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Key messages

What is the key question? 
 ► What are the relative impacts of obstructive 
sleep apnoea severity and conventional risk 
factors on arterial stiffness?

What is the bottom line? 
 ► The elevation of arterial stiffness in patients 
with obstructive sleep apnoea is driven 
more by the conventional cardiovascular risk 
factors (age, hypertension and the presence of 
diabetes) than by apnoea severity indices.

Why read on? 
 ► This meta-analysis used individual patient 
data from nine studies performed by the same 
centre with 893 well-characterised patients and 
pulse wave velocity measured using the same 
technique for all studies.

AbSTrACT 
background arterial stiffness, measured by pulse wave 
velocity (PWV), is a strong independent predictor of late 
cardiovascular events and mortality. it is recognised 
that obstructive sleep apnoea (OSa) is associated with 
cardiovascular comorbidities and mortality. although 
previous meta-analyses concluded that PWV is elevated 
in OSa, we feel that an individual patient data analysis 
from nine relatively homogeneous studies could help 
answer: to what extent does OSa drive arterial stiffness?
Methods individual data from well-characterised 
patients referred for suspicion of OSa, included in nine 
studies in which carotid–femoral PWV was measured 
using a complior device, were merged for an individual 
patient data meta-analysis.
results 893 subjects were included (age: 56±11 
(mean±SD), 72% men, 84% with confirmed OSa). 
Body Mass index varied from 15 to 81 kg/m2 (30±7 kg/
m2). PWV ranged from 5.3 to 20.5 m/s (10.4±2.3 m/s). 
in univariate analysis, log(PWV) was strongly related to 
age, gender, systolic blood pressure, presence of type 
2 diabetes (all p<0.01) as well as to dyslipidaemia 
(p=0.03) and an epworth Sleepiness Scale score 
≥9 (p=0.04), whereas it was not related to obesity 
(p=0.54), a severe apnoea–Hypopnoea index (p=0.14), 
mean nocturnal saturation (p=0.33) or sleep time with 
oxygen saturation below 90% (p=0.47). in multivariable 
analysis, PWV was independently associated with 
age, systolic blood pressure and diabetes (all p<0.01), 
whereas severe OSa was not significantly associated 
with PWV.
Conclusion Our individual patient meta-analysis 
showed that elevated arterial stiffness in patients with 
OSa is driven by conventional cardiovascular risk factors 
rather than apnoea parameters.

InTroduCTIon
Arteries carry oxygen and nutriments and also 
attenuate cardiac pulsatility due to their elastic 
properties. With ageing and in the presence of 
cardiovascular disease, large arteries, in particular 
the aorta, tend to stiffen.1 In the European Hyper-
tension and Cardiology Society guidelines, elevated 
arterial stiffness is recognised as a strong predictor 
of end-organ damage and cardiovascular mortality 
that is independent of other usual cardiovascular 
risk factors.2–4 The international expert committee 
recommends carotid–femoral pulse wave velocity 

(PWV) as the ‘gold standard’ for the assessment 
of aortic stiffness.1 Patients with chronic diseases 
that have high cardiovascular risk such as hyperten-
sion or diabetes exhibit higher PWV.5 6 However, 
contrary to what may be intuitively expected, in 
obese subjects, conflicting results regarding arte-
rial stiffness are reported.7 This might be partly 
explained by heterogeneity of obesity patients 
including its association, or not, with obstructive 
sleep apnoea (OSA).

OSA syndrome is strongly associated with cardio-
vascular morbidity and mortality.8 Data summarised 
in a systematic review by Doonan et al9 and later 
in a critical review by Phillips et al10 reported 
that patients with severe OSA have elevated PWV 
compared with healthy volunteers or control groups 
exhibiting no or mild OSA.11–17 A relationship 
between PWV and OSA severity11 18 was suggested 
but was not systematically confirmed.14 19 20

OSA syndrome is associated with several clus-
ters of comorbidities21 such as hypertension,22 
obesity,23 24 diabetes, coronary heart disease and 
cardiac failure. These coexisting chronic diseases 
also each strongly contribute towards elevated 
PWV.5 The relationship between OSA severity and 
arterial stiffness assessed by PWV needs clarifying 
particularly as previous meta-analyses and reviews 
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Figure 1 Flowchart of selected studies and patients. OSA, obstructive sleep apnoea; PWV, pulse wave velocity.

in the field have included heterogeneous studies with relatively 
limited sample sizes and poorly described comorbidities.10 25 To 
determine the relative impacts of OSA severity and conventional 
risk factors on arterial stiffness, we conducted an individual 
patient data meta-analysis on data from a large group of nearly 
900 patients with suspicion of OSA, explored in the same centre, 
for whom PWV and comorbidities were systematically and care-
fully assessed.

MeThodS
Individual data from participants involved in separate studies 
performed by our group between 2006 and 2015 were pooled. 
We excluded studies in which PWV was recorded for less than 
80% of patients, or in which there was heterogeneity in the PWV 
or polysomnography (PSG) methods used. Only data from base-
line measurements from observational studies and randomised 
clinical trials were used in this individual data meta-analysis.

All studies were conducted in accordance with applicable 
good clinical practice requirements in Europe, French law, ICH 
E6 recommendations and the ethical principles of the Helsinki 
Declaration (1996 and 2000). They were approved by an inde-
pendent Ethics Committee and registered on the  ClinicalTrials. 
gov site (online supplementary table S1).

Clinical evaluation
Hypertension was defined as systolic blood pressure (SBP) 
greater than 140 mm Hg, diastolic blood pressure greater than 
90 mm Hg or need for antihypertensive treatment. Clinical 
blood pressure (BP) was measured in triplicate using a mercury 
sphygmomanometer or with validated oscillometric devices. The 
average of three measurements was used. Diabetes was defined 
based on current use of antidiabetic medications and dyslipi-
daemia on current lipid-lowering medications. Body Mass Index 
(BMI) was determined and obesity classes were defined according 
to WHO definitions: normal, BMI <25 kg/m2; overweight, 
25≤BMI<30 kg/m2; obese, 30≤BMI<35 kg/m2; severely obese, 
35≤BMI<40 kg/m2; and morbidly obese, ≥40 kg/m2.

Sleep studies
All patients were diagnosed with OSA using overnight respira-
tory polygraphy or PSG, performed with spontaneous breathing 
to characterise abnormal respiratory events during sleep. Details 
of the procedure as well as of the definitions of apnoea and hypo-
pnoea can be found in the e-Appendix 1 of our previous publica-
tion.26 The Apnoea–Hypopnoea Index (AHI) was calculated as 
the number of apnoea and hypopnoea events per hour of sleep 
(full PSG). Patients also completed the Epworth Sleepiness Scale 
(ESS). Subjects were classified as controls if AHI <5 events/hour, 
or  suffering  from  mild  (5≤AHI<15 events/hour),  moderate 
(15≤AHI<30 events/hour)  or  severe  OSA  (AHI≥30 events/
hour). Mean nocturnal oxygen saturation (SaO2) and time spent 
under 90% of SaO2 were also collected in order to characterise 
sleep apnoea severity. Overnight sleep studies were scored 
according to international guidelines.27

Arterial stiffness assessed by PWV
PWV was measured using the same technique for all studies: 
carotid and femoral waveforms were acquired with the Complior 
SP device (Alam Medical, France). The validation and repro-
ducibility of Complior measurements have been published else-
where.28 29 PWV is automatically calculated by the Complior from 
the transit time between simultaneous carotid and femoral tracings 
and the arterial distance between these two sites. At the time of the 
studies, the arterial distance pathway was estimated from surface 
measurements and later multiplied by 0.8 as advised by the latest 
expert consensus on PWV measurements.30 At least two measure-
ments of PWV were systematically performed. When the differ-
ence between measurements was less than 0.5 m/s, the mean value 
was kept. When the difference was above 0.5 m/s, a third measure-
ment was done and the median value was taken into account. The 
same procedure and methodology was conducted across studies.

Statistical analysis
Qualitative variables were described using numbers and 
proportion and quantitative variables are described using 
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Table 1 Patients’ characteristics for the whole population

n=893

Male (n (%)) 644 (72)

Age (years) 56±11

BMI (kg/m2) 29.9±6.9

  Normal (n (%)) 199 (22)

  Overweight (n (%)) 345 (39)

  Obese (n (%)) 163 (18)

  Severely obese (n (%)) 106 (12)

  Morbidly obese (n (%)) 80 (9)

Hypertension (n (%)) 694 (78)

Type 2 diabetes (n (%)) 401 (45)

Dyslipidaemia (n (%)) 551 (62)

OSA (n (%)) 683 (84)

SBP (mm Hg) 133±17

DBP (mm Hg) 81±12

HR (bpm) 69±12

PWV (m/s) 10.4±2.3

AHI (events/h) 36.8±24.1

Mean nocturnal SaO2 (%) 92.9±2.7

SaO2 <90% (% of recording time) 10.8±18.3

ESS score 9.5±5.2

Results are observed data. They are expressed as mean±SD or n (%). These 
percentages are before imputation of missing data. The imputation of missing data 
is shown in online supplementary table S3.
AHI, Apnoea–Hypopnoea Index; BMI, Body Mass Index; DBP, diastolic blood 
pressure; ESS, Epworth Sleepiness Scale; HR, heart rate; OSA, obstructive sleep 
apnoea; PWV, pulse wave velocity; SaO2, oxygen saturation; SaO2 <90%, percentage 
of recording time spent at a SaO2 <90%; SBP, systolic blood pressure.

Table 2 Patients’ characteristics according to OSA severity

Controls
AhI<5

Mild
5≤AhI<15

Moderate
15≤AhI<30

Severe
AhI≥30

N 58 97 237 501

Male n (%) 30 (52) 55 (57) 168 (71) 392 (78)*

Age (years) 52.0±13.1 56.4±13.6* 57±11.3* 56.0±11.5*

BMI (kg/m2) 29.3±7.9 29±7.5 28.7±6.8 30.7±6.9

Hypertension (n (%)) 33 (56) 65 (67) 185 (78) 413 (82)*

Type 2 diabetes (n (%)) 19 (33) 48 (50) 106 (45) 227 (45%)

Dyslipidaemia (n (%)) 34 (59) 56 (58) 138 (58) 323 (64)

SBP (mm Hg) 126±18 131±18 134±19* 134±17*

DBP (mm Hg) 74±15 74±12 81±13* 82±12*

HR (bpm) 68±15 67±14 69±13 71±15

PWV (m/s) 10.1±2.6 10.7±3 10.3±2.4 10.4±2.3

Mean nocturnal
SaO2 (%)

93.6±2.3 93.2±2.5 93.1±3.1 92.6±2.9*

SaO2 <90% (%) 6.1±16.6 6.8±14.3 6.4±14,1 14.0±20.9*

ESS score 7.9±5.7 8.5±8.4 9.2±6.5 10±5.3*

Results are observed data. They are expressed as mean±SD or n (%). These 
percentages are before imputation of missing data.
*P value versus controls <0.01. 
AHI, Apnoea–Hypopnoea Index (events/hour); BMI, Body Mass Index; DBP, diastolic 
blood pressure; ESS, Epworth Sleepiness Scale; HR, heart rate; PWV, pulse wave 
velocity; SaO2, oxygen saturation; SaO2 <90%, percentage of recording time spent 
at a SaO2 <90%; SBP, systolic blood pressure.

mean and SD. Missing values were imputed using a multiple 
imputation method when the proportion of missing values 
was <20%. Five datasets were generated using logistic regres-
sion for qualitative variables or linear regression for quantita-
tive variables, considering that missing values were random. 
More information about data imputation methods are given 
in online supplementary table S3. As PWV distribution was 
skewed, the analysis was first performed with log(PWV). 
However, a sensitivity analysis using untransformed PWV 
showed that the results did not differ from those using 
log(PWV). Hence, we re-analysed and present results from 
non-log-transformed PWV for easier interpretation by clini-
cians and readers.

A one-step individual patient data (IPD) meta-analysis was 
performed to adjust on patient variables. A univariate linear 
mixed model with a random effect by study was built to iden-
tify factors associated with PWV. Factors significantly associ-
ated with PWV and  severe OSA  (AHI≥30 events/hour) were 
introduced in a multivariate linear mixed model to identify 
independent factors associated with PWV. A backward selec-
tion was performed to identify the final multivariable model.

Comparisons of patients’ characteristics according to the 
AHI were performed using a univariate linear mixed model for 
quantitative values or logistic regression for qualitative ones.

P values <0.05 were considered statistically significant. Data 
were analysed using SAS V.9.4 (SAS Institute, Cary, North Caro-
lina, USA).

reSulTS
The nine studies included in the meta-analysis are detailed in the 
online supplement in terms of regulatory approval, design and 
publications (figure 1 and online supplementary table S1). All 
these studies concerned patients with OSA or suspected of OSA. 
There were six randomised and three observational studies.

The characteristics of the whole group of 893 patients are 
shown in table 1 and patients’ characteristics per study are shown 
in online supplementary table S2. Most subjects were men (72%) 
and 84% had confirmed OSA syndrome. We had a large range of 
PWV: from 5.3 to 20.5 m/s with a mean value of 10.4±2.3 m/s 
and also a large range of BMI: from 15 to 81 kg/m2 (mean value: 
30±7 kg/m2) with 22% normal, 39% overweight, 18% obese, 
12% severely obese and 9% morbidly obese patients.

Patients with confirmed OSA were older and had higher BP 
(table 2).

A two-step meta-analysis was also performed. Results are 
provided in the online supplement. A limited heterogeneity was 
observed across the nine studies (online supplementary figure 
S1).

The univariate analysis for the one-step IPD meta-anal-
ysis (figure 2) showed that PWV was strongly related to age 
(p<0.01), male gender (p<0.01), SBP (p<0.01), presence of 
diabetes (p<0.01), presence of dyslipidaemia (p=0.03) and ESS 
score ≥9 (p=0.04), and was not related to severe OSA defined 
by AHI ≥30 events/hour (p=0.14).

In multivariable analysis, PWV was independently associated 
with age, SBP and diabetes (all p<0.01), whereas severe OSA 
was not significantly associated with PWV (figure 3).

dISCuSSIon
To our knowledge, this is the first meta-analysis using individual 
patient data aiming to disentangle the respective influences of 
OSA and comorbidities on arterial stiffness. Most reviews and 
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Figure 2 Forest plot of the factors associated with PWV (univariate analysis). AHI, Apnoea–Hypopnoea Index; BMI, Body Mass Index; ESS, Epworth 
Sleepiness Scale; PWV, pulse wave velocity; SaO2, oxygen saturation; SBP, systolic blood pressure.

Figure 3 Forest plot of the independent factors associated with PWV (multivariate analysis). AHI, Apnoea–Hypopnoea Index; PWV, pulse wave 
velocity; SBP, systolic blood pressure.

previous meta-analyses used data from different groups with 
several different methods of arterial stiffness assessment.9 10 A 
strength of our meta-analysis using individual patient data was 
that all data came from a single centre with standard oper-
ating procedures and long expertise in performing PWV and 
sleep studies. The use of complete individual datasets allowed 
subgroup analyses to be made, to adjust for covariates and hence 
increase power, as recommended by Bratton et al.31

The systematic review of Doonan et al,9 published in 2011, 
found 24 studies investigating the effect of OSA on arterial stiff-
ness, while that of Phillips et al10 published 2 years later included 
28 studies. A broad variety of techniques had been used to 
assess arterial stiffness, some studies used carotid–femoral PWV, 
other studies used brachial-ankle PWV and some authors only 
estimated arterial stiffness indirectly by derivatives such as the 
Augmentation Index. Although most studies found a significant 
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difference in arterial stiffness between controls and patients with 
OSA, almost a third did not find a difference.14 19 Recently, Kim 
et al reported no association between OSA severity and arte-
rial stiffness assessed by brachial-ankle PWV in a population of 
patients over 60 years of age.20 Ankle-brachial PWV, as opposed 
to carotid–femoral PWV used in our meta-analysis, is not the 
internationally recognised standard method of measuring arte-
rial stiffness. Indeed, ankle-brachial PWV assesses arterial stiff-
ness over the aortic segment and also in the lower limbs. The 
brachial-ankle PWV or the Cardio-Ankle Vascular Index (CAVI), 
another non-standard measure of arterial stiffness, should not 
be used in patients with peripheral arterial disease (PAD), a very 
highly prevalent condition in patients with OSA.32 Alberto et 
al carefully excluded patients with PAD in their study and only 
observed a non-significant trend between CAVI and nocturnal 
intermittent hypoxia.33

In the present study, we systematically used the gold standard 
carotid–femoral PWV methodology to assess arterial stiffness. In 
univariate analysis, ESS score ≥9 was the only OSA parameter 
statistically associated with PWV. When studying non-selected 
OSA groups reflecting the diverse populations referred to a sleep 
clinic, the relationship between OSA and arterial stiffness is 
modest and only identifiable in univariate analysis in the patients 
with most severe OSA, who also have the highest prevalence of 
comorbidities.

As confirmed by our data, PWV and OSA syndrome share 
confounders. Besides age, BP is the strongest confounding factor 
of PWV.5 The prevalence of hypertension among patients with 
OSA is particularly high22 and OSA and hypertension are also 
linked in a dose-response fashion.34 35

The association between age SBP and PWV is complex, as 
shown by AlGhatrif et al.36 In our study, the interaction between 
age and SBP was tested in the model and was found to be not 
significant (p=0.06) showing that the impact of OSA on PWV 
remained unchanged. Obesity is very often associated with OSA 
syndrome.24 Seetho et al observed that normotensive obese 
subjects with OSA had a higher Augmentation Index than normo-
tensive obese subjects without OSA.23 The Augmentation Index 
is sometimes used as a surrogate measure of arterial stiffness; 
however, it is highly dependent on vascular tone and cardiac 
characteristics.37 In obesity and metabolic syndrome, vascular 
tone is modified. In our analysis, confirming previous results in 
patients without OSA,7 obesity did not play a significant role in 
the increased arterial stiffness. As stated by Drager et al, while 
OSA is one of the consequences of obesity, it might not have a 
large additional influence on cardiovascular risk.38 Chirinos et 
al showed that CPAP treatment has an incremental effect over 
weight loss alone in reducing blood pressure, but the impact of 
combined therapy on arterial stiffness was not evaluated.24

Despite the use of brachial-ankle PWV, it is interesting to note 
that Kim et al observed a relationship between arterial stiffness 
and OSA severity in a subgroup of patients over the age of 60 with 
no other comorbidity or medical treatment.20 They hypothesised 
that chronic diseases (hypertension, diabetes and dyslipidaemia) 
increased arterial stiffness while the use of antihypertensive, 
antidiabetic or lipid-lowering drugs might have a positive impact 
on PWV, blunting the association between arterial stiffness and 
OSA severity.20 In a meta-analysis, Wang et al looked at studies 
only comparing controls to patients with OSA free of other 
cardiovascular risk factors and also concluded that carotid–
femoral PWV is elevated by OSA per se.17 Our meta-analysis 
showed that arterial stiffness measured by PWV was marginally 
influenced by OSA in the presence of comorbidities. As stronger 
association might be found in the conduit arteries in of younger 

patients with OSA, which are more sensitive to sympathetic acti-
vation compared with the aorta. This requires further studies. 
The impact of OSA syndrome per se on the arteries seems negli-
gible compared with the impact of hypertension, diabetes and 
dyslipidaemia. This might explain why CPAP treatment has rela-
tively modest impact on BP or PWV.25 35 39 Only patients with the 
most severe OSA with higher baseline values significantly benefit 
from CPAP in terms of BP reduction.40 41 Careful management 
of OSA-associated comorbidities in combination with CPAP is 
more likely to have a greater impact on the occurrence of late 
cardiovascular events and survival.

limitations
Data were merged from observational and interventional clin-
ical trials. Therefore, the population might not be completely 
homogeneous depending on the specific inclusion and exclusion 
criteria of each trial. Moreover, while polygraphy was used in 
some studies, PSG was used in others, which might also have 
introduced some heterogeneity. Nevertheless, compared with 
other meta-analyses that included data from different centres 
with different techniques for PWV measurements, the impact 
was certainly small. Moreover, significant hypoxia was present 
in the control non-OSA group and was explained by documented 
COPD or morbid obesity and smoking, which were not included 
in the analysis. We cannot exclude a bias in patient recruitment, 
and our results might not be generalisable to the general OSA 
population. However, our population exhibited multiple comor-
bidities, which is clinically relevant. We observed a tendency 
to higher PWV in patients with OSA than in controls, which 
was not significant after adjustment in multivariable analysis, 
potentially owing to the small size of the control group. Finally, 
the cross-sectional nature of our meta-analysis does not allow 
us to explain any causality other than associations between the 
observed parameters.

ConCluSIon
Our individual patient meta-analysis showed that elevated arte-
rial stiffness in patients with OSA is mainly driven by the conven-
tional cardiovascular risk factors; age, BP and the presence of 
diabetes and apnoea severity indices had limited influence.
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