti)/total respiratory cycle time (Tt)), two 
markers of airflow in the setting of higher upper 
airway resistance11 12 Third, we measured ‘hypoxic 
burden’, a recently described measurement that 

Key messages

What is the key question?
►► Can novel measurements of sleep depth, 
airflow and hypoxia from polysomnography 
provide more insight into the role of sleep-
disordered breathing in blood pressure (BP)?

What is the bottom line?
►► A greater burden of hypoxia related to 
obstruction was associated with higher BP 
among community-dwelling adults not using 
antihypertensive medications while markers of 
airflow were associated with lower BP overall.

Why read on?
►► Our study suggests the ability to maintain 
ventilation in the setting of increased upper 
airway resistance may blunt BP elevations.
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quantifies respiratory event-related hypoxaemia.13 Compared 
with other measurements of sleep-related hypoxaemia, this 
index is specific to hypoxaemia resulting from obstructive events 
and captures the frequency, depth and duration of event-related 
breathing disturbances.

Using these unique measurements of sleep disturbances, we 
hypothesised (1) lower depth of sleep (as measured by ORP), 
(2) higher IFL and duty cycle and (3) higher hypoxic burden 
are each associated with higher BP among community-dwelling 
adults. We also examined whether these associations would be 
stronger among those with higher AHI, individuals not using 
antihypertensive medication, and considered effect modification 
by cigarette smoking, which is a risk factor in cardiovascular 
disease and is associated with sleep-disordered breathing.14 15

Methods
Study participants
The Multi-Ethnic Study of Atherosclerosis (MESA) is a longitu-
dinal cohort of community-dwelling adults originally designed 
to investigate subclinical cardiovascular disease.16 In all, 6814 
adults between the ages of 45 and 84 years without clinically 
evident cardiovascular disease were enrolled from six US 
communities between 2000 and 2002. There were no criteria 
based on sleep and respiratory symptoms. Participants under-
went follow-up visits including Exam 5 (2010–2012). Exam 5 
participants were invited to participate in a sleep examination 
(2010–2013) which included completion of sleep questionnaires, 
actigraphy and PSG.17 Institutional Review Board approval was 
obtained at all six study sites and Sleep Reading Centre and all 
participants provided written informed consent.

PSG and scoring
A 15-channel PSG monitor (Compumedics Somte System; 
Compumedics, Abbotsville, AU) collected the following: bilat-
eral electrooculography, bipolar electrocardiography, chin elec-
tromyography, abdominal and thoracic respiratory inductance 
plethysmography, central, frontal and occipital EEG (sampled 
at 256 Hz), pulse oximetry, airflow (by thermocouple and nasal 
pressure transduction), and bilateral leg piezoelectric sensors.

Using standardised criteria, registered polysomnologists 
scored each sleep study at a centralised Sleep Reading Centre 
(Brigham and Women’s Hospital, Boston, MA, USA) using 
approaches similar to those for the Sleep Heart Health Study.18 19 
The American Academy of Sleep Medicine scoring guidelines 
were used to score sleep stages and arousals.20 Hypopnoeas 
were scored when the amplitude of the sum of the abdominal 
and thoracic inductance signals or the nasal pressure flow signal 
decreased by 30% or more for ≥10 s. Each event was linked 
to desaturation data. Apnoeas were scored when the thermo-
couple signal showed no respiratory deflections>10% baseline 
for greater than 10 s. Events were classified as either ‘central’ 
or ‘obstructive’ according to the presence or absence of respi-
ratory effort. AHI was calculated based on the average number 
of all apnoeas and hypopnoeas associated with a 4% desatu-
ration per hour of sleep. Periodic limb movements were iden-
tified by the pattern and number of limb movements (greater 
than four movements each separated by 5–90 s). The PLMI was 
the ratio of all periodic limb movements divided by sleep time. 
Scorers reliability was monitored regularly over time, inter-
class and intra-class coefficients were high for all key parame-
ters (eg, PLMI: 0.93–0.98; arousal index: 0.84–0.99; and AHI: 
0.96–0.98).

Sleep disturbance exposure measurements
The ORP was measured using previously described methods.10 
Each 3 s epoch from the EEG was assigned a four-digit number, 
from 0000 to 9999 (bin number) representing from left to right 
the ranks of delta, theta, alpha-sigma and beta spectral power. 
For each bin number, probability of being awake was determined 
from a look-up table constructed in development files from the 
number of epochs with the specific bin number occurring during 
arousals or in epochs scored wake divided by the total number 
of epochs with the same bin number in the entire development 
set. The probability of being ‘awake’ for each of the 10 000 bin 
numbers was listed in a look-up table. The probability was then 
divided by 40 producing a range from 0 (always asleep) to 2.5 
(always awake). The reason to divide by 40 was because 40% of 
all epochs were ‘awake’ epochs in the development files, as this 
ratio is the ORP. Average ORP was obtained for the whole night 
and separately for non-rapid eye movement (NREM) and rapid 
eye movement (REM) sleep.

Duty cycle and IFL were determined from the nasal pressure 
signal. The flow signal was high-pass filtered to determine zero 
flow. Points of zero flow crossing were used to determine inspi-
ratory and expiratory times when the signal was of adequate 
quality. Duty cycle was calculated from inspiratory time divided 
by the total respiratory cycle time (TI/Ttot). IFL was identified 
by commercial software for scoring PSGs (Micele Sleep Scoring, 
Cerebra Health, Winnipeg, Canada). The algorithm was devel-
oped using results of a model that utilises known patterns of 
respiratory motor output during inspiration and the known 
range of respiratory resistance and compliance in individuals 
without upper airway obstruction. The model generated the full 
range of possible flow patterns when resistance does not increase 
as a function of increasing pressure output during the inspiratory 
phase. Deviations from these patterns indicated that resistance 
increased as inspiratory time and effort progressed, which is the 
hallmark of flow limitation. Apart from the commonly appreci-
ated plateau in inspiratory flow, flow limitation is present when 
peak flow occurs very early in inspiration and then declines or it 
occurs very late in inspiration. Flow limitation was expressed as 
% of breaths with flow limitation.21 Measurements were made 
over the entire night and in NREM and REM sleep.

The hypoxic burden is defined as the total area under the respi-
ratory event-related desaturation cure, as described before.13 
The overall hypoxic burden captures the total amount of respi-
ratory event-related hypoxaemia during a sleep period. The 
hypoxic burden is defined as the total area under the respiratory 
event-related desaturation curve.13 For each scored respiratory 
event, regardless of oxygen desaturation or arousal, a pre-event 
baseline was determined, and the area under baseline-subtracted 
oxygen desaturation was calculated during a subject-specific 
search window. The sum of individual desaturation areas was 
divided by the sleep duration as the units of hypoxic burden 
are (%·min)/hour. Similar to overall hypoxic burden, which was 
calculated during a participant-specific search window, hypoxic 
burden in NREM and REM sleep was calculated during partic-
ipant-specific search windows obtained separately from NREM 
and REM. The algorithm was implemented in MATLAB (The 
MathWorks, Natick, MA, USA).

BP measurements
Participants underwent resting BP measurements at Exam 5 in 
a seated position three times using an automated device. The 
average of the second and third BP measurements were used to 
calculate the systolic BP (SBP) and diastolic BP (DBP). To take 
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Table 1  Baseline characteristics of the Multi-Ethnic Study of 
Atherosclerosis sleep cohort
Participants, n 2055

Age, years 68.4 (9.1)

Female, % 54%

Race/ethnicity, %

 � White 36%

 � Asian 12%

 � Black 28%

 � Hispanic 24%

Systolic blood pressure, mm Hg* 128.2 (21.8)

Diastolic blood pressure, mm Hg* 70.9 (10.1)

Hypertension, % 53%

Height, cm 165.4 (10.1)

Waist, cm 99.4 (14.4)

Body mass index, kg/m2 28.7 (5.5)

Blood pressure medication use, % 53%

Ever smoker, % 53%

Diabetes, % 20%

Spirometry†

 � Forced expiratory volume at 1 s (FEV1, L/s) 2.3 (0.7)

 � Percent predicted FEV1 95.2% (19.1)

 � Forced vital capacity (FVC, L) 3.1 (0.9)

 � Per cent predicted FVC 96.8% (17.4)

AHI, events/hour 14.8 (16.7)

 � AHI<5 events/hour 34%

 � 5<AHI < 15 events/hour 32%

 � AHI>15 events/hour 34%

Overall ORP 1.3 (0.3)

 � NREM ORP 1.0 (0.3)

 � REM ORP 1.5 (0.4)

IFL, % of breaths with flow limitation

 � NREM IFL 29.8 (15.8)

 � REM IFL 36.9 (15.7)

Duty cycle, TI/Ttot

 � NREM duty cycle 0.4 (0.1)

 � REM duty cycle 0.4 (0.1)

Hypoxic burden, (% min)/hour 31.2 (41.7)

Data presented as mean±SD for continuous variables and (%) for categorical variables.
*Exam 5 blood pressure measurements unadjusted for medication use.
†A subset of participants underwent spirometry at Exam 5 (n=1506).
AHI, apnoea–hypopnoea index; IFL, inspiratory flow limitation; NREM, non-rapid eye movement; ORP, 
odds ratio product; REM, rapid eye movement.

into account hypertension medication use, SBP and DBP were 
adjusted by adding 10 mm Hg and 5 mm Hg, respectively, among 
antihypertensive medication users.22 Hypertension was defined 
as measured SBP ≥130 mm Hg, DBP ≥80 mm Hg and/or use of 
antihypertensive medication.23

Statistical analysis
Our primary outcome variables were SBP and DBP values 
adjusted for hypertension medication use. We used generalised 
linear models to examine associations of sleep disturbance expo-
sure variables with BP. We used the identity link function and 
a Gaussian family for our generalised linear models. We used 
causal diagrams to identify potential confounders in addition to 
adjusting for other sleep parameters associated with BP and our 
exposure of interest a priori (eg, PLMI) (online supplementary 
figure S1).3 24 25 Models were adjusted for age, sex, race/ethnicity, 
smoking status, cigarette pack-years, current alcohol use, educa-
tion status, body mass index (BMI, kg/m2) and average PLMI. 
In order to evaluate the association of each sleep disturbance 
exposure with BP, we also adjusted each model for alternative 
physiological disturbances. For example, for our ORP exposure 
model, we adjusted for hypoxic burden and duty cycle. Collin-
earity was evaluated by the variance inflation factor (VIF). All 
covariates had VIF <5.0 in our models. Because IFL occurs in 
higher proportion during SWS, we also adjusted for time spent 
in N3 in our IFL models.

We stratified adjusted models by pre-specified variables 
including smoking status, OSA severity (normal: AHI<5; mild: 
5≤AHI<15; moderate to severe: AHI≥15), and hypertension 
medication use and tested for interactions using likelihood 
ratio tests. We used SBP and DBP unadjusted for medication 
use as our dependent variables for our hypertension medication 
stratified analysis. Outcome variables were log-transformed to 
fulfil normality assumptions for our regression models. Partic-
ipants with missing covariate data were excluded from anal-
yses. Outcomes are reported per 1 SD increment of the natural 
log-transformed sleep disturbance exposure variable. SAS V9.4 
(SAS Institute) was used to perform analyses.

Results
Baseline characteristics
PSG data and Exam 5 BP measurements were available for 2055 
MESA participants (online supplementary figure S2). Due to 
inadequate PSG signals we excluded 255, 208 and 218 studies 
from the 2055 available PSGs for the ORP (n=1800), NREM 
duty cycle/IFL (n=1847) and hypoxic burden (n=1837) anal-
yses, respectively. Baseline characteristics of the entire cohort are 
summarised in table 1 and were not different from cohorts with 
valid ORP, duty cycle, IFL and hypoxic burden measurements. 
Baseline characteristics stratified by ORP, NREM duty cycle and 
hypoxic burden quartiles are shown in online supplementary 
tables S1, S2 and S3.

Associations of ORP, IFL and duty cycle with BP
A higher ORP was not significantly associated with SBP or DBP 
in unadjusted or adjusted models (table 2) or when calculated 
for NREM and REM ORP separately (online supplementary 
table S4). However, in analyses stratified by OSA severity, higher 
REM ORP was more strongly (and negatively) associated with 
SBP among those with mild OSA compared with those with 
moderate-to-severe or no OSA (p value for OSA severity inter-
action=0.03; online supplementary table S5). Among those with 
mild OSA, each 1 SD increment in log-transformed REM ORP 

was associated with a 1.8% decrease in SBP (95% CI: 0.6 to 3.0, 
p=0.003).

A higher NREM IFL was associated with a lower SBP after 
adjusting for baseline covariates and per cent time in SWS: for 
every 1 SD increment in log-transformed NREM IFL there was 
a 0.8% decrease in SBP (95% CI: 0.1 to 1.5, p=0.04) (table 3). 
This association remained significant after adjusting for hypoxic 
burden and sleep depth (table 3). A higher NREM IFL was asso-
ciated with a lower DBP after adjusting for baseline covariates, 
hypoxia and sleep depth: for every 1 SD increment in log-trans-
formed NREM IFL there was a 0.8% decrease in DBP (95% CI: 
0.1 to 1.4, p=0.02) (table 3). REM IFL was not associated with 
SBP and DBP after covariate adjustment.
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Table 2  Association of overall ORP with SBP and DBP

% Change in SBP (95% CI)* P value % Change in DBP (95% CI)* P value

Unadjusted model (n=1799) 0.7 (−0.1 to 1.4) 0.09 0.2 (−0.5 to 0.8) 0.56

Model 1 (n=1765) 0.3 (−0.4 to 1.0) 0.48 0.3 (−0.3 to 0.9) 0.39

Model 2 (n=1754) 0.2 (−0.5 to 1.0) 0.51 0.2 (−0.4 to 0.8) 0.51

Model 3 (n=1754) 0.3 (−0.5 to 1.0) 0.49 0.2 (−0.4 to 0.9) 0.50

Model 1: Adjusted for age, sex, race/ethnicity, body mass index (kg/m2), smoking status, cigarette pack-years, alcohol use, periodic limb movement, education level.
Model 2: Model 1+hypoxic burden ((%·min)/hour).
Model 3: Model 2+duty cycle.
*All results reported per SD increment of natural log-transformed ORP.
.DBP, diastolic blood pressure; ORP, odds ratio product; SBP, systolic blood pressure.

Table 3  Associations of NREM and REM IFL with SBP and DBP

% Change in SBP (95% CI)* P value % Change in DBP (95% CI)* P value

NREM IFL

 � Unadjusted model (n=1847) −1.5 (−2.3 to −0.8) <0.001 −0.6 (−1.2 to 0.04) 0.06

 � Model 1 (n=1813) −0.8 (−1.5 to −0.1) 0.04 −0.6 (−1.2 to 0.07) 0.08

 � Model 2 (n=1802) −0.8 (−1.5 to −0.1) 0.03 −0.7 (−1.3 to -0.1) 0.03

 � Model 3 (n=1754) −0.8 (−1.6 to −0.1) 0.02 −0.8 (−1.4 to −0.1) 0.02

REM IFL

 � Unadjusted model (n=1811) −0.9 (−1.7 to −0.2) 0.02 −0.1 (−0.7 to 0.5) 0.76

 � Model 1 (n=1778) −0.3 (-1.0 to 0.4) 0.41 −0.2 (−0.8 to 0.5) 0.60

 � Model 2 (n=1767) −0.3 (−1.0 to 0.4) 0.36 −0.2 (−0.8 to 0.4) 0.50

 � Model 3 (n=1713) −0.2 (−0.9 to 0.6) 0.60 −0.1 (−0.7 to 0.6) 0.78

Model 1: Adjusted for age, sex, race/ethnicity, body mass index (kg/m2), smoking status, cigarette pack-years, alcohol use, periodic limb movement, education level, % of time 
spent in N3 and N4 sleep.
Model 2: Model 1+hypoxic burden ((%·min)/hour).
Model 3: Model 2+ odds ratio product.
*All results reported per SD increment of natural log-transformed NREM and REM IFL.
DBP, diastolic blood pressure; IFL, inspiratory flow limitation; NREM, non-rapid eye movement; REM, rapid eye movement;SBP, systolic blood pressure.

A higher NREM duty cycle was associated with a lower SBP 
after adjusting for baseline covariates (Model 1): for every 1 SD 
increment in log-transformed NREM duty cycle, there was a 
0.9% decrease in SBP (95% CI: 0.2 to 1.6, p=0.01) (table 4). 
This association remained significant after adjusting for hypoxic 
burden and sleep depth (table 4). Similarly, a higher REM duty 
cycle was associated with lower SBP (Model 1): for every 1 SD 
increment in log-transformed REM duty cycle, there was a 0.9% 
decrease in SBP (95% CI: 0.2 to 1.7, p=0.002) (table 4). There 
were no significant associations of NREM or REM duty cycle 
with DBP.

Inverse associations of NREM and REM duty cycle with 
SBP and DBP were each stronger among those with mild OSA 
compared with those without OSA and moderate-to-severe 
OSA (all p values for OSA severity interaction ≤0.03, online 
supplementary table S5). The association between NREM duty 
cycle and DBP was stronger among never smokers compared 
with ever smokers (p=0.007 for smoking interaction, online 
supplementary table S6). A stronger (negative) association was 
observed between REM duty cycle with both SBP and DBP in 
never smokers compared with ever smokers (all p values≤0.03 
for smoking interaction, online supplementary table S6).

Associations between hypoxic burden and BP
A higher overall hypoxic burden was associated with a higher 
DBP after adjusting for baseline covariates: for every 1 SD 
increment in log-transformed hypoxic burden there was a 0.9% 
increase in DBP (95% CI: 0.3 to 1.6, p=0.004) (table 5). This 

association remained significant after adjusting for sleep depth 
and duty cycle (table 5). We found similar findings with hypoxic 
burden and DBP in both NREM and REM sleep (table  5). 
Hypoxic burden was not significantly associated with SBP in 
adjusted models. The associations of overall hypoxic burden 
with SBP and DBP were stronger among those not taking anti-
hypertensive medications compared with medication users (all p 
values for medication interaction ≤0.03, online supplementary 
table S7). Among non-medication users, for every 1 SD incre-
ment in log-transformed hypoxic burden there was a 1.1% (95% 
CI: 0.1 to 2.1, p=0.03) and a 1.9% increase (95% CI: 1.0 to 2.8, 
p<0.001) in SBP and DBP, respectively. In REM, higher hypoxic 
burden was associated with higher SBP among those with mild 
OSA (p value for OSA severity interaction=0.03. online supple-
mentary table S5) and with higher DBP among never smokers 
(p value for smoking interaction=0.02) (online supplementary 
table S6). Higher NREM hypoxic burden was associated with 
higher SBP and both NREM and REM hypoxic burden were 
each associated with higher DBP among non-medication users 
(all p values for medication interaction ≤0.04, online supple-
mentary table S7).

Discussion
In our systematic analysis of novel metrics defining three path-
ways describing sleep disturbances: sleep depth, airflow limita-
tion and hypoxia, we found that only increased hypoxic burden 
was associated with increased DBP overall and SBP and DBP 
among non-hypertension medication users. Unexpectedly, 
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Table 4  Associations of NREM and REM duty cycle with SBP and DBP

% Change in SBP (95% CI)* Pvalue % Change in DBP (95% CI)* P value

NREM duty cycle

 � Unadjusted model (n=1847) −1.7 (−2.5 to −1.0) <0.001 −0.1 (−0.7 to 0.6) 0.86

 � Model 1 (n=1813) −0.9 (−1.6 to −0.2) 0.01 −0.5 (−1.2 to 0.1) 0.10

 � Model 2 (n=1802) −0.9 (−1.6 to −0.2) 0.02 −0.5 (−1.1 to 0.1) 0.11

 � Model 3 (n=1754) −0.9 (−1.6 to −0.1) 0.02 −0.6 (−1.2 to 0.1) 0.09

REM duty cycle

 � Unadjusted model (n=1811) −1.8 (−2.6 to −1.1) <0.001 0.1 (−0.5 to 0.8) 0.75

 � Model 1 (n=1778) −0.9 (−1.7 to −0.2) 0.002 −0.3 (−1.0 to 0.3) 0.30

 � Model 2 (n=1767) −0.9 (−1.6 to −0.1) 0.02 −0.2 (−0.8 to 0.4) 0.54

 � Model 3 (n=1713) −0.7 (−1.4 to 0.1) 0.07 −0.1 (−0.8 to 0.5) 0.69

Model 1: Adjusted for age, sex, race/ethnicity, body mass index (kg/m2), smoking status, cigarette pack-years, alcohol use, periodic limb movement, education level.
Model 2: Model 1+hypoxic burden ((%·min)/hour).
Model 3: Model 2+odds ratio product.
*All results reported per SD increment of natural log-transformed NREM and REM duty cycle.
DBP, diastolic blood pressure; NREM, non-rapid eye movement; REM, rapid eye movement;SBP, systolic blood pressure.

Table 5  Association of hypoxic burden with SBP and DBP

% Change in SBP (95% CI)* p-value % Change in DBP (95% CI)* P value

Overall hypoxic burden

 � Unadjusted model (n=2047) 1.5 (0.8 to 2.2) <0.001 1.6 (1.0 to 2.2) <0.001

 � Model 1 (n=2013) 0.5 (−0.3 to 1.2) 0.21 0.9 (0.3 to 1.6) 0.004

 � Model 2 (n=1761) 0.5 (−0.3 to 1.3) 0.21 1.1 (0.3 to 1.6) 0.002

 � Model 3 (n=1761) 0.5 (−0.3 to 1.3) 0.21 1.1 (0.4 to 1.8) 0.002

NREM hypoxic burden

 � Unadjusted model (n=2036) 1.2 (0.5 to 1.9) <0.001 1.6 (1.0 to 2.2) <0.001

 � Model 1 (n=2002) 0.4 (−0.3 to 1.2) 0.26 0.9 (0.2 to 1.6) 0.007

 � Model 2 (n=1750) 0.4 (−0.4 to 1.2) 0.34 1.0 (0.3 to 1.8) 0.006

 � Model 3 (n=1750) 0.4 (−0.4 to 1.2) 0.31 1.0 (0.3 to 1.8) 0.005

REM hypoxic burden

 � Unadjusted model (n=1991) 1.7 (0.9 to 2.4) <0.001 1.1 (0.5 to 1.8) <0.001

 � Model 1 (n=1957) 0.7 (−0.005 to 1.5) 0.051 0.8 (0.2 to 1.4) 0.02

 � Model 2 (n=1717) 0.6 (−0.2 to 1.4) 0.13 0.8 (0.1 to 1.5) 0.03

 � Model 3 (n=1713) 0.5 (−0.3 to 1.3) 0.25 0.7 (0.02 to 1.4) 0.04

Model 1: Adjusted for age, sex, race/ethnicity, body mass index (kg/m2), smoking status, cigarette pack-years, alcohol use, periodic limb movement, education level.
Model 2: Model 1+odds ratio product.
Model 3: Model 2+duty cycle.
*All results reported per SD increment of natural log-transformed hypoxic burden.
DBP, diastolic blood pressure; NREM, non-rapid eye movement; REM, rapid eye movement; SBP, systolic blood pressure.

higher IFL and duty cycle in NREM sleep were associated with 
lower SBP. Stratified analyses suggested that the associations 
between duty cycle and BP varied by smoking status and OSA 
severity. There was no association observed between a quanti-
tative EEG index of sleep depth and BP. Overall, these findings 
support prior studies linking sleep apnoea-associated hypoxia to 
the risk of hypertension.26

More traditional measures of evaluating hypoxia during sleep, 
such as the oxygen desaturation index, and their association 
with BP have been investigated.27 However, they rely on arbi-
trary thresholds that do not quantify the severity of hypoxaemia 
and are not specific to OSA. The hypoxic burden, a respiratory 
event-specific measure, was associated with small but significant 
increases in DBP overall and SBP and DBP among those not using 
BP medications. Intermittent hypoxia can contribute to hyper-
tension by altering sympathetic and parasympathetic activation 

leading to a surge in catecholamine levels and promotion of 
inflammation through generation of reactive oxygen species and 
inflammatory cytokines.28 29 In the overall cohort, findings were 
similar for NREM and REM sleep, which differs from prior 
studies that reported a stronger association between AHI and 
hypertension in REM.30 31 A key distinction between AHI in 
REM versus NREM is that AHI values in REM typically include 
events which are longer and associated with more hypoxaemia 
than events included in the NREM AHI. The inclusion of many 
events with mild desaturation may reduce the predictive value 
of the NREM AHI. In contrast, direct estimation of hypoxic 
burden across sleep states characterises between-individual vari-
ability in levels of hypoxaemia, which is not captured by AHI but 
may be a key driver of vascular disease.

IFL may provide further mechanistic data linking OSA to 
hypertension.12 21 IFL indicates high upper airway resistance 
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occurring in the absence of evident hypopnoeas and without 
hypoxaemia. Changes in intrathoracic pressure related to IFL 
and subsequent stimulation of the neurohormonal system 
and leftward shifts of the interventricular septum may lead to 
abnormal cardiac remodelling and worsen endothelial func-
tion.32 33 Periods of IFL are usually terminated by arousals which 
may contribute to acute elevations in BP through sympathetic 
activation.32 Another metric associated with increased flow 
limitation is duty cycle. Higher inspiratory resistance leads to 
obstructed ventilation, which is compensated for by a higher 
duty cycle.5 11 Duty cycle has the advantage over flow limita-
tion in that the increase in duty cycle only occurs when effort 
increases and intrathoracic pressure decreases.34 35 Thus, an 
increase in duty cycle is a marker of flow limitation with associ-
ated increased effort.

While we hypothesised that metrics of increased inspiratory 
resistance (IFL, duty cycle) would be associated with higher BP, 
we found the opposite. There are several potential explanations 
for this. There were significant negative correlations between 
these high resistance indices and other variables, including BMI. 
Although we adjusted for BMI and other covariates, it is possible 
that residual confounding may have obscured true associations. 
SWS is characterised by both increased flow limitation (with few 
apnoeas) and reduced sympathetic tone; therefore, confounding 
due to SWS could potentially explain an association between IFL 
and lower BP. While no appreciable differences were observed 
after adjusting for SWS measured during PSG, it is possible that 
SWS was not adequately measured during a single night study. 
Otherwise, it is possible that the unique pattern of increased 
left ventricular afterload due to greater IFL, consisting of a load 
increase during only part of the breath and occurring only during 
part of the day (sleep time) may result in favourable cardiac and 
peripheral vascular changes. This may result in lower BP when 
there is no increased load (during wakefulness), and that such 
effects may be pronounced in older individuals. Duty cycle is 
an arousal-independent ventilatory mechanism during sleep, as 
the ability to maintain ventilation without invoking arousals may 
lead to less sympathetic nervous system activation and catechol-
amine release.11 Studies during wakefulness also suggest that 
increasing inspiratory effort or duty cycle can cause reflex reduc-
tions in sympathetic nerve activity through pulmonary artery 
stretch receptor activation.36 These sympathoinhibitory reflexes 
are further modulated by baseline lung volumes and parasympa-
thetic activity, which may be higher in NREM compared with 
REM sleep, and thus may explain why we observed stronger 
negative associations of IFL and duty cycle with BP in NREM 
sleep and with mild OSA.37 The extent to which sympathoinhib-
itory mechanisms operate during sleep during periods of upper 
airway obstruction is, however, unclear; in fact, ventilatory 
and mechanoreceptor responses to upper airway obstruction 
during sleep may vary considerably across individuals. Experi-
mental studies are needed to address the underlying mechanisms 
explaining the negative associations between IFL and duty cycle 
with BP.

We observed that the inverse associations between duty 
cycle and BP were stronger among those with mild OSA, 
suggesting that the protective effect of upper airway resistance 
loading is attenuated in the presence of moderate or severe 
OSA. While snoring, which reflects IFL, has been associated 
with hypertension, prior research has not eliminated the 
contribution of hypopnoeas and hypoxaemia to elevations in 
BP.38 Regardless of the mechanism driving the negative asso-
ciation between sustained high resistance and BP, our findings 
do not support an adverse effect of IFL without apnoeas on BP 

and highlight the complex interplay between respiration and 
vascular function.

We observed stronger negative associations of REM duty 
cycle with SBP and REM and NREM duty cycle with DBP 
among never smokers. These observations could be driven by 
differences in lung function leading to worsening ventilation 
in smokers. Cigarette exposure may contribute to an impaired 
ventilatory response to higher upper airway loading as suggested 
by a study that showed greater time spent with an oxygen satu-
ration below 90% during sleep among current smokers versus 
never smokers.39 The significance of our findings is uncertain as 
they are derived from secondary analysis.

We expected that participants with higher ORP, which increases 
with excessive wake time and/or fragmented sleep, would have 
higher BP. The lack of positive association between ORP and BP 
is surprising given the strong positive associations of ORP with 
AHI and hypoxic burden. A hypertension-promoting variable 
might have been preferentially operative in subjects with deeper 
sleep that we did not account for. Our cohort consisted of older 
adults who typically have less SWS and more frequent awaken-
ings.40 Therefore, worsening sleep depth may not influence BP 
in older adults in whom sleep microarchitecture is disturbed due 
to multiple factors. REM ORP was associated with lower SBP 
among those with mild OSA in a stratified analysis but should be 
interpreted with caution. Studies that further our understanding 
of the inter-relationship of sleep microarchitecture with BP may 
be informative.

Our study has several strengths and limitations. To our 
knowledge, this is the first study to examine the associations 
of a set of sleep disturbance measures selected to quantify 
potential sleep-disordered breathing-related stressors with BP. 
We analysed data from a large, racially and ethnically diverse 
community-based cohort, although an older group which may 
limit the study’s generalisability. The cross-sectional design 
limits our ability to interpret the temporality of the observed 
associations. We accounted for antihypertensive medication use 
in our analysis using previously validated methods and asso-
ciations were not significantly modified by antihypertension 
medication use for most of the sleep parameters we examined 
(p value for interaction ≥0.06).22 Also, associations between 
sleep parameters and BP in non-users were largely in the same 
direction as the overall cohort (online supplementary table S7). 
However, we cannot rule out that the frequent use of medica-
tion may have obscured some associations due to the impact 
of antihypertensive medication on sleep outcomes, or because 
adjustment for BP medications did not adequately model partic-
ipant’s untreated BP profile. This is an important limitation as 
longitudinal studies with a larger cohort will be informative. 
Our main outcome of BP was measured only during the partic-
ipant’s exam visit at daytime. Ambulatory and nocturnal BPs 
might provide further insight into the potential mechanisms 
driving our findings. There may have been changes to BP medi-
cation use between Exam 5 BP measurements and when the 
sleep study was performed which we could not account for. 
Although we adjusted for several covariates, there may still be 
residual confounding.

In conclusion, we found that a higher burden of hypoxia was 
associated with higher BP while a higher duty cycle and IFL were 
associated with lower BP among community-dwelling adults. 
Among older adults, a quantitative measure of sleep depth was 
not associated with BP. Our findings suggest that an individu-
al’s ability to maintain ventilation under increased upper airway 
resistance may attenuate BP elevations.
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