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Ágrip  

Inngangur: Kæfisvefn er algengur svefnsjúkdómur sem einkennist af 

tíðum öndunarstoppum í svefni og óeðlilegri dagsyfju. Faraldsfræði-

rannsóknir sýna að a.m.k. 2 - 4% almennings þjáist af kæfisvefni en tíðnin 

er mun hærri hjá einstaklingum með offitu. Kæfisvefnssjúklingar hrjóta 

flestir hátt en eru að auki með ýmis önnur einkenni í breytilegum mæli t.d. 

nætursvita. Mikilvægt er að auka þekkingu á einkennum kæfisvefns því 

slík einkenni veita m.a. vísbendingu um hvenær ástæða er til 

svefnmælingar hjá einstaklingum með ógreindan kæfisvefn. Kæfisvefn er 

þekktur áhættuþáttur fyrir hjarta- og æðasjúkdóma, en hluti sjúklinga 

virðist þó verndaður fyrir þeim neikvæðu afleiðingum kæfisvefns. Af 

þessum sökum er áríðandi að skilja betur breytileika milli einstaklinga m.a. 

með mælingum á bólguboðefnum sem gefa til kynna áhættu á hjarta- og 

æðasjúkdómum. Þær upplýsingar nýtast til þróunar á einstaklingsbundinni 

meðferð kæfisvefns og markvissari forvarna á tengdum sjúkdómum.  

Tilgangur: Að meta hvort tíður nætursviti sé einkenni kæfisvefns. Að 

meta hver séu sjálfstæð áhrif kæfisvefns á styrk bólguboðefnanna 

interleukin-6 (IL-6), C-reactive protein (CRP) og leptíns í blóði, óháð offitu. 

Að meta þátt einstaklingsbreytileika í nætursvita og boðefnastyrk í blóði.  

Aðferðir: Samband kæfisvefns og einkenna nætursvita var metið með 

samanburði á 822 ómeðhöndluðum kæfisvefnssjúklingum (Íslenska 

kæfisvefnsrannsóknin, 666 karlar og 156 konur) og 703 þátttakendum úr 

almennu þýði (374 karlar og 329 konur). Kæfisvefnssjúklingarnir voru 

endurmetnir tveimur árum eftir að meðferð með svefnöndunartæki hófst (n 

= 741, 90,1%). Kæfisvefnssjúklingarnir fóru í svefnmælingu þar sem 

alvarleiki kæfisvefns var mældur með fjórum mismunandi stöðlum: fjöldi 

öndunarstoppa/klst. (AHI), fjöldi súrefnismettunarfalla/klst. (ODI), tími í 

súrefnisskorti (< 90% súrefnismettun) og lágmarksgildi súrefnismettunar 

yfir nóttina. Segulómun af kvið m.t.t. iðrafitu og fitu undir húð var einnig 

gerð. Í úrtaki 15 annars heilbrigðra karla með kæfisvefn, var nætursviti 

metinn sem húðleiðnistuðull (EDA) í svefni (fjöldi atburða/klst.) bæði fyrir 

og eftir 3 mánaða meðferð. Mæling á IL-6, CRP og leptíni í blóðvökva var 

framkvæmd hjá fyrstu 454 ómeðhöndluðu kæfisvefnssjúklingunum í 

Íslensku kæfisvefnsrannsókninni.  

Niðurstöður: Tíðum nætursvita (≥ 3x viku) var lýst hjá 31,1% 

kæfisvefnssjúklinga en aðeins 11,1% af almennu þýði (p < 0,001). Þessi 

munur hélst marktækur eftir að tekið hafði verið tillit til lýðfræðilegra þátta. 

Tíður nætursviti tengdist lægri aldri, greindum hjarta- og æðasjúkdómum 

ásamt háþrýstingi, dagsyfju og erfiðleikum við að sofna og viðhalda svefni 

en enginn kynjamunur fannst. Algengi tíðs nætursvita minnkaði í 11,5% 
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við meðferð með svefnöndunartæki (p < 0,003). Hjá þeim 15 

kæfisvefnssjúklingum þar sem sviti var mældur, lækkaði húðleiðnistuðull 

einnig marktækt við meðferð, að meðaltali  (±  staðalfrávik) úr 132 (± 22) í 

79 (± 18) atburði/klst (p = 0,04). Ómeðhöndlaðir kæfisvefnssjúklingar með 

háan húðleiðnistuðul voru einnig líklegri til að vera með háan slagþrýsting, 

bæði kvölds og morgna (p < 0,01). Fylgni var á milli lækkunar á 

húðleiðnistuðli við meðferð og lækkunar á blóðþrýstingi, bæði slag- og 

þanþrýstingi (p < 0,05). 

Hjá ómeðhöndluðum kæfisvefnssjúklingum (n = 454) var marktæk 

fylgni á milli aukins alvarleika súrefnismettunarfalla og hærri styrks IL-6, 

CRP og leptíns en engin fylgni við fjölda öndunarstoppa. Þegar hópnum 

var skipt í þrennt eftir líkamsþyngdarstuðli (body mass index, BMI) (BMI < 

30, BMI 30 - < 35 and BMI ≥ 35 kg/m
2
), var alvarleiki kæfisvefns einungis 

tengdur blóðstyrk IL-6 og CRP hjá þátttakendum með offitu. Hins vegar 

fundust engin tengsl á milli alvarleika kæfisvefns og leptínstyrks, innan 

neins BMI hóps. Fjölþátta línuleg aðhvarfsgreining staðfesti sjálfstæð 

tengsl milli alvarleika kæfisvefns og IL-6 styrks og víxlverkun milli 

alvarleika kæfisvefns og BMI. Offita breytti tengslum milli alvarleika 

kæfisvefns og IL-6 þannig að lítil sem engin tengsl voru hjá einstaklingum 

með BMI < 30 en alvarleiki kæfisvefns var einungis tengdur IL-6 styrk hjá 

einstaklingum með offitu. Svipuð en veikari tengsl fundust milli alvarleika 

kæfisvefns og BMI á CRP blóðstyrk hjá karlmönnum og en eingöngu hjá 

konum eftir tíðahvörf. Hins vegar fundust engin marktæk tengsl milli 

alvarleika kæfisvefns og leptínstyrks í blóði, en kyn útskýrði 21,2% af 

breytileika og BMI 38,7% í leptínstyrk.  

Ályktanir: Tíður nætursviti er einkenni kæfisvefns sem a.m.k. þriðjungur 

kæfisvefnssjúklinga upplifir. Einkenni tíðs nætursvita voru þrisvar sinnum 

algengari hjá ómeðhöndluðum kæfisvefnssjúklingum en í almennu þýði og 

lækkaði niður í algengi almenns þýðis við reglubundna meðferð með 

svefnöndunartæki. Mælingar sýndu einnig minnkaðan nætursvita við 

meðferð kæfisvefns. Tíður nætursviti hjá kæfisvefnssjúklingum er 

mögulega merki um aukna áhættu á sjúkdómum í hjarta- og æðakerfi. 

Alvarleiki kæfisvefns hefur sjálfstætt forspárgildi fyrir styrk IL-6 og CRP 

bólguboðefna í blóði og aukna áhættu á hjarta- og æðasjúkdómum en 

þessi tengsl finnast eingöngu hjá kæfisvefnssjúklingum með offitu. Hins 

vegar eru offita og kyn helstu spáþættir fyrir leptínstyrk. Við mat á 

neikvæðum afleiðingum kæfisvefns þarf því að hafa í huga 

einstaklingsbundinn breytileika í viðbrögðum við kæfisvefni.  

Lykilorð: Kæfisvefn, offita, nætursviti, boðefni, bólguviðbrögð 
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Abstract  

Introduction: Obstructive sleep apnea (OSA) is a common sleep disorder 

that is characterised by frequent cessation of breathing during sleep and 

excessive daytime sleepiness. Epidemiological studies show that at least 

2 - 4% of the general population suffers from OSA and that the 

prevalence is much higher in obese subjects. OSA patients usually snore 

loudly but also have other more variable symptoms such as nocturnal 

sweating. It is important to recognise better the clinical symptoms of OSA 

as such knowledge is e.g. informative for the need of a sleep study in 

undiagnosed OSA patients. OSA is a known risk factor for cardiovascular 

disease (CVD) but some patients appear to be protected against the 

adverse consequences of OSA. It is important to understand this inter-

individual difference better, e.g. by measuring inflammatory biomarkers as 

indicators of increased CVD risk. This information can be used for the 

development of personalized treatment of OSA and better prevention of 

its comorbidities.  

Objectives: To assess whether frequent nocturnal sweating is a symptom 

of OSA. To assess the relationship of OSA severity with levels of 

inflammatory biomarkers interleukin-6 (IL-6), C-reactive protein (CRP) and 

leptin in blood, independent of obesity. To evaluate the role of 

interindividual differences in both nocturnal sweating and levels of 

inflammatory biomarkers in blood.  

Methods: The relationship between OSA and reported nocturnal 

sweating was assessed by comparing 822 untreated OSA subjects in the 

Icelandic Sleep Apnea Cohort (ISAC, 666 males and 156 females) to 703 

subjects in a general population cohort (374 males and 329 females). The 

ISAC cohort was re-assessed two years after starting positive airway 

pressure (PAP) treatment (n = 741, 90.1%). The OSA patients underwent 

a sleep study assessing OSA severity by four different indices; the apnea-

hypopnea index (AHI), the oxygen desaturation index (ODI), hypoxia time 

(minutes with oxygen saturation < 90%) and the minimum oxygen 

saturation (minSaO2) during the night. Magnetic resonance imaging of 

abdominal visceral and subcutaneous fat volume was performed. 

Objective nocturnal sweating was assessed by the electrodermal activity 

(EDA) index during sleep in a subset of 15 otherwise healthy OSA males 

while untreated and after 3 months of PAP treatment. Measurement of 

serum IL-6, CRP and leptin levels was performed cross-sectionally for the 

first 454 untreated OSA subjects in the ISAC cohort.  

Results: Frequent nocturnal sweating (≥ 3x a week) was reported by 

31.1% of the OSA cohort vs. only 11.1% of the general population cohort 
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(p < 0.0001). This difference remained significant after adjustment for 

demographic factors. Nocturnal sweating was related to younger age, 

presence of CVD and hypertension, daytime sleepiness, and difficulties 

initiating and maintaining sleep but no gender differences were found. The 

prevalence of frequent nocturnal sweating decreased to 11.5% with PAP 

treatment (p < 0.003). Also, in the 15 OSA patients with objective 

measures of sweating, the mean (± standard deviation) EDA index during 

sleep decreased from 132 (± 22) events/hr. in untreated patients to 79 (± 

18) events/hr. on PAP treatment (p = 0.04). Untreated patients with high 

EDA indices also had high systolic blood pressure in the evening and 

morning (p < 0.01). A decrease in EDA index with treatment correlated 

with a decrease in systolic and diastolic blood pressure (p < 0.05).  

In untreated ISAC participants (n = 454), oxygen desaturation 

severity indices were significantly correlated with higher levels of IL-6, 

CRP and leptin, but AHI was not. When stratified by BMI category (BMI < 

30, BMI 30 - 35 and BMI ≥ 35 kg/m
2
), OSA severity was associated with 

IL-6 and CRP levels in obese participants only. However, no relationship 

was found between OSA severity and leptin levels, in any of the BMI 

groups. A multiple linear regression model confirmed an independent 

association between OSA severity and IL-6 levels as well as an 

interaction between OSA severity and BMI. The degree of obesity altered 

the relationship between OSA severity and IL-6 levels, so that no 

relationship was found in the nonobese but only in the obese subjects. A 

similar but weaker relationship was found between OSA severity and BMI 

on CRP levels for males and postmenopausal women. However, no 

relationship of OSA severity was found with leptin levels, but gender 

explained 21.2% of the variance and BMI 38.7% in leptin levels.  

Conclusions: Frequent nocturnal sweating is reported by a third of OSA 

patients. The prevalence of reported frequent nocturnal sweating was 

threefold higher in untreated OSA patients than in the general population 

and decreased to general population levels with full PAP treatment. 

Objective measurements also showed a decrease of nocturnal sweating 

with treatment. Frequent nocturnal sweating in OSA patients may be an 

indicator of increased CVD risk. OSA severity is an independent predictor 

of increased IL-6 and CRP levels and increased CVD risk but this 

association is only found in obese patients. However, obesity and gender 

are the dominant determinants of leptin levels. When assessing the 

adverse effects of OSA, interindividual differences in the response to OSA 

need to be considered.  

Keywords: obstructive sleep apnea, obesity, nocturnal sweating, 

biomarkers, inflammatory response 
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1 Introduction   

1.1 What is obstructive sleep apnea? 

Obstructive sleep apnea (OSA) is characterized by repeated cessation of 

breathing (apneas) or declines in breathing (hypopneas) during sleep due to 

closure of the upper airway (Figure 1). The severity of OSA is measured by the 

apnea-hypopnea index (AHI), i.e., the number of apneas and hypopneas per 

hour of sleep. An AHI less than 5 is considered normal, 5 - ≤15 mild disease, 15- 

≤ 30 moderate disease, and ≥ 30, a breathing stop at least every other minute, a 

severe disease (for a review see
1
). 

These breathing disturbances result in the following: repetitive decreases in 

oxygen saturation causing cyclical deoxygenation/reoxygenation; interruption of 

sleep with frequent arousals (sleep fragmentation) causing loss of rapid eye 

movement (REM) sleep and slow wave sleep (stages 3-4); episodic hypercapnia 

and repeated changes in intrathoracic pressure (for reviews, see
1, 2

).   

Figure 1. Typical sleep recording of a subject with obstructive sleep apnea (OSA). 

Recording of airflow shows apneas followed by oxygen desaturations and arousals 

(arrows) in the electroencephalography (EEG) during sleep. Chin electromyography 

(EMG) is also shown.  
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Obstructive sleep apnea is common. It affects at least 4% of middle-aged 

males and 2% of middle-aged females
3
. Among obese subjects, these 

percentages are much higher
3, 4

. Moreover, these prevalence estimates are 

based on a conservative definition of OSA: the presence AHI ≥ 5 and the 

presence of excessive daytime sleepiness, named obstructive sleep apnea 

syndrome (OSAS). Considering only the presence of disordered breathing 

during sleep, i.e., with or without complaints of excessive sleepiness, the 

prevalence is even higher
3
.  

Interestingly, one of the first OSA patient described in history was likely a 

character in the Icelandic Snorra-Edda by Snorri Sturluson (1179-1241). There 

he presents a giant sleeping on his back, snoring massively with symptoms of 

extreme sleepiness (Figure 2). However, recognition of OSA as an important 

clinical syndrome began much later and, while clinically described, was 

considered a rare disorder until 20 – 30 years ago (reviewed by
1
).  

The main symptoms of OSA during sleep are loud and disturbing snoring 

together with witnessed respiration cessations. Other night symptoms may 

include disturbed sleep and less well described symptoms such as nocturnal 

sweating, nocturia and gastroesophageal reflux (GER). Daytime symptoms 

include excessive sleepiness, fatigue and poor concentration (reviewed by
5
).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The giant snoring on his back causing the ground to shake. Þór is trying to 

smash the giant’s head with his hammer. In Snorra-Edda by Snorri Sturluson (1179-

1241). Reproduced from www.hurstwic.org/history/articles/mythology/myths/text/ 

thor_utgard.htm 
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Obesity, in particular central obesity, is the most important risk factor for 

OSA
3, 6, 7

. Among obese subjects the prevalence of OSA is much higher than in 

general population cohorts, up to ~90% in the morbidly obese
4, 8, 9

. Increased 

adipose tissue (e.g., parapharyngeal fat pads), as well as enlargement of soft 

tissues around the airway, such as the tongue, cause a reduction in airway size 

(Figure 3) and decreased lung volume (reviewed by
10

). Visceral fat accumulation 

is more associated with adverse health effects than other fat deposits (reviewed 

by
11

) and may also be more associated with the presence of OSA than other 

measures of obesity
6, 12, 13

. Other factors that narrow the size of the upper 

airways such as retroposed mandible and adenotonsillar hypertrophy (reviewed 

by
14

) are also a risk factor for OSA. A family aggregation is found, even though 

little is known about specific genes conferring risk (reviewed by
1
). 

A)                                           B) 

Figure 3. Magnetic resonance imaging (MRI) of the upper airway of a) a normal 

individual and b) a typical sleep apnea patient. The decreased size of the upper airway 

due to obesity and narrower upper airway anatomy is clear (e.g. larger tongue and 

smaller mandible). Fat is shown in white. Reproduced from a) Schwab et al. 2005
14

 and 

b) from Schwab, personal files. 

 

A particular advantage in studying this common condition is that there is a 

safe, effective therapy—nasal positive airway pressure (PAP, Figure 4), which 

prevents the closure of the upper airway and its consequences (see meta-

analysis
15

). The meta-analysis showed a significant decrease in sleepiness (both 

objective and subjective), quality of life improved and blood pressure decreased 

with PAP treatment
15

. The majority of patients show reasonable compliance 

(device use >4 hours per night)
16-18

 and improvements in morbidity and mortality 

with PAP treatment have been found in longitudinal observational studies
19-21

.  
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Figure 4. A schematic of how positive airway pressure (PAP) treatment prevents the 

closing of the airway and allows for normal breathing. Reproduced from 

www.aafp.org/afp/20040201/561.html. 

1.2 Pathogenic mechanisms of OSA 

An important question is how OSA causes its adverse physiological effects and 

how to show the independent effects of OSA in the presence of  comorbid 

conditions like obesity. A schematic figure from Paper V focusing on the 

molecular signature of OSA and the role of obesity is shown below (Figure 5). In 

the following sections, the evidence supporting the role of the main molecular 

pathways causing OSA-related comorbidities are discussed and how they may 

lead to the increased prevalence of hypertension, cardiovascular disease and 

diabetes. The confounding effects of obesity and other comorbidities are 

discussed, as well as the role of inter-individual differences in the response to 

OSA. 

 

 

 

 

 

http://www.aafp.org/afp/20040201/561.html
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Figure 5. The possible pathogenic mechanisms of obstructive sleep apnea, leading to 

changes in molecular biomarkers and comorbidities. The confounding effect of obesity 

that affects the same molecular pathways is highlighted. Abbreviations: NF-κB, Nuclear 

factor kappa B; ROS, reactive oxygen species; HIF-1α, hypoxia inducible factor-1 alpha. 

Reproduced from paper V. 

1.2.1 The physiological challenges of OSA 

1.2.1.1 Chronic intermittent hypoxia 

Chronic intermittent hypoxia (CIH) is thought to play a key role in the OSA 

pathogenic mechanisms (Figure 5 and for reviews, see
22-24

). Cyclical hypoxia 

with reoxygenation is thought to be like repeated ischemia-reperfusion damage 

with increased reactive oxygen species production during the restoration of 

oxygen, as occurs in an ischemic region when blood flow is restored (ischemia 

reperfusion). The increased production of reactive oxygen species is thought to 

cause oxidative stress, activation of proinflammatory cytokines, and adhesion 

molecules through activation of the proinflammatory transcription factor nuclear 

factor kappa B (NF-κB). The activation of inflammatory and adhesion molecules 
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is then believed to activate circulating cells (e.g., monocytes, endothelial cells 

and lymphocytes) causing endothelial dysfunction followed by cardiovascular 

and cerebrovascular disease.  

Animal and cell models generally support the idea of CIH as an important 

player in the OSA pathophysiology. CIH in rodent models has been shown to 

cause vascular remodeling
25, 26

 and atherosclerosis, but only when combined 

with a high fat diet
27

. Additionally CIH in rodent models has been found to cause 

increased sympathetic activation and hypertension
25, 28

, persistent sleepiness
29

, 

neuronal injury
29-31

 and  insulin resistance
32, 33

.  

There is also activation of the transcriptional factor hypoxia induction factor-

1 alpha (HIF-1α), a key factor in oxygen homeostasis, which causes direct 

activation of >50 downstream molecules such as erythropoietin (reviewed by
22

) 

in response to CIH in animal and cell models
34-36

. Activation of HIF-1α plays an 

important role in the sympathetic response, increased blood pressure and 

increased triglyceride levels in animal models
35, 36

. It has also been shown that 

NF-κB is a key transcriptional activator of HIF-1α, linking the proinflammatory 

and hypoxic response pathways together
37

.  

It is important to note, however, that the CIH referred to in animal and cell 

models is usually more acute and with much more severe hypoxia than is found 

in OSA, limiting generalizability to the studying of real-life OSA patients 

(reviewed in Paper V). Additionally, the CIH may occur during waking periods in 

animals and the methodology used in different laboratories to produce CIH is 

very diverse
38

, further complicating the comparison with OSA. In addition, not all 

organs may experience systemic CIH in the same manner. A recent study 

showed that during CIH, oxygen fluctuations were found in the liver, attenuated 

fluctuations in muscle and sustained hypoxia in fat
39

. Also, adipose tissue 

hypoxia appears to occur in obesity per se, likely due to the lower perfusion of 

adipose tissue and capillary rarefaction of arteries, causing inflammation in the 

absence of OSA
40-43

.  

The effect of intermittent hypoxia has also been assessed in humans. 

Studies in awake
44, 45

 and more recently in sleeping
46-48

 healthy human subjects 

for up to 28 nights have shown that intermittent hypoxia causes increased 

sympathetic activation and an increase in blood pressure. Moreover, 

administration of 100% oxygen to OSA patients during obstructive events 

diminishes the sympathetic response to apneas.
49

 These studies therefore 

support the findings from animal models that chronic intermittent hypoxia leads 

to increased sympathetic activation. However, no changes were found in 

inflammatory biomarkers in blood during 14 nights of intermittent hypoxia
47

. 
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1.2.1.2 Arousals and sleep fragmentation 

CIH is not the only physiological challenge that occurs during apneic events; 

there is also the challenge of sleep fragmentation with repeated arousals. Each 

of these arousals is associated with a burst of sympathetic activity
50-52

 and 

cardiac changes, including surges in blood pressure
53, 54

. Repetitive arousals 

lead to elevated cortisol and lipid levels
55

, increased metabolism
56

 and 

neurobehavioral deficits as a consequence of sleep fragmentation
56, 57

. The role 

of sleep fragmentation has not received as much attention as intermittent 

hypoxia. However, short sleep duration is increasingly common in our society
58

. 

It not only causes behavioral and neurobehavioral consequences (reviewed 

by
59

) but is also associated with increased risk of hypertension, weight gain, type 

2 diabetes and mortality (meta-analysis by
60-63

). Studies of partial sleep 

deprivation for 1-10 nights have also shown increases in systemic 

inflammation
64-66

.   

1.2.2 Molecular mechanisms affected by OSA  

1.2.2.1 Oxidative stress  

Studies of oxidative stress in OSA have shown conflicting results, and many 

have used measures that are controversial regarding their ability to assess 

oxidative stress (reviewed in Paper V). However, a growing number of human 

studies support the presence of systemic oxidative stress in OSA
67-86

. Studies 

showing no oxidative stress in OSA are also reported but are much fewer in 

number
87-90

. It is important to note that some of the studies performed have used 

poorly matched control groups, usually with large BMI differences, that limit the 

significance of their findings
71, 78, 79, 81, 84

.   

1.2.2.2 Inflammation 

Based on the overall oxidative stress model described above, increased reactive 

oxygen species production should cause increased expression of inflammatory 

cytokines through activation of NF-κB in OSA patients.  

Interleukin-6 (IL-6) and C-reactive protein (CRP) are key inflammatory 

biomarkers associated with an increased risk of atherosclerosis and 

cardiovascular disease (CVD)
91

. IL-6 stimulates production of the 

proinflammatory CRP in the liver (the main production site for CRP)
92

. A total of 

15-30% of circulating IL-6 levels come from fat tissue
92

. The levels of both IL-6 

and CRP are increased in obesity
92

 and IL-6 release has been found to be two- 

to threefold higher in visceral than subcutaneous fat
93, 94

. However, the increase 

in IL-6 comes mostly from non-fat cells within the adipose tissue, not the 

adipocytes themselves. Therefore IL-6 can be considered an adipokine but it is 

also released by other cell types such as endothelial cells and monocytes
92

. 
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 Some studies have found significant associations between OSA and IL-6 

and/or CRP levels
13, 95-107

 and/or decrease with continuous positive airway 

pressure (CPAP) treatment
97, 106, 108-113

. There are, however, conflicting studies 

that do not show independent associations of OSA and IL-6 and/or CRP 

levels
103, 114-129

 or no change with CPAP treatment
105, 124, 130-136

. Two recent meta-

analyses did show an overall significant decrease in CRP levels with >4 weeks 

of PAP treatment
137, 138 

but did suggest potential racial differences, as well as a 

publication bias, with a lack of negative studies being published. The role of the 

level of obesity, visceral fat and other potential confounding effects on 

inflammation in these earlier studies has not been adequately addressed. Due to 

the common co-existence of obesity and OSA, it is important to understand how 

the two disorders may interact in determining inflammatory levels. In the most 

obese patients the effects of OSA on inflammation may be small due to the 

already high stimulation by obesity. Alternatively, it may be that the effect of 

OSA is amplified by the increased number of inflammatory cells in fat in more 

obese patients
139

.  

1.2.2.3 Sympathetic Activity  

As shown above, both CIH and sleep fragmentation can lead to increased 

sympathetic activity. Indeed, increased sympathetic activity has been shown in 

untreated OSA compared to controls and PAP treatment by microneurography, 

a direct measure of muscle nerve sympathetic activity
140, 141

. Another way is to 

measure the levels of catecholamines epinephrine and norepinephrine in plasma 

or urine, which reflect different functions of the catecholamine systems; 

adrenomedullary hormonal activation and sympathetic neuronal activation, 

respectively
142

. OSA patients have been found to have higher levels of plasma 

and urinary norepinephrine levels
143-146

, albeit not in all studies
147

. More severe 

OSA is also correlated with higher daytime sympathetic activity and a decrease 

with PAP treatment
140, 148

. The results for epinephrine levels are less convincing, 

as levels were similar in OSA subjects compared to well-matched controls in two 

studies
144, 145

. Some studies have found a small decrease with PAP
149, 150

. but 

not all
151.

 Factors influencing the decrease in sympathetic activity with PAP 

treatment include PAP compliance
152

, length of treatment
153

 and whether 

subjects are normotensive or hypertensive to begin with
154

. The increase in 

blood pressure found in many untreated OSA patients is considered, at least 

partly, a result of their high sympathetic activity
155, 156.

  

1.2.2.4 Adipokines 

Sympathetic activity, oxidative stress and inflammation may be the most 

important domains affected by the pathogenic mechanisms of OSA, surely the 

most studied so far. However other domains such as adipokines produced by 

white adipose tissue (reviewed by
157, 158

), are potentially affected as they are 
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influenced by the primary mechanisms occurring in OSA: sympathetic activity, 

oxidative stress, and inflammation (reviewed in V).  

One of the most researched adipokines in OSA subjects is leptin. Leptin is 

an adipokine released peripherally from fat cells that contributes to regulating 

body adiposity through a feedback loop whereby elevations in leptin are 

recognized by the central nervous system, acting as a satiety signal to suppress 

appetite (reviewed by
159

). Leptin also has an immunomodulatory role
160-163

 and is 

both activated by proinflammatory mediators
164-166

 and works as a stimulant of 

proinflammatory cytokine production such as IL-6 and tumor necrosis factor-

alpha (TNF-α)
167

. Leptin resistance in the brain is thought to be responsible for a 

failure of the high levels of circulating leptin to suppress appetite, ultimately 

resulting in increased food intake and adiposity. The central leptin resistance is 

site-specific since other functions of leptin in regulating inflammation and 

sympathetic activation remain intact. Therefore, high leptin levels may be a part 

of the cascade causing the low-grade systemic inflammation and sympathetic 

nervous system-mediated hypertension commonly seen in obesity
159

 and high 

leptin levels are considered an independent risk factor for cardiovascular 

disease
168, 169

.  

Some studies have found that OSA subjects have higher leptin levels than 

controls
12, 13, 145, 170-180

 even when matched for BMI
12, 145, 171, 172, 177, 179

 and a 

decrease in leptin levels with PAP treatment
172, 180-187

. There are, however, 

conflicting data showing no differences in leptin levels between OSA subjects 

and controls
129, 188-194

 and no change with PAP treatment
134, 188, 194-198

. Finally, 

three small studies suggest differential effects of OSA on leptin levels depending 

on obesity; two studies showing effects of OSA in lean subjects only but the third 

showing effects in obese subjects only
190, 199, 200

. None of these studies have 

adequately addressed the relative role of subcutaneous and visceral fat, which 

may be an important factor since subcutaneous fat has been found to produce 

more leptin than visceral fat
201-203

.   

1.3 Adverse consequences of OSA 

1.3.1 Hypertension 

OSA is an independent risk factor for hypertension
204-207

, in a dose-dependent 

manner
204, 205, 208

. Randomized controlled PAP trials have repeatedly shown a 

modest decrease in 24-hour ambulatory mean blood pressure as confirmed by 

meta-analysis
209

, especially in more severe OSA and with higher PAP usage
210

. 

Hypertensive patients are also more likely to show a decrease in blood pressure 

with PAP than normotensive ones
211, 212

. However, no beneficial effect of PAP 

on blood pressure has been found in nonsleepy OSA patients
213, 214

. Data from a 

canine OSA model support a causal OSA effect on hypertension as dogs with 

simulated OSA for 1-3 months developed increased day- and nighttime blood 
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pressure, while dogs with recurrent arousals developed increased nighttime 

blood pressure only
215

.   

Diastolic blood pressure may rise before systolic in the development of 

hypertension in OSA
216

 and both diastolic, nighttime and masked hypertension 

are underdiagnosed in untreated OSA patients
217, 218

. OSA is also an 

independent risk factor for pulmonary hypertension, which then decreases with 

PAP treatment
219

. OSA is highly prevalent in hypertensive patients
220-223

, 

especially in younger subjects with drug-resistant hypertension
220, 224

, and PAP 

treatment has been shown to effectively lower blood pressure in these 

subjects
225

.  

Interindividual differences exist in the development of hypertension among 

OSA patients as about half of OSA patients develop hypertension
205, 226, 227

 

(Figure 6). One potential component to the differences is genetic variability. 

There is now a large literature on genes conferring risk for hypertension, insulin 

resistance and cardiovascular disease
228-232

 but a limited number of studies has 

addressed the question of causes for interindividual differences in the 

development of hypertension in OSA patients.  

Figure 6. The prevalence of systemic hypertension, myocardial infarction (MI) and 

diabetes in Icelandic sleep apnea patients (n = 1303). Note the clustering of comorbidities 

within a subset of the cohort and that 41% of subjects have no comorbidities. 

Reproduced from Pack & Gislason 2009
227

.  
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1.3.2 Cardiovascular disease 

Recent epidemiology research has clearly shown an increased risk of 

cardiovascular events and mortality rate among untreated OSA subjects which is 

reduced with PAP treatment
19-21, 233-240

. Males under the age of fifty with OSA 

appear to be especially vulnerable as they have a higher mortality rate 

compared to the general population and older males with OSA
235, 236

. Risk 

factors for mortality in sleep apnea patients include diabetes, obesity and 

chronic heart failure
241

. Also, OSA subjects have an increased risk of sudden 

death when sleeping compared to subjects with no OSA and the general 

population
242

. 

Cardiovascular risk factors such as endothelial dysfunction, increased 

carotid intima-media thickness and arterial stiffness have been shown to be 

increased in OSA patients compared to age and BMI-matched controls
95, 243-247

. 

This increased risk is correlated to OSA severity
248-250

 and has been shown to 

decrease with PAP treatment
113, 243, 251, 252

.  

Endothelial function has been proposed to be the link between OSA and 

cardiovascular disease as endothelial dysfunction promotes atherosclerosis and 

increases the risk of cardiovascular disease (reviewed by
23, 253

). The intermittent 

hypoxia is thought to cause an increase in reactive oxygen species which evoke 

inflammatory responses. The inflammation in turn activates circulating blood 

cells, platelets and endothelial cells, causing increased adhesiveness, injuries to 

endothelial cells and endothelial dysfunction (reviewed by 
24

).  

Interindividual differences exist again as the results for individual subjects 

are very diverse
243, 244

 and some OSA subjects have similar endothelial function 

to that of the controls, indicating that some OSA patients may not be at as high 

risk for cardiovascular comorbidity
243

.  

1.3.3 Insulin Resistance and Diabetes 

Studies in animal models support the notion that chronic intermittent hypoxia is a 

key factor leading to insulin resistance
32, 33

. Sleep fragmentation may also play a 

role 
254

. Many studies have reported an association between impaired glucose 

metabolism and OSA. However, two recent metaanalyses did not support the 

hypothesis that OSA independently influences glucose metabolism
255, 256

. A 

longer follow-up time than in traditional studies may, however, be needed to see 

changes
257

.  

1.3.4 Sleepiness 

Excessive daytime sleepiness is an important symptom of OSA and an integral 

part of the definition of OSAS
258

, as explained above.  Studies generally show 

more objectively and subjectively measured sleepiness in OSA patients than 
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controls 
259-262

 and a significant reduction in sleepiness with PAP
263-266

. The 

effects of PAP in mild to moderate OSA are small but significant (metaanalysis 

by
267

).  Untreated OSA patients are at an increased risk of crashing while 

driving
268, 269

, making excessive daytime sleepiness a serious consequence of 

OSA. 

The number of subjects with OSA (even severe disease) but no 

hypersomnolence is, however, considerable
3, 214

. This raises the question why 

some people with OSA are sleepy
270

 and some are not despite a similar severity 

of disease. Studies looking at interindividual differences in sleepiness in healthy 

individuals after sleep deprivation may help to answer this question as very 

diverse responses are seen in objective and subjective sleepiness and 

performance (reviewed by
271

), possibly due to differential activation of various 

brain regions
270, 272

. The same mechanisms that cause such interindividual 

differences in response to total sleep deprivation may be at work in OSA. Sleepy 

OSA patients are more likely to initiate PAP treatment than non-sleepy 

patients
273

 and studies focusing on non-sleepy OSA patients have found no 

beneficial effect of PAP treatment on blood pressure, hypertension and 

cardiovascular events nor on quality of life, objective sleepiness, and memory
213, 

214, 274, 275
. Additional research in this area is required to understand whether 

non-sleepy OSA patients are in need of PAP treatment or not. 

 

1.3.5 Night symptoms - Nocturnal sweating  

The adverse effects of OSA include the night symptoms experienced by the 

untreated OSA patients. Many patients experience troubled sleep with many 

nighttime awakenings. Also some patients describe severe nocturnal sweating. It 

has been reported clinically that half of OSA patients report nocturnal sweating, 

usually around the neck and upper body area
276

. and two small studies have 

shown a reduction in symptoms with PAP treatment
277, 278

.  

Sweating is solely controlled by the skin sympathetic nervous system and 

mainly functions to increase heat loss when necessary and maintain 

thermoregulation. Body temperature and sleep are highly interrelated as the 

lowering of body temperature and increased distal vasodilation shorten sleep 

onset latency (reviewed by
279

). Also sleep quality is affected by slight changes in 

core body temperature, a decrease of 0.2°C due to external cooling causing an 

increase in deep sleep
280

 and an increase of 0.3°C causes more disturbed 

sleep
281

. Sweating can be assessed objectively by measuring electrodermal 

activity (EDA), a measurement of the sympathetic activation of the eccrine sweat 

glands
282

 (Figure 7). EDA correlates highly with a measurement of actual sweat 

quantity on the skin as assessed by the ventilated capsule method (r = 0.88)
283

. 
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Nocturnal sweating is a symptom commonly encountered in clinical 

medicine (reviewed by
284

), but has only been evaluated to a limited degree. 

Nocturnal sweating can be very bothersome to the patient and the bed partner, 

but only a minority of patients report this symptom to their physician
285, 286

. The 

possible causes of nocturnal sweating include, but are not limited to, 

malignancy, infections, endocrine and neurologic disorders, menopause, GER, 

medications (mainly antidepressants and antipyretics), substance abuse and 

panic attacks, as well as sleep disorders such as OSA and insomnia
286-288

 (for 

reviews, see
284, 289-291

). Other causes can be as simple as an overheated room 

or too thick bed clothes (reviewed by
284

). Nocturnal sweating has been 

associated with increased daytime tiredness and sleep problems in a general 

population cohort 
285, 286

 as well as in subjects referred to a sleep laboratory
292

. A 

recent review article by Mold et al. stated that much is still unknown about the 

causation, evaluation and management of nocturnal sweating
291

.  

Larger studies comparing the prevalence of nocturnal sweating in untreated 

OSA patients with subjects from the general population as well as changes with 

PAP treatment are needed in order to confirm nocturnal sweating as a true 

symptom of OSA. In addition, studies assessing the reliability of subjective 

assessment of sweating to objective measurements are needed
291

. 

Figure 7. Objective measurement of sweating by measuring electrodermal activity (EDA) 

events during sleep (total screen shot is 14 seconds).  
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1.4 Confounding effects of obesity  

Both OSA and obesity have been shown to be independent risk factors for 

hypertension, cardiovascular disease and insulin resistance (for reviews on 

OSA, see
1, 293

; for reviews on obesity, see
294, 295

). Due to the common co-

existence of  OSA and obesity, it is important to consider their relative roles in 

adverse clinical consequences. To complicate matters further, the key molecular 

mechanisms causing adverse consequences in OSA, i.e., oxidative stress, 

inflammation and sympathetic activation, also occur in obesity
296-300

. 

Unfortunately, until now the large literature on obesity has simply ignored this 

issue and not considered OSA as a factor in their studies, as shown by a 

metaanalysis of obesity and cardiovascular disease published in Lancet in 

2006
301

, where OSA was not assessed in a single study.  

How to determine the relative role of OSA is the vital question. A commonly 

used strategy is to assess differences between OSA patients and controls, 

usually BMI-matched. This strategy may, however, not be sufficient as 

abdominal visceral fat is a risk factor for OSA and has been shown to be 

increased in OSA patients compared to BMI-matched controls
6, 13, 302

.  This is 

problematic as abdominal visceral fat is associated more strongly with adverse 

health consequences such as hypertension, insulin resistance, diabetes and the 

metabolic syndrome than other fat deposits
303-307

. A direct measure of visceral 

and subcutaneous abdominal fat is therefore important to further understanding 

of the relative roles of OSA and obesity in adverse clinical consequences. 

Another common strategy to assess the role of OSA is to assess 

differences before and after effective PAP therapy, a within-subject strategy. 

This strategy has been used in multiple studies (for examples see
77, 97, 209, 308

). 

There are, however, problems with this strategy that need to be considered. First 

of all, OSA appears to have a direct effect on visceral fat gene expression
309

 and 

successful PAP therapy has been shown to reduce the amount of visceral fat,
181, 

187
 albeit by a small amount (8% to 16% over a period of 3-6 months). Therefore, 

changes with PAP treatment could be due, at least in part, to reductions in 

visceral fat mass. Moreover, in patients with OSA who are effectively treated 

with PAP, there could be irreversible effects of OSA, e.g. in residual sleepiness 
310

. OSA is a chronic, slowly progressive disorder,
311

 and it can be present for 

years before it is diagnosed
8, 312

. Currently the magnitude of irreversible effects 

of untreated OSA is largely unknown. Studies are needed to estimate the 

reversible effects of OSA (differences from pre- to post-PAP in effectively treated 

individuals) and irreversible effects of OSA, i.e., to estimate the difference 

between patients with OSA after effective treatment when compared to controls 

with similar levels of obesity but not with OSA.   
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1.4.1 Confounding effects of other comorbid conditions 

The main molecular mechanisms of OSA -  systemic inflammation, oxidative 

stress and sympathetic activation - are all considered key pathological 

mechanisms for the adverse consequences of OSA, as shown above. However, 

these mechanisms are not unique to OSA but also occur in many other diseases 

and conditions which are commonly found in patients with OSA, e.g., 

cardiovascular disease, type 2 diabetes, metabolic syndrome and smoking 

(Figure 8 and reviewed in Paper V). Study designs that assess the confounding 

effect of obesity and other co-morbid conditions that affect the same 

mechanisms as OSA does are required to determine the relative role of OSA per 

se in adverse consequences.  

 

Figure 8. The different molecular effects of obstructive sleep apnea (OSA) that can lead 

to systemic inflammation as well as potential confounding effects by other comorbid 

disorders. Abbreviations: FFA, free fatty acids; ICAM-1, intercellular adhesion molecule 1; 

VCAM, vascular adhesion molecule 1; NF-κB, nuclear factor kappa B; CRP, C-reactive 

protein; IL-6, interleukin-6; TNF-α, tumor necrosis factor-alpha; COPD, chronic 

obstructive pulmonary disease. Reproduced from Paper V. 
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1.5 Interindividual differences in the response to OSA 

Differences between individuals with OSA may be directly related to the nature 

of their sleep disordered breathing events. Some individuals with OSA have 

marked sleep fragmentation with little, if any, intermittent hypoxia, while others 

may show marked intermittent hypoxia with lesser degrees of fragmentation 

despite similar AHI, the index now used to determine OSA severity (reviewed in 

Paper V). Also the length of apneas and hypopneas can vary considerably 

between subjects, from the minimum of 10 seconds to over a minute. Therefore 

simply using AHI as a measure of OSA severity may not be adequate in 

determining adverse outcomes of the disease. 

Also as mentioned above, we know that there is heterogeneity in the 

biological response to OSA. Many individuals with OSA do not have excessive 

sleepiness
3
 and only about 50% of OSA subjects develop hypertension

205, 226, 227
. 

One potential component of the differences is genetic variability. One possibility 

is that individuals who develop hypertension and cardiovascular disease have 

increased pathogenic responses or decreased adaptive response for an 

equivalent degree of OSA severity. Such heterogeneity in response might also 

be related to differences in protective mechanisms such as antioxidant ability, 

anti-inflammatory response  and in adaptive responses affecting sympathetic 

activation (reviewed in V). 
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2 Primary aims of this study  

The overall aim of this thesis was to investigate interindividual differences in the 

response to sleep apnea, for physiological symptoms (nocturnal sweating) as 

well as molecular biomarkers (IL-6, CRP and leptin levels). The research 

questions and hypotheses were the following: 

 

Research question 1: Is frequent nocturnal sweating a symptom of OSA? 

a) What is the relationship between electrodermal activity, an objective measure 

of sweating during sleep to subjective complaints of nocturnal sweating? 

b) Do OSA patients report frequent nocturnal sweating more often than subjects 

in the general population (Paper II)? 

c) Is nocturnal sweating associated with OSA severity? 

d) Are subjects with this symptom different from other subjects (both in the 

general population and OSA patients) with regards to demographic factors, 

cardiovascular risk profile and other symptoms (Papers I and II)? 

e) Does nocturnal sweating change with PAP treatment (Papers I and II)? 

f) Is frequent nocturnal sweating related to temperature changes and/or 

sympathetic activity (Paper I)? 

 

Hypothesis 1: Frequent nocturnal sweating is a clinical symptom of OSA that is 

related to higher OSA severity. These patients have an increased 

cardiovascular risk compared to other OSA patients due to increased 

sympathetic activity. They also show decreased sweating with successful PAP 

treatment, both measured objectively and subjectively. 

 

Research question 2: Is OSA severity associated with increased levels of 

inflammatory biomarkers; CRP and IL-6 (Paper III) and leptin (Paper IV)? 

a) If a relationship exists, is it independent of obesity level? 

b) If a relationship exists, is it affected by other covariates such as gender 

and/or co morbid diseases? 

 

Hypothesis 2: OSA severity is independently associated with increased CRP, 

IL-6 and leptin levels after adjusting for obesity. The effects of OSA may vary 

depending on obesity level and the characteristics of excess fat distribution. 

Other covariates influence the biomarker levels but do not change the effects of 

obesity and OSA on biomarker levels. 
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3 Materials and methods 

3.1 Study cohorts 

The four research papers described in this thesis are based on results from 

three study cohorts (Table 1). Paper I is based on the clinical OSA cohort, 

Paper II on the baseline and follow-up data in the Icelandic Sleep Apnea Cohort 

(ISAC) as well as the general population cohort, and Papers III and IV on the 

baseline data from the first 532 subjects in the Icelandic Sleep Apnea Cohort 

(ISAC). The consent of the National Bioethics Committee and the Data 

Protection Authority of Iceland was granted for all three study cohorts and 

written consent obtained from all research subjects. Additionally for the ISAC 

study,  the consent of the Institutional Review Board of the University of 

Pennsylvania was granted for the study. 

3.1.1 Icelandic Sleep Apnea Cohort (ISAC) 

All patients with moderate to severe OSA (AHI ≥15 events/hr) who were 

referred to the Department of Respiratory Medicine and Sleep, Landspitali – 

The National University Hospital of Iceland for treatment with PAP from 

September 2005 to December 2009 were invited to participate in the Icelandic 

Sleep Apnea Cohort (ISAC) study. No other inclusion or exclusion criteria were 

used. All ISAC subjects were invited to a two year follow-up study after starting 

PAP treatment. Paper II included all ISAC subjects with the relevant baseline 

and follow-up data. Paper III included 532 ISAC subjects, from September 2005 

to September 2008, baseline data only. Paper IV included 530 ISAC subjects, 

enrolled from September 2005 to September 2008, baseline data only. 

The data collection at baseline that relates to this thesis was the following: 

Untreated OSA patients underwent a type 3 sleep study, fasting morning blood 

draw, questionnaires and body measurements, as well as an MRI of the whole 

abdomen. At follow-up the assessment was the following: objective and 

subjective PAP adherence, fasting morning blood draw, questionnaires and 

body measurements. 

3.1.2 General population cohort 

The general population cohort was primarily invited to participate in the Burden 

of Obstructive Lung Diseases (BOLD) initiative in Iceland; a multicenter 

international study aiming to estimate the burden of chronic obstructive 

pulmonary disorder (COPD) worldwide
313, 314

. 
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 The general population sample was a random sample of Icelandic 

citizens, ≥40 years living in the capital area of Reykjavik. At the end of 

November 2004, of the 73,391 subjects 40 years living in the area, 939 

subjects were randomly selected to participate. Altogether 762 of the 939 

eligible subjects (81.2%) responded. No significant differences were found with 

regards to age or smoking status, between responders and non-responders in 

this cohort. However, there was a significant difference in gender with 

proportionally more men participating (p < 0.01).  

The data collection that relates to this thesis was the following: 

questionnaires, body measurements and a nonfasting blood draw during the 

day. 

3.1.3 Clinical cohort  

Males with moderate to severe OSA (AHI ≥ 15 events/hr) who were referred to 

the Pulmonary Department, Landspitali – The National University Hospital of 

Iceland for treatment with PAP from August 2005 to September 2006 were 

invited to participate in this study. The exclusion criteria for the participants 

included female gender, current use of medication for a heart condition or 

hypertension, known diabetes or other chronic disorders, prior PAP treatment 

and current smoking. The majority of subjects in this study also took part in the 

ISAC study. 

The data collection that relates to this thesis was the following: in-

laboratory polysomnography with additional measurements of objective 

sweating and temperature. Evening and fasting morning blood draws were 

collected as well as overnigh urine collection, questionnaires and body 

measurements. 

 

Table 1. The cohorts described in this thesis, by research papers. Abbreviations: ISAC, 

Icelandic Sleep Apnea Cohort; OSA, obstructive sleep apnea. 

 

ISAC 

baseline 

(n=822) 

ISAC 2 year 

follow-up 

(n=700) 

General 

population 

cohort (n=703) 

Clinical OSA 

cohort 

(n=15) 

Paper I    X 

Paper II X X X  

Paper III X (first 532)    

Paper IV X (first 530)    
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3.2 Measurements  

3.2.1 Questionnaires and body measurements  

Subjects in all three study cohorts were evaluated in the same manner at the 

Department of Respiratory Medicine and Sleep, Landspitali – The National 

University Hospital of Iceland. All subjects answered the same core 

questionnaire on general health status, current smoking (smoking or tobacco 

use during the past month) and whether they had hypertension and/or diabetes 

(doctor diagnosis and medication), cardiovascular disease which was defined 

as a doctor diagnosis of coronary artery occlusion (myocardial infarction or 

heart attack), heart failure and/or stroke. The Basic Nordic Sleep 

Questionnaire
315

 was administered to all subjects (includes questions on sleep 

quality, insomnia symptoms, snoring, nocturnal sweating, and GER). The 

response alternatives for those questions were on a frequency scale of 1 - 5: (1) 

never or very seldom, (2) less than once a week, (3) once to twice a week, (4) 

three to five times a week, and (5) every day or almost every day of the week. 

Frequent nocturnal sweating was defined as a score of 4 or 5, i.e., reporting 

nocturnal sweating ≥3x week. Insomnia symptoms were defined as difficulties 

initiating sleep or maintaining sleep ≥3x week
316

. Daytime and nocturnal GER 

symptoms were defined, respectively as reporting heartburn during the daytime 

and after going to bed ≥1x week
317, 318

. Other questionnaires included the 

Epworth Sleepiness Scale (ESS) 
264

, a 12-item Short-Form Health Survey for 

physical and mental quality of life
319

 and questions on restless legs syndrome 

(RLS) symptoms based on recommendations from the International Restless 

Legs Syndrome Study Group
320

. Those who answered the questionnaire as 

follows were regarded as having symptoms of RLS: a strong urge to move the 

legs often or very often; the discomfort in the legs was relieved by moving the 

legs or walking; the symptoms had to be most prominent in the evening, at 

bedtime or not different between times of day (same definition as our previous 

paper
314

). Subjects in all studies listed their medication use for hypertension and 

diabetes (pharmacological treatment was coded according to the Anatomical 

Therapeutic Chemical drug classification system http://www.whocc.no/atcddd) 

but subjects in ISAC and the clinical OSA cohort also gave a detailed list of all 

other medications they used.  

Subjects in the general population (Paper II) were defined as high or low 

risk for OSA based on the Multivariable Apnea Prediction (MAP) index
321

. The 

MAP score is based on self-reported frequency of occurrence of apnea 

symptoms (snoring or gasping, breathing stops, choking or struggling for breath 

during the night) as well as BMI, age and gender. The MAP index ranges from 0 

- 1 where subjects with a score of 0 are least likely to have OSA. A MAP index 

cut-off of 0.75 was used to define high risk of OSA similar to our previous 

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=externObjLink&_locator=url&_cdi=6884&_plusSign=%2B&_targetURL=http%253A%252F%252Fwww.whocc.no%252Fatcddd
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publication
316

 All questionnaires were translated
 
from English into Icelandic and 

back-translated to assure
 
accuracy.  

Height and weight were measured in the same manner for all participants. 

Subjects were asked to remove their shoes and heavy outer garments for the 

measurements. Additionally, for ISAC and the clinical OSA cohort participants; 

neck, waist and hip circumferences were measured using standardized 

procedures.  

OSA subjects in the ISAC and clinical OSA study cohorts answered the 

same questionnaires and had repeated measurements at the follow-up visit 

(Papers I and II). 

3.2.2 Sleep studies 

3.2.2.1 Polysomnography  

In the clinical cohort (Paper I), all subjects underwent in-laboratory 

polysomnography (PSG) with an Embla A10 device (Natus Medical Inc., 

Ontario Canada). The PSG included two channels for electroencephalography, 

electrooculography, submental electromyography, electrocardiography and 

bilateral anterior tibialis electromyography. Nasal airflow was recorded through 

a cannula (nasal pressure transducer). Chest and abdominal movements were 

measured by respiratory inductive plethysmography belts. Pulse and oxygen 

saturation were measured by a finger probe oximeter based on a 4 beat 

exponential average (Flex Sensor 8000J and XPOD oximeter, Nonin Medical 

Inc., Plymouth, Minnesota) and body position and activity by a sensor situated 

on the chest.  

The scoring of sleep stages (scored visually in 30-s periods) was 

performed in accordance with Rechtschaffen and Kales scoring rules
322

, cortical 

arousals and leg movement scoring in accordance with the Atlas Task Force 

recommendations
323, 324

. An apnea was defined as a cessation of airflow (<10% 

of normal airflow) for ≥10 seconds. Apneas were further divided into obstructive, 

mixed and central apneas according to respiratory movements of the chest and 

abdomen. A hypopnea was scored when the airflow was < 50% of baseline for 

≥ 10 seconds or when the airflow was diminished ≥ 30% from baseline for 10 

seconds or longer with ≥ 4% drop of blood oxygen concentration or an arousal. 

These definitions are in agreement with recommendations from the American 

Academy of Sleep Medicine
258

. The AHI was defined as the number of apneas 

and hypopneas/hr sleep. An oxygen desaturation index (ODI) was calculated as 

the number of oxygen desaturations ≥ 4%/hr sleep. Hypoxia time was defined 

as the number of minutes with oxygen saturation (SaO2) < 90% during sleep. 

Respiratory movements were analyzed automatically to measure 

respiratory mechanics instability. A respiratory mechanics instability (RMI) state 
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was scored when there was a thoraco-abdominal asynchrony, as indicated by 

more than a 10 degree phase angle deviation of the thorax and abdomen 

(Somnologica Science 3.3.1; Natus Medical Inc.). A RMI index was calculated 

as the percentage of the night spent in the state of respiratory mechanics 

instability.  

Scoring of all recordings was performed by the same person (Arnardottir) 

and used in all analyses. A qualified PSG scorer at another sleep center in the 

United States made a second blind scoring of the recordings. Concordance was 

assessed by a two-way mixed intraclass correlation coefficient (ICC) for 

absolute agreement between the two scorers and calculated with a 95% CI for 

selected variables. The concordance for sleep scoring was very high (ICC 

>0.90 for AHI, ODI, total sleep time, sleep stages 1, 2, REM and arousals). The 

only major difference in scoring was for slow wave sleep (ICC 0.71) due to 

differences in amplitude criteria in the two sleep centers. 

3.2.2.2 Type 3 sleep studies 

Prior to referral for PAP treatment, all ISAC subjects had a type 3 sleep study 

with an Embletta type 3 portable monitor, an Embla 12 channel system (Natus 

Medical Inc, Ontario, Canada) or a T3 device (Nox Medical, Reykjavik, Iceland). 

The same signals were recorded on all studies. The type 3 monitoring is what is 

used clinically in Iceland to determine sleep apnea. However, all patients are 

also screened for other sleep disorders using questionnaires and an interview 

with a physician. Patients believed to suffer from sleep disorders other than 

sleep apnea then have a PSG study or additional periodic leg movement 

measurement instead of a simple type 3 monitoring for sleep apnea. The 

differences between a type 3 study and a full in-laboratory PSG are shown in 

Figure 9. Patients with obesity-hypoventilation syndrome would be detected by 

evaluation of their serum bicarbonate level and arterial blood gases. Such 

patients were not included in our study. 

All sleep studies were re-scored by trained sleep technologists based on 

the following criteria: a minimum of 4 hours of a scorable oxygen saturation 

signal (n = 15 subjects excluded in total cohort). These subjects were not 

excluded from other analyses in Paper II but the subset of these patients (n=9) 

in papers III and IV were excluded from all analyses as OSA severity was one 

of the main variables tested. Patients were instructed to switch the recorder off 

when they woke up in the morning. Scoring was started 30 minutes into the 

recording and ended 5 minutes before the study recording was completed. 

Events were scored according to the following definitions: a classification of 

hypopnea required a ≥30% decrease in flow with ≥4% oxygen desaturation or a 

≥50% decrease in flow for ≥10 sec with a sudden increase in flow at the end of 

the event. A classification of an obstructive apnea required a ≥80% decrease in 
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flow for ≥10 sec. The AHI was calculated as the number of apneas plus 

hypopneas/hr of recording (excluding upright time). ODI was calculated as the 

number of falls in oxygen of ≥4% per hour of recording (excluding upright time). 

Hypoxia time was defined as the number of minutes with SaO2 < 90%. The 

minimum SaO2 was defined as the lowest oxygen saturation reached during the 

study.  

Measurement reliability of the scoring of the AHI and ODI was assessed 

based on intraclass correlation coefficient (ICC) analysis. The ICC for n = 51 

randomly selected recordings scored on two different occasions was 0.99 for 

AHI and almost 1.00 for ODI. These data indicate essentially ignorable 

variability due to scoring. To test for systematic differences in the measurement 

of OSA severity by Embletta vs. T3 devices, 13 subjects slept with both devices 

simultaneously during their laboratory diagnostic OSA study. Their AHI ranged 

from 0 - 58 events/hr. The intraclass correlation coefficient (ICC) for AHI was 

0.99 (p < 0.001) and for ODI 0.97 (p < 0.001), showing no significant 

differences in measured OSA severity between devices. 

3.2.2.3 General population cohort  

Sleep studies were not performed in this cohort. Therefore some subjects may 

have undiagnosed sleep apnea. The likelihood of subjects in this cohort having 

sleep apnea was assessed by calculating the MAP index for OSA risk
316

. 

A)                                              B) 

Figure 9. The comparison of a) type 3 home sleep 

study and b) full in-laboratory polysomnography 

with additional sensors for temperature and  

sweating. Subjects in pictures have given their 

permission for publication.  
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3.2.3 Measurement of electrodermal activity  

In paper I electrodermal activity (EDA) was measured with NoiseFree
TM

 single 

bio-potential silver-silver/chloride electrodes (Rochester Electro-Medical, 

Tampa, FL, USA) connected to the Embla  device. EDA was recorded using the 

skin potential method by placing one electrode on the hypothenar eminence as 

an active site and another on a lightly abraded site on the volar surface of the 

forearm as an inactive site (two-thirds of the distance from wrist to elbow) on 

the right arm
325, 326

. An EDA index (events per hour sleep) was calculated, 

considering an EDA event a change in skin potential of >50 µV amplitude and 

>1.5 s duration (low-cut filter 0.3 Hz)
327

. EDA percentage was calculated as the 

proportion of total sleep time spent in EDA events. 

3.2.4 Measurement of temperature  

In paper I core body temperature was measured 10 cm into the rectum 

(YSI4491E; YSI Inc., Yellow Springs, Ohio, USA) and skin temperature 

(YSI409B; YSI Inc.) at eight different locations on the body for the overnight 

recording. The temperature probes were connected to the Embla
TM

 digital 

recording device. Both core and skin temperature were measured continuously 

at 1-s intervals with ± 0.1°C accuracy. The Krauchi et al.
328

 method was used 

for location of skin temperature probes and calculation of the distal-to-proximal 

skin temperature gradient, the difference between the average temperature of 

distal and proximal areas. The room  temperature was kept constant around 

22°C and the patients had light bed covers. Core body temperature 

measurements were missing for two subjects, one of whom declined use of the 

core body temperature probe and another whose probe was disconnected 

during one study. Other data for these subjects were used in the analyses. 

The sleep period from sleep onset until waking was divided into 30-minute 

periods and the average temperature of the first two hours calculated to 

examine the lowering in core body temperature after sleep onset. The minimum 

30-minute core body temperature period of all the 30-minute periods for each 

recording was also calculated. The distal–proximal skin temperature gradient, 

EDA index, EDA percentage, breathing parameters and arousals for each of 

these 30-minute periods were also calculated. Only periods with >20 minutes of 

sleep were used in the calculations. The Signal Workshop software was used 

for these analysis (Nox Medical, Reykjavik, Iceland). 

3.2.5 Biomarker assessment 

3.2.5.1 Urinary biomarkers  

In paper I, urine was collected from 22:00 h until the first post-awakening 

morning void (c. 10 h). As the urine collections were not 24-h samples, all 
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values were corrected for creatinine clearance
329

. Urinary adrenaline and 

noradrenaline were measured by high-performance liquid chromatography and 

adrenaline–creatinine and noradrenaline–creatinine ratios calculated. After 

addition of an internal standard (3,4-dihydroxybenzylamine hydrobromide), 

catecholamines were extracted by alumina adsorption using reagents from 

Chromsystems (Munich, Germany). Isocratic separations were performed on a 

C18 reverse phase column using electrochemical detection
330

. Measurements 

of urinary metabolites were missing for one subject who declined to participate 

in this part of the study but other data for this subject were used in the analyses. 

3.2.5.2 Blood biomarkers  

In the ISAC study cohort, blood was drawn in the morning after sleep from the 

antecubital vein of fasting untreated participants. Specimens were collected in 

SST vacutainers (Greiner, Kremsmünster, Austria) and allowed to clot at room 

temperature for 20 minutes before centrifugation for 10 minutes at 3,000 rpm. 

After separation, the serum samples were stored at -20°C.   

Paper III: Enzyme-linked immunosorbent assay was used to determine 

serum interleukin-6 (IL-6) in Paper III (R&D Systems, Minneapolis, MN). The IL-

6 assay was performed according to the recommendations of the manufacturer. 

The lower detection limit of the assay is 0.70 pg/mL. In total, 48 patients had 

levels below 0.70 pg/mL and their values were treated in the analysis as 0.70 

pg/mL. Despite the lower bound restriction of 0.70 pg/mL on the distribution of 

IL-6 values, the multiple linear regression model residuals continued to satisfy 

parametric assumptions after log transformation. IL-6 levels were measured in 

duplicates and samples, where results varied more than 15%, were reanalyzed. 

The intra-assay coefficient of variation for all duplicate samples was 5.0%. 

Using control samples, the inter-assay coefficient of variation of the IL-6 assay 

was found to be 11.2% at a concentration of 2.18 pg/mL and 9.2% at a 

concentration of 0.68 pg/mL.  

Paper III: Serum C-reactive protein (CRP) concentrations were measured 

(Paper III) on a Kone 30 analyzer using a commercially available latex-

enhanced immunoturbidimetric high-sensitivity assay from Roche Diagnostic 

Systems (Mannheim, Germany). The lower detection limit of the assay is 0.1 

mg/L. Patient levels ranged from 0.38-53.87 mg/L. Thus, all patients had a CRP 

level greater than the lower limit of detection. The inter-assay coefficient of 

variation for the CRP measurements was 1.1% at a concentration of 3.73 mg/L 

and 1.9% at a concentration of 0.68 mg/L (control samples were analyzed each 

day). CRP measurements were missing for five patients but other data for these 

subjects were used in the analyses. Blood was sampled and CRP assessed in 

the clinical OSA cohort in the same manner before and after CPAP treatment.  
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Paper IV: A radioimmunoassay was used to determine serum leptin levels 

in ng/ml, using the double antibody/PEG technique with iodine-125 labeled 

human leptin and human leptin antiserum (Millipore, HL-81K). Leptin levels 

were measured in duplicate. The average intra-assay coefficient of variation 

(CV) of leptin levels for all the duplicate serum samples in the 

radioimmunoassay was 3.0% and the inter-assay CV for a control sample with 

an average leptin level of 14.2 ng/ml was 11.5%. The limit of sensitivity for the 

assay is 0.5 ng/ml - 100ng/ml. The variance of the assay is increased at the 

high end (inter-assay CV at 41.5 ng/ml was 22.0%) and therefore all samples > 

30 ng/ml were repeated in a 4x dilution (n = 34).  

All biomarker data required natural log transformation for analyses (See 

Figure S1 in Paper III). 

3.2.6 Magnetic resonance imaging  

Subjects in the ISAC cohort underwent MRI of the abdomen using a 1.5T 

scanner (Siemens Avanto, Germany) while untreated. Briefly, the abdominal 

compartment was defined from the superior aspect of the xiphoid process to the 

anterior portion of the L5-S1 interspace. MR images were obtained in 1 cm 

contiguous intervals through the abdominal compartment and summed to 

assess the total abdominal, subcutaneous and visceral fat volume (Figure 10). 

Intraclass correlation coefficient (ICC) analyses for visceral and subcutaneous 

fat volumes, for two trained raters, were both essentially 1.0, showing ignorable 

technical variability. For further details, see Papers III and IV. 

Figure 10. Three-dimensional reconstructions of abdominal fat in three males in the 

Icelandic Sleep Apnea Cohort and different body mass index (BMI) levels. Visceral 

abdominal fat (VAT), the fat the surrounds the organs, is shown in yellow and 

subcutaneous abdominal fat (SAT), the fat below the skin, in blue. Reproduced from our 

publication, Maislin et al., 2012
331

.  
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3.2.7 PAP use  

All PAP treatment in Iceland is administered by the Department of Respiratory 

Medicine and Sleep at Landspitali – The National University Hospital of Iceland, 

the sole provider of ventilator treatment in Iceland. All subjects with OSA were 

treated with autoPAP or continuous PAP (CPAP) units (ResMed Corp. San 

Diego, CA, USA) and treatment was only changed to bilevel PAP (BiPAP) or 

adaptive servoventilation if treatment efficacy on autoPAP or CPAP was 

inadequate (defined by AHI ≥ 15 using PAP and/or persistent patient 

complaints).  

Subjects in Paper 1 had ResMed S7 machines allowing for PAP 

compliance assessment at the 3 month follow-up from the back of the device 

(total hours of usage/days since PAP installation).  

In the ISAC 2 year follow-up (Paper II), PAP adherence was objectively 

measured by downloading the mask on-time stored by the PAP unit in the 

previous 4 weeks if available (in those patients on ResMed S8 machines). 

Subjects recruited at the beginning of the study period had older models of PAP 

devices which did not provide this type of information. Self-report data from all 

patients were also collected at the follow-up visit, based on three multiple 

choice questions about average PAP use: 1) Do you use PAP for your sleep 

apnea? (Yes, no or don’t know), 2) How many nights per week do you use 

PAP? (Response alternatives: 1, 2, 3, 4, 5, 6 or 7 nights/week), 3) How much of 

the sleeping time each night do you use PAP? (Response alternatives: all the 

sleeping time [100%]; almost all the sleeping time [80 - 99%]; most of the 

sleeping time [60 - 79%];  about half of the sleeping time [40 - 59%]; about one 

third of the sleeping time [20 - 39%]; almost none of the sleeping time [1 - 19%]; 

none of the sleeping time [0%]; don´t know).  

3.3 Statistical analysis 

For baseline analysis in all papers, the chi-square test and t-test/one-way 

analysis of variance (ANOVA) were used for categorical and continuous 

variables respectively.  For the comparison of data from the untreated versus 

the PAP-treated conditions, a paired sample t-test was used for parametric data 

while the Wilcoxon-signed rank test was used for non-parametric data. Initial 

evaluations of the strengths of linear associations were based on the Pearson 

correlation (parametric data) and the Spearman rank (non-parametric data and 

clinical OSA cohort due to low n) correlations. A p value of ≤0.05 was 

considered significant for all analyses. STATA 11.0 was used for all statistical 

analysis except SPSS 11.0 was used in Paper I and SAS 9.2 for model and 

bootstrap results in Paper III.  

Paper I: A one-way ANOVA for repeated measures was employed for 

within-subject comparison of more than two conditions.  
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Paper II: Logistic regression was used for multivariable analyses and 

assessment of adjusted odds ratios (OR) with 95% CI. The significance of 

change in the prevalence of nocturnal sweating symptoms with PAP treatment 

was assessed using population averaged generalized estimating equations for 

a binomial outcome. The Wald test was used to examine differences in change 

of prevalence in nocturnal sweating symptoms by level of PAP use.  

Papers III and IV: Biomarker levels were (natural) log transformed for 

normality in all analyses. Statistical tests that compared the strengths of linear 

associations between leptin levels and different obesity metrics were produced 

using a non-parametric bootstrap re-sampling procedure (n=1000 replications) 

that accounted for within-subject correlations
332

.  

Subjects were stratified by obesity level based on BMI (BMI < 30 kg/m
2
, 

BMI ≥ 30 and < 35 and BMI ≥ 35) to provide a comparison of biomarker 

response to increasing OSA severity across different BMI levels. The range of 

OSA severity was different among the three BMI groups as the highest BMI 

group had individuals with very high OSA severity (AHI > 80 and ODI > 65) not 

found in the lowest BMI group (Figure 11A and 11C). Also, there were a few 

participants in the lowest BMI group with low OSA severity (AHI < 14 and ODI < 

10, n = 24) not found in the highest BMI group. To avoid extrapolation beyond 

the experience of the data, those participants who had OSA severity not found 

in the other BMI groups were excluded (n = 69, Figure 11B and D). In this way 

the range of AHI and ODI was kept comparable across obesity strata (selected 

a priori). This permitted valid application of analysis of covariance in which 

remaining differences in AHI and ODI could be subsequently adjusted for. 

Therefore the total number of subjects used in the analyses was n = 454 for 

Paper III and n= 452 for paper IV (see further in Paper III and IV). 

The goal of the primary analysis was to estimate the simultaneous 

statistical effects of OSA and obesity severity and their interaction on biomarker 

levels (IL-6, CRP and leptin). The parameters of the multiple linear regression 

model included higher order and interaction terms (response surface 

modeling
333

) to permit the association of OSA severity to depend on obesity in 

both linear and non-linear ways. Different obesity and OSA severity markers 

were compared for their ability to explain variance in log(biomarker) levels. The 

prediction equation included linear and quadratic terms for selected OSA and 

obesity severity measures as well as interactions between obesity and OSA 

linear and higher orders terms as follows: E(log(biomarker)) = 0 + 1*OSA + 

2*(OSA)
2
 + 3*Obesity + 4*(Obesity)

2
 + 5*(OSA*Obesity) + 

6*OSA*(Obesity)
2
 + 7*BMI*(Obesity)

2
.  Squared partial correlations were used 

to evaluate the relative importance of various model factors. The squared partial 

correlation is the proportion of unexplained variance that is eliminated when the 
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factor in question is added to the model. For further details on analytical 

strategies, see Papers III and IV.  

The influences of a selected set of covariates were evaluated for 

confounding factors and effect modification. Confounding was assessed by 

adding the covariate to the model as a main effect and seeing if the significance 

of factors involving sleep apnea and obesity changed substantially. Effect 

modification arises when factors interacted with OSA and/or obesity to amplify 

or attenuate the inflammatory response. The independent role of these 

covariates was not the subject of this study, but the nature of significant 

independent associations was noted. A significant covariate that was not a 

confounder merely altered the variability explained by the model but did not 

change its shape or interpretations involving the obesity OSA interaction. 

Covariates assessed included gender, age (10-yr intervals), excessive alcohol 

consumption (≥ 7 drinks/wk for females and >14 drinks/wk for males), current 

smoking (smoking or tobacco use during the past month), pack-yr of smoking 

(quartiles; 0 pack-yr, > 0-17 pack-yr, 17-35 pack-yr, and > 35 pack-yr), 

cardiovascular disease (doctor diagnosis of coronary artery occlusion 

[myocardial infarction or heart attack], heart failure and/or stroke), hypertension 

(doctor diagnosis of hypertension and current hypertensive medication), 

diabetes (doctor diagnosis), regular exercise (yes/no) as well as the use of 

statins, both any use of statins (n = 103) and specifically the 2 most widely used 

in the study, atorvastatin (n = 49) and simvastatin (n = 39). A total of 15 patients 

were on other statins. Chronic obstructive pulmonary disease was not assessed 

as a confounder because it and/or emphysema were diagnosed in only 19 

patients. Women were considered postmenopausal if they reported having 

stopped menstruation for ≥ 6 months.  
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Figure 11. The range of the apnea-hypopnea index (AHI, upper panel) and oxygen 

desaturation index (ODI, lower panel) within the three body mass index (BMI) categories 

in all patients considered (a and c) and the study cohort with AHI 14-80 and ODI 10-65 

only (b and d) in papers III and IV. Reproduced from Paper IV. 
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4  Results  

4.1 The study cohorts 

4.1.1 Baseline characteristics 

In the ISAC cohort (Papers II – IV), over 90% of eligible and approached 

subjects agreed to participate in the study, a total of 826 subjects. Four subjects 

withdrew from the study, leaving 822 subjects in the baseline cohort, n = 666 

males and 156 females with an age range of 21 - 83 years (Figure 12).  

The general population cohort (Paper II) included a total of 762 subjects. 

Of these, n = 30 did not answer the questions on nocturnal sweating. Another n 

= 13 were > 83 years of age and n = 20 had a BMI < 20 kg/m
2
, not found in the 

ISAC cohort. They were therefore excluded from further analysis. The final 

general population cohort for analysis was n = 703, n = 374 males and n = 329 

females (Figure 12). 

A total of 24 OSA patients agreed to take part in the clinical OSA cohort 

(Paper I) and all of the eligible and approached subjects agreed to participation. 

Nine participants were excluded from the data analyses because of CPAP 

noncompliance and referral to other treatment options (n = 7), predominant 

central apneas (n = 1) and current use of heart medication (n = 1). A total of 15 

participants were therefore included in the study (Figure 12). 

The characteristics of the three study cohorts are shown in Table 2. The 

clinical OSA cohort included only the subset of “otherwise healthy”, non-

smoking OSA patients as shown outside the rings in Figure 6, while the ISAC 

cohort was a clinical cohort reflecting the obesity levels and comorbidities found 

in the Icelandic sleep apnea population offered treatment for their disease. The 

ISAC sub-cohorts used for analysis in papers III and IV had very similar 

characteristics to the total ISAC cohort.  

The subjects in the clinical OSA cohort were five years younger on 

average than the ISAC subjects but were otherwise similar in BMI and OSA 

severity. OSA subjects had a higher BMI on average than the general 

population subjects (Table 2) but the BMI range was similar (ISAC: 20.1 - 58.6 

kg/m
2
, controls: 20.0 - 55.0 kg/m

2
). Participants in the ISAC cohort had a higher 

prevalence of treated hypertension and diabetes than subjects from the general 

population and reported more sleepiness on the Epworth Sleepiness Scale. 

Additionally, males in the ISAC cohort were two years younger on average, 

more likely to be current smokers, and have a diagnosis of cardiovascular 

disease than the males from the general population. These differences were not 

found in females but proportionally more females were found in the general 

population cohort than in the ISAC cohort (46.8% vs. 19%, p<0.001).  
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Figure 12. The three complete study cohorts. Abbreviations: OSA, obstructive sleep apnea; PAP, positive airway pressure; BOLD, burden of lung 

disease; BMI, body mass index; ISAC, Icelandic Sleep Apnea Cohort.  Adapted from papers I-II. 
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Table 2.  Demographic factors for all three study cohorts; The Icelandic Sleep Apnea Cohort (ISAC), the complete cohort in paper II and subset of 

cohort in papers III and IV, the clinical OSA cohort in paper I, and the general population cohort in paper II.  

 

Clinical OSA 

cohort 

(paper I) 

ISAC total 

cohort 

(paper II) 

ISAC subset 

(paper III) 

ISAC subset 

(paper IV) 

General population 

cohort 

(paper II) 

n=15 n = 822 n=454 n=452 n=703 

Age (years) 49.4 ± 10.1 54.5 ± 10.6 54.4 ± 10.6 54.4 ± 10.6 56.4 ±11.1 

Males (%) 100 81.0% 83.7 83.4 53.2% 

BMI 34.6 ± 8.0 33.5 ± 5.7 32.6 ± 5.3 32.7 ± 5.3 28.1 ± 4.8 

Current smokers (%) 0.0 21.1 23.8 24.0 18.0 

AHI 45.3 ± 15.1 44.9 ± 20.7 40.1 ± 16.1 40.2 ± 16.1 N/A 

ODI 34.8 ± 19.4 35.5 ± 20.2 31.5 ± 14.0 31.5 ± 14.1 N/A 

ESS score 11.3 ± 4.4 11.7 ± 5.1 11.7 ± 4.9 11.6 ± 4.9 6.1 ± 3.9 

Hypertension (%) 0.0 45.7 44.4 44.4 24.6 

CVD (%) 0.0 18.4 18.2 17.8 14.4 

Diabetes (%) 0.0 8.7 11.1 11.1 2.9 

Abbreviations: OSA, obstructive sleep apnea; BMI, body mass index; AHI, apnea-hypopnea index; ODI, Oxygen desaturation index; ESS, Epworth 

Sleepiness Scale, CVD, cardiovascular disease, defined as a doctor diagnosis of coronary artery occlusion (myocardial infarction or heart attack), 

heart failure and/or stroke. Hypertension and diabetes were defined as a doctor diagnosis and medication. 
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4.1.1.1 ISAC subsets in Papers III and IV 

All untreated ISAC participants (n = 532) at the time of analysis (Sept 2005 - 

Sept 2008) were assessed for the simultaneous assessment of the role of OSA 

severity and obesity level on biomarker levels (Figure 13). Nine subjects had <4 

hours of a scorable O2 saturation signal and were excluded from further 

analysis. Another 69 subjects were excluded from the primary analysis due to 

non-overlapping OSA severity (AHI or ODI) in the different BMI groups (see 

further in Methods). The study cohort, therefore, included 454 patients across 

three BMI strata, all having AHI 14-80 and ODI 10-65 in Paper III. The study 

cohort in paper IV included almost all the same subjects (n=452 out of n=454 in 

final analysis, Paper IV - Figure 1). Among these study participants, complete 

MRI was obtained in 373 subjects (82.2%). Failure to obtain MRI assessment 

occurred more commonly in the most obese group, usually due to 

claustrophobia or image quality issues. Subjects who did not have MRI date but 

had complete data from other assessments were included in other analyses. 

Out of the total cohort of 454 patients in analysis, 380 were males and 74 were 

females; 82.4% (61 of 74) of the women were postmenopausal and four were 

on hormone replacement therapy (HRT). Additional complementary analyses 

were done, including all 523 participants. The results of these additional 

analyses lead to the same conclusions and can be found in the supplements of 

papers III and IV.  

Figure 13. The Icelandic Sleep Apnea cohort used for biomarker analysis. Reproduced 

from Paper III but the study cohort in Paper IV was almost the same (n=452 instead of 

n=454). Abbreviations: BMI, body mass index; AHI, apnea hypopnea index; ODI, oxygen 

desaturation index; MRI, magnetic resonance imaging. 
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4.1.2 PAP follow-up 

In the clinical OSA cohort, on average the PAP compliance for the three months 

was 5.5 ± 1.3 hrs and subjects with little or no use were excluded from the 

study (Paper I).  

The subjects in ISAC were invited to a 2 year follow-up visit, done in the 

same manner as the initial visit (Paper II). This follow-up was completed in 741 

(90.1%) subjects from October 2007 to January 2012. No significant differences 

were found in age, BMI, OSA severity (as assessed by AHI or ODI) or gender 

between non-responders (n = 81) and responders (n = 741). At follow-up, five 

subjects did not complete the questions on nocturnal sweating, 33 subjects 

were using a mandibular advancement device instead of PAP, and three had 

missing adherence data on PAP, leaving n = 700 in follow-up analysis in Paper 

II; 469 PAP users and 231 nonusers (Figure 12). 

At the two year follow-up, objective PAP data were available for 357 out of 

469 PAP users (76.1%). Out of the PAP users, 53% were on autoPAP, 43% on 

CPAP, 3% on BiPAP and 1% on adaptive servoventilation. Participants with 

objective data who used PAP for ≥ 20 days and ≥ 4 hrs/day on average for the 

past month were considered full users (n = 285 of 357 with objective data).  

Full users used their device on average 26.7 ± 2.0 days in the preceding 

four weeks and 6.8 ± 1.2 hrs/day. Partial users were defined as those using 

PAP≤19 days or <4 hrs/day on average (n = 72). The partial users used their 

device on average for 14.5 ± 7.1 days and 3.6 ± 2.1 hrs/day in the preceding 

four weeks.  

In those participants for whom objective PAP data were not available (n = 

112), the self-report data were used to define subjects as full or partial PAP 

users. To validate this approach, the data among the 355 subjects with both 

objective (memory cards) and self-reported data on frequency of PAP use were 

compared. Self-report of PAP use ≥ 5 nights per week and ≥ 60% of the 

sleeping time had 98.6% sensitivity and 45.1% specificity in distinguishing full 

versus partial users.   

Among the non-PAP users (n = 231) in the ISAC cohort, 56.7% (n = 129) 

had a repeat sleep study when followed after two years. On average, the AHI 

increased from 37.8 ± 15.0 events/hr at baseline to 48.4 ± 18.6 events/hr at 

follow-up, p < 0.0001, despite a similar weight on average at baseline and 

follow-up. Altogether 98% of the 129 subjects still had AHI ≥ 15 events/hr at the 

two year follow-up.  A total of n = 17 nonusers underwent upper airway surgery 

on the uvula and/or soft palate between baseline and follow-up and n = 13 had 

>10% weight loss. Of these, n = 18 had a repeat sleep study at follow-up and 

had no significant change on average in their AHI between baseline and follow-

up despite the alternative treatment.  
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4.2 Frequent nocturnal sweating 

4.2.1 Objective vs. subjective measurements  

In the otherwise healthy OSA patients in the clinical OSA cohort (Paper I) the 

distribution of reported nocturnal sweating was very broad. When untreated, 

one patient of fifteen reported sweating every night or almost every night, two 

patients 3-5 times a week, six patients 1-2 a week, two less than once a week, 

and four never or very seldom. The reported subjective nocturnal sweating of 

OSA patients significantly lowered with PAP treatment (p = 0.008), with all 

subjects now reporting nocturnal sweating <3 times a week.  

The distribution of measured objective sweating as assessed by the EDA 

index was also very broad (27.3 – 337.6 events/hr sleep). A high correlation 

was found between subjective measurement of sweating in untreated patients 

and the objective measurement of sweating as measured by the EDA index 

(Spearman r = 0.61, p = 0.01, Figure 14). This correlation was not seen for the 

patients on PAP treatment (Spearman r = -0.03, p=0.91) but these findings are 

inconclusive due to the limited range of reported nocturnal sweating on PAP (all 

<3 times a week).  

 

Figure 14. The correlation of subjectively reported nocturnal sweating to the measured 

electrodermal activity (EDA) index per hour of sleep (Spearman r=0.61, p=0.01). 

Subjective nocturnal sweating was assessed on a frequency scale of 1-5: (1) never or 

very seldom, (2) less than once a week, (3) once to twice a week, (4) three to five times 

a week, and (5) every day or almost every day of the week. Adapted from Paper I. 
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4.2.2 Is frequent nocturnal sweating a symptom of OSA? 

Participants in the ISAC cohort had a three-fold higher prevalence of frequent 

nocturnal sweating (≥ 3 times a week) than subjects in the general population 

cohort (31.1% vs. 11.1%, p < 0.0001). Subjects in the ISAC cohort had a higher 

prevalence of frequent nocturnal sweating within all comparable gender and 

age groups (40 - 49, 50 - 59, 60 - 69, and ≥ 70 years) except that the difference 

was not statistically significant in women ≥70 years, likely due to low number of 

subjects in that group (Figure 15). No significant gender differences in 

prevalence of nocturnal sweating were found. The distribution of sweating on 

the original 5-point scale was also much more skewed to the left in the general 

population than in the untreated OSA cohort, where more subjects report some 

degree of nocturnal sweating (Figure 16).  

Figure 15. The prevalence of frequent nocturnal sweating (≥ 3x week) in subjects in the 

general population and the untreated obstructive sleep apnea (OSA) patient cohort, 

divided by gender and age groups. Significant differences (p < 0.05) are shown by an 

asterisk (*). Reproduced from Paper II. 
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Figure 16. The distribution of reported nocturnal sweating (%) on a 1 - 5 frequency scale 

for the general population and untreated OSA cohort. Additionally the full positive airway 

pressure (PAP) users at the 2 year follow-up in the Icelandic Sleep Apnea Cohort(n = 

367) are shown. Subjects with frequent nocturnal sweating were defined by a prevalence 

≥ 3 times a week, as shown by the broken line. Reproduced from Paper II. 

4.2.3 Demographic factors related to nocturnal sweating  

The demographic characteristics of subjects with and without frequent nocturnal 

sweating in the ISAC and general population cohort were compared. Younger 

age was significantly related to nocturnal sweating among OSA patients (p = 

0.003) but not in the general population (p = 0.44). In the general population 

cohort only, subjects with medically treated diabetes (n = 20) were more likely 

to report frequent nocturnal sweating (p <0.05). No relationship was found with 

gender, current smoking, diagnosed hypertension or cardiovascular disease in 

either cohort in unadjusted analysis (data not shown). However, those reporting 

frequent nocturnal sweating reported lower mental and physical quality of life, 

both in the general population and the OSA cohort. For further details, see 

Table 2 in Paper II. 

To understand better which factors were associated with frequent 

nocturnal sweating after adjustment for other covariates, a multivariable logistic 

regression model was created. OSA patients and general population subjects 

were assessed separately. Variables tested in the model were gender, age, 

BMI, current smoking, diagnosed hypertension, cardiovascular disease, and 
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diabetes. For both cohorts, lower age was a significant predictor of nocturnal 

sweating (Table 3). For the general population subjects only, diagnosed 

cardiovascular disease was an additional significant factor and for the OSA 

cohort only, hypertension was an additional significant factor. The effect of beta-

blockers and calcium-channel blockers was tested specifically in multivariate 

analysis, and was not significantly related to frequent nocturnal sweating (data 

not shown). Similarly in the otherwise healthy OSA subjects in the clinical OSA 

cohort (Paper I), higher objective sweating as measured by the EDA index 

correlated with higher systolic blood pressure in the evening and morning in 

untreated patients (r= 0.63, p=0.001 and r=0.67 p=0.006, respectively). In the 

ISAC study, only morning blood pressure was measured. Significantly higher 

diastolic blood pressure was found for non-hypertensive subjects reporting 

frequent nocturnal sweating (n=131) compared to those reporting sweating only 

seldom (n=314), but the differences were small (83.8 ± 8.8 vs. 81.5 ± 9.7 in 

those that reported sweating seldom, p=0.02, unpublished data).  

When we combined both the ISAC and general population cohorts into 

one analysis (Paper II), being a part of the OSA cohort remained significantly 

related to increased nocturnal sweating after adjustment for demographic 

factors, with an odds ratio of 3.11 (95% CI 2.25 to 4.30). No interaction with 

gender was found, neither within the OSA cohort, general population cohort nor 

for all subjects combined. Decreased mental and physical quality of life 

remained significantly lower in those reporting frequent nocturnal sweating after 

adjustment for demographic factors, both in the OSA and general population 

cohorts (p<0.01). 
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Table 3. Demographic factors associated with frequent nocturnal sweating (≥ 3 x a week) in the general population cohort and Icelandic Sleep 

Apnea Cohort (ISAC). The associations are expressed as adjusted odds ratio with a 95% confidence interval (OR (95% CI)). Significant findings (p 

< 0.05) are shown in bold. Reproduced from Paper II. 

 General population only ISAC cohort only 

 
Unadjusted OR 

(95% CI) 

Adjusted OR 

(95% CI)* 

Unadjusted OR 

(95% CI) 

Adjusted OR 

(95% CI)* 

Female gender 1.37 (0.86 - 2.2) 1.38 (0.85 - 2.24) 1.13 (0.78 – 1.64) 1.24 (0.84 - 1.82) 

Age per 10 years 0.92 (0.74 - 1.14) 0.75 (0.57 – 0.99) 0.81 (0.70 – 0.93) 0.79 (0.67 – 0.93) 

BMI per 5 units 1.22 (0.97 - 1.52) 1.21 (0.96 - 1.52) 1.12 (0.99 - 1.28) 1.05 (0.92 - 1.21) 

Current smoker 1.56 (0.89 - 2.72) 1.77 (0.98 - 3.19) 1.27 (0.89 – 1.81) 1.22 (0.85 – 1.76) 

Hypertension 1.32 (0.79 – 2.23) 1.37 (0.75 – 2.51) 1.20 (0.89 – 1.62) 1.48 (1.06 – 2.08) 

CVD 1.64 (0.90 -2.97) 2.38 (1.14 – 4.95) 0.69 (0.46 – 1.04) 0.68 (0.38 – 1.23) 

Diabetes 2.77 (0.98 – 7.8) 2.66 (0.87 – 8.16) 0.73 (0.42 – 1.27) 0.83 (0.54 – 1.28) 

Abbreviations: BMI, body mass index; CVD, cardiovascular disease, defined as a doctor diagnosis of coronary artery occlusion (myocardial 

infarction or heart attack), heart failure and/or stroke. Hypertension and diabetes were defined as a doctor diagnosis and treatment with 

medication. *Adjusted for all other variables in table. 
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4.2.4 Measurements, biomarkers and nocturnal sweating 

No association was found between reported frequent nocturnal sweating and 

sleep apnea severity in the ISAC cohort (Paper II) on continuous or categorical 

comparison with AHI and ODI (categories: < 20, 20 - 40, 40 - 60 and > 60 

events/hr). Similarly in the clinical OSA cohort (Paper I), no correlation was 

found between the EDA index and AHI or ODI in untreated OSA patients. No 

significant correlation was found between temperature measurements and 

sweating in the clinical OSA cohort. Also, no temporal relationship was found 

between temperature measurements or the EDA index to breathing 

disturbances and arousals in untreated OSA patients. No significant relationship 

was found between the EDA index and the nocturnal urinary sympathetic 

markers measured (epinephrine-creatinine and norepinephrine-creatinine ratio) 

in untreated OSA patients in the clinical OSA cohort.  

In the ISAC study a borderline significant relationship was found between 

reported frequent nocturnal sweating and higher CRP levels. The geometric 

mean of the subjects reporting frequent sweating was 2.94 (95% CI 2.57-3.35) 

but for those reporting seldom sweating 2.52 (95% CI 2.31-2.75), p= 0.055 

(unpublished data). No such relationship was found in the general population 

cohort. These differences in CRP in the ISAC cohort were, however, small and 

no correlation was found between CRP levels and objective sweating in 

untreated OSA subjects in the clinical OSA cohort (unpublished data). 

4.2.5 Symptoms related to nocturnal sweating  

Many sleep and respiratory symptoms were significantly related to nocturnal 

sweating in the univariate analysis (see Paper II - Table 2). After adjustment for 

demographic factors, in both the OSA cohort and the general population cohort, 

nocturnal sweating was associated with insomnia symptoms, excessive daytime 

sleepiness and RLS symptoms (Table 4). However, only participants in the 

ISAC cohort showed a relationship between daytime and nocturnal GER and 

nocturnal sweating. Subjects in the general population reporting frequent 

nocturnal sweating were more likely to report snoring. In addition, those with 

increased risk of OSA as calculated by the MAP score (n=46, 6.5%) were twice 

as likely to report frequent nocturnal sweating, albeit this was borderline 

statisticially significant (Adjusted odds ratio 2.08, 95% CI 0.94 to 4.59).  

Fully adjusted models taking into account the effect of other sleep and 

respiratory complaints were also evaluated. Difficulties initiating sleep was most 

strongly related to nocturnal sweating in the general population (OR 4.05, 95% 

CI 1.72 to 9.54). For the participants in the OSA cohort, however, difficulties 

maintaining sleep, daytime sleepiness and GER symptoms were most strongly 

associated with frequent nocturnal sweating (Table 4).  
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Table 4: Independent associations between reported symptoms with nocturnal sweating in the general population cohort and Icelandic Sleep 

Apnea Cohort. Odds ratios (OR) are shown with 95% confidence intervals (CI) and significant findings (p < 0.05) are shown in bold. Reproduced 

from Paper II. 

 General population only OSA patients only 

 
OR (95% CI) 

Partially adjusted
a
 

OR (95% CI) 
Fully adjusted

b
 

OR (95% CI) 
Partially adjusted

a
 

OR (95% CI) 
Fully adjusted

b
 

Reported snoring ≥ 3d/w 1.92 (1.04 – 3.54) 1.00 (0.47 – 2.11) 2.47 (0.94 – 6.53) 1.77 (0.62 – 5.02) 

Difficulties initiating sleep ≥ 3d/w 4.70 (2.66 – 8.32) 4.31 (1.84 – 10.10) 1.64 (1.09 – 2.46) 1.49 (0.88 – 2.52) 

Difficulties maintaining sleep ≥ 3d/w 2.68 (1.63 - 4.41) 1.12 (0.53 - 2.37) 2.01 (1.46 – 2.78) 1.71 (1.15- 2.55) 

Feeling sleepy/drowsy during the day  

(6 - 7d/w) 
2.31 (1.16 - 4.58) 2.28 (0.81 – 6.48) 2.34 (1.57 – 3.49) 1.96 (1.28 – 3.01) 

Epworth Sleepiness Scale per 5 unit
c
 1.24 (0.91 - 1.68) 1.26 (0.83 – 1.91) 1.24 (1.07 - 1.45) 1.19 (1.01 - 1.40) 

Restless legs syndrome symptoms 2.00 (1.15 - 3.46) 1.27 (0.57 – 2.87) 1.47 (1.07 – 2.00) 1.24 (0.84 – 1.82) 

Nocturnal GER symptoms ≥ 1d/w 1.75 (0.74 – 4.17) 0.97 (0.12 - 7.78) 2.21 (1.46 – 3.33) 1.84 (1.06 – 3.20) 

Daytime GER symptoms ≥ 1d/w 1.19 (0.39 - 3.66) 0.66 (0.08 – 5.37) 1.99 (1.41 – 2.80) 1.76 (0.95 – 2.42) 

High risk OSA (MAP index ≥ 0.75)
d
 2.08 (0.94 – 4.59) 1.43 (0.54 – 3.79) N/A N/A 

Abbreviations: d/w, days per week; GER, gastroesophageal reflux; MAP, multivariate apnea prediction. 
a
Partially adjusted OR are adjusted for the 

demographics shown in Table 3. 
b
Fully adjusted OR are adjusted for demographics as well as snoring, difficulties initiating and maintaining sleep, 

feeling sleepy/drowsy, restless legs syndrome, daytime and nocturnal GER. 
c
The fully adjusted Epworth score is not adjusted for feeling 

sleepy/drowsy during the day.
d
The partial MAP index is not adjusted for gender, age and BMI, as it forms a part of the MAP score itself. 

Additionally the fully adjusted MAP index is not adjusted for snoring (see further in Methods).   
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4.2.6 The effect of PAP treatment on nocturnal sweating  

The average EDA index decreased significantly from 131.9 ± 22.4 events/hr in 

untreated patients to 78.5 ± 17.7 events/hr  with PAP treatment (p = 0.04, Paper 

I). The percentage of time during the sleep time spent in sweating lowered from 

16.2 ± 3.3 % to 8.3 ± 2.0 % with PAP (p = 0.04).  The variability in the EDA 

index both before and after treatment was considerable, and the EDA index did 

increase in 4 out of 15 patients with PAP treatment (Figure 17).  

Figure 17. The individual change in electrodermal activity (EDA) index per hour sleep 

from untreated OSA patients to continuous positive airway pressure (CPAP) treated 

patients. Reproduced from Paper I. 

 

The change in the prevalence of reported frequent nocturnal sweating with 

PAP treatment in the ISAC cohort was tested by comparing full PAP users, 

partial PAP users, and nonusers (Paper II). A significant decrease in the 

prevalence of frequent nocturnal sweating was found in the full PAP users as 

well as nonusers at the 2 year follow-up (p < 0.001), but no significant change 

was found in partial PAP users. The full PAP users had a significantly greater 

decrease in frequent nocturnal sweating than nonusers (33.5% to 12% vs. 

31.6% to 20.4%, p = 0.01). See Table 5. Nonusers and partial PAP users were 

also more likely than full PAP users to report the continuation or development of 

frequent sweating (≥3 times a week) at follow-up (p < 0.01, Paper II - Figure 4).  
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Additional analysis was performed using only subjects with objective data 

of PAP use (n = 357) to determine if the number of hours of PAP use were 

correlated with changes in nocturnal sweating by frequency scale. A borderline 

significant but small correlation was found between decreased sweating at 

follow-up and higher average daily use of PAP (r = -0.09, p = 0.08).  

Frequent nocturnal sweating at baseline did not predict whether an ISAC 

subject became a full PAP user, partial PAP user or nonuser. The distribution of 

nocturnal sweating on the 1 - 5 frequency scale for full PAP users was similar to 

the distribution of the general population (Figure 16).  

 

Table 5. Frequent nocturnal sweating at 2-year follow-up for the different PAP 

adherence groups in the Icelandic Sleep Apnea Cohort. Significant findings (p < 0.05) 

are shown in bold. Reproduced from Paper II. 

Frequent nocturnal sweating 

(> 3d/w) 

Baseline 

(%) 

Follow-

up (%) 
p change 

p compared 

to nonusers 

Nonusers (n = 231) 31.6 20.4 <0.001 - 

Partial PAP users (n = 102) 31.4 26.5 0.33 0.28 

Full PAP users (n = 367) 33.5 12.0 <0.001 0.01 

Abbreviations: d/w, days per week; PAP, positive airway pressure  

 

4.2.7 Changes in measurements and biomarkers  

In the clinical OSA cohort epinephrine levels in the overnight urine sample 

decreased significantly in the OSA patients when they were treated with PAP 

for 3 months (p = 0.02, Paper I). No significant change was found in 

norepinephrine levels. A significant decrease was also found in diastolic 

morning blood pressure with PAP treatment (p = 0.008) but no change in 

morning systolic blood pressure or evening blood pressure or CRP levels in 

blood (CRP, unpublished data). 

No relationship was found between traditional markers of OSA severity 

with objective or subjective measures of sweating (Papers I and II). However, a 

decrease in respiratory mechanics instability index with PAP treatment was 

shown to correlate with a decrease in EDA index (r = 0.60, p= 0.02, Paper I). 

On PAP treatment, a higher respiratory mechanics instability index also 

correlated with a higher EDA index (r = 0.56, p = 0.03). In addition,  a significant 

relationship was found between the EDA index in untreated patients and the 

change in REM% with CPAP treatment. The higher the EDA index was in 

untreated patients, the more the REM% increased with PAP treatment (Paper I 
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- Figure 3). This relationship was maintained when controlled for AHI. No 

correlation was found between the EDA index and other sleep stages or the 

number of arousals and awakenings in the patients when untreated or PAP 

treated. No significant difference in temperature measurements (both core 

and distal-proximal skin temperature gradient) was observed between 

subjects when untreated and PAP treated. For more details, see Paper I. 

Additionally a decrease in the EDA index with PAP treatment correlated 

with a decrease in evening systolic and diastolic blood pressure (r=0.52, p=0.05 

and r=0.67, p=0.006, respectively, Figure 18). In the ISAC cohort, no significant 

relationship was, however, found between changes in subjective sweating and 

systolic or diastolic blood pressure measured in the morning (unpublished data).  

No changes were found in sympathetic urinary biomarkers or CRP levels 

in relation to changes in sweating, neither in the clinical OSA nor the ISAC 

study cohorts (CRP, unpublished data). 

 

Figure 18. The change in objective sweating as measured by the electrodermal activity 

(EDA) index during sleep correlated highly with the change in diastolic blood pressure 

with continuous positive airway pressure (CPAP) treatment (r=0.67, p=0.006). 

Reproduced from Paper I. 
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4.2.8 Symptom changes  

Subjects with decreased sweating had less difficulties maintaining sleep ≥ 3x 

week at follow-up compared to those with persistent sweating (Paper II). This 

was found both for full PAP users and nonusers (p < 0.01 for both groups), but 

no difference was found for partial PAP users. Similarly full PAP users that 

developed frequent nocturnal sweating at follow-up (n = 33) had more 

difficulties maintaining sleep (p = 0.003) than subjects with no frequent sweating 

at both baseline and follow-up (n = 439). 

In nonusers only (Paper II), subjects with decreased sweating also had 

decreased daytime sleepiness as assessed by the ESS compared to those with 

persistent frequent sweating (decrease by -3.5 ± 4.4 vs. -0.6 ± 4.1 points, p = 

0.006). No significant changes were found in reported difficulties initiating sleep, 

GER symptoms or RLS symptoms. Also, full PAP users were more likely to 

remain feeling sleepy/drowsy (p = 0.003) at follow-up if they developed frequent 

sweating compared to subjects with no frequent sweating. A borderline 

significant relationship between higher objective sweating (Paper I) and more 

sleepiness as assessed by the ESS on PAP treatment was also found in the 

clinical OSA cohort (r=0.45, p=0.09, unpublished data). 

No significant changes were found in mental or physical quality of life for 

any of the PAP groups related to changes in reported frequent nocturnal 

sweating (Paper II). 

4.3 Is OSA severity independently associated with 

biomarker levels after adjustment for obesity? 

The 3 BMI groups (BMI<30, BMI 30 - <35 and BMI ≥35) in the subset of the 

ISAC study cohort (n=454 in Paper III and n = 452 in Paper IV) used for 

analysis of inflammatory biomarkers were similar with regard to demographics, 

although the prevalence of hypertension and diabetes increased with increasing 

BMI (Table 6). In addition, with increasing BMI the average degree of hypoxia 

increased even though the ranges for AHI and ODI were restricted to be equal 

(AHI range 14-80 and ODI range 10-65, see further in Methods). No difference 

was found in statin use or prevalence of chronic obstructive pulmonary disease 

(COPD) between the three BMI groups (see Paper III – Table 1). 
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Table 6.  Demographic and sleep-disordered breathing data in the Icelandic Sleep 

Apnea Cohort (n = 454) and by body mass index (BMI) in the three BMI categories. 

Significant differences are shown in bold (p < 0.05). Adapted from Papers III and IV. 

 

BMI < 30  

kg/m
2
 

BMI 30- < 35 

kg/m
2
 

BMI ≥ 35  

kg/m
2
 

P 

value
a
 

n = 158 n = 163 n = 133 

Age (years) 55.4 ± 9.5 54.8 ± 10.9 52.7 ± 11.2 0.08 

% of males 86.7 83.4 80.5 0.35 

BMI (kg/m
2
) 27.6 ± 2.0 32.2 ± 1.4 39.2 ± 3.7 N/A 

Current 

smokers (%) 
27.2 22.7 21.2 0.45 

AHI 38.8 ± 15.2 41.3 ± 16.8 40.4 ± 16.3 0.39 

ODI 28.5 ± 12.4 31.6 ± 14.8 34.8 ± 14.3 0.001 

Minimum 

SaO2 
78.7 ± 5.9 77.7 ± 7.3 74.9 ± 8.0 < 0.001 

Hypoxia time 

(min) 
30.3 ± 42.1 38.9 ± 60.7 60.8 ± 73.9 < 0.001 

ESS score 12.1 ± 4.9 11.3 ± 4.8 11.7 ± 5.0 0.34 

Hypertension 

(%) 
35.0 44.1 56.1 0.002 

CVD (%) 17.3 17.3 20.5 0.75 

Diabetes (%) 5.8 8.6 20.3 < 0.001 

CRP(mg/L)
 b
 1.8 (1.6 - 2.0) 2.6 (2.3 - 2.9) 4.1 (3.6 - 4.7) < 0.001 

IL-6 (pg/ml)
b
 1.3 (1.2 - 1.4) 1.6 (1.5 - 1.8) 2.2 (2.0 - 2.4) < 0.001 

Leptin (ng/ml)
c
 6.7 (6.0 - 7.3) 10.8 (9.8 - 11.8) 17.9 (16.1 - 19.9) <0.001 

Note: Data are presented as mean ± standard deviation or % where indicated. 
a
One-way 

analysis of variance for continuous variables and Pearson chi-square test for 

percentages. 
b
Exponentiated means and 95% confidence intervals determined from log-

transformed values (i.e., geometric mean).  
c
Total n=452 instead of n=454. 

Abbreviations: AHI, apnea-hypopnea index; ODI, oxygen desaturation index; SaO2, 

oxygen saturation; min, minutes; ESS, Epworth Sleepiness Scale; CVD, cardiovascular 

disease defined as a doctor diagnosis of coronary artery occlusion (myocardial infarction 

or heart attack), heart failure and/or stroke..; CRP, C-reactive protein; IL-6, interleukin-6. 

Hypertension and diabetes were defined as a doctor‘s diagnosis and treatment with 

medication.  
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4.3.1 The relationship between biomarkers and obesity  

Both IL-6, CRP and leptin levels increased significantly across the three BMI 

groups (Table 6, p < 0.001). For leptin levels, a large gender difference was 

found, but was not found for IL-6 or CRP. In males, the geometric mean (95% 

CI) leptin level was 9.0 (8.5 - 9.6) ng/ml and for females 24.0 (20.7 - 27.8) 

ng/ml, p<0.0001). Menopausal status was, however, not significantly associated 

with leptin levels. 

Of all the different fat measures, the correlation between inflammatory IL-6 

and CRP levels and obesity level was highest for BMI (Table 7). The magnitude 

of correlation between BMI and CRP was significantly higher than for visceral 

fat volume alone, waist circumference, neck circumference, and waist-to-hip 

ratio in bootstrap analysis (n = 373, P < 0.05). However, BMI, total and 

subcutaneous fat volume had comparable magnitudes of correlation with CRP 

levels. Similar results were found for BMI and IL-6, i.e., the association with BMI 

was higher than for other fat measures. Total fat volume was significantly more 

highly correlated with both CRP and IL-6 levels than visceral fat volume 

(bootstrap analysis).  

The correlations between leptin levels and different measures of obesity 

were assessed with and without adjustment for gender (Table 7). The 

magnitude of correlation between total fat volume and leptin levels, adjusting for 

gender, was significantly highest of all the obesity measures (r = 0.73, p < 

0.001). The correlations for BMI, waist circumference and subcutaneous fat 

volume were significantly lower based on bootstrap-based comparisons (r = 

0.64 - 0.69, p < 0.001). Visceral fat volume, neck circumference and waist-to-

hip ratio were significantly less associated with leptin levels than all of the 

above. 

For correlation analysis between the different measures of obesity and 

between different measures of obesity and OSA severity indices, see 

supplemental Table S2 in Paper III.  
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4.3.2 The relationship between biomarkers and sleep apnea  

The correlation between IL-6, CRP and leptin levels and OSA severity was 

assessed by four different markers of OSA severity: a) the number of sleep 

disordered breathing events (AHI) and three desaturation indices; ODI, hypoxia 

time, and minimum SaO2. When assessing all OSA subjects, the correlation 

was significant for the desaturation indices only with all three biomarkers (Table 

8). However, AHI was not significantly correlated with IL-6, CRP or leptin levels.  

When assessed within the 3 BMI categories, only minimum SaO2 and 

hypoxia time remained significantly associated with IL-6 and CRP levels and 

only in the 2 groups of obese patients, not in those with BMI < 30 kg/m
2
 (Table 

8 and Figure 19). However, no association of leptin levels and OSA severity 

was found when assessed within the 3 BMI categories. No relationship was 

found between any biomarker level and subjective sleepiness as assessed by 

the Epworth Sleepiness Scale (data not shown).  
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Table 7.  Pearson correlation coefficients between interleukin-6 (IL-6), C-reactive protein (CRP) and leptin levels in serum and various obesity 

measurements in all subjects with magnetic resonance imaging (MRI) data (n = 371). The analysis is shown both unadjusted for all three 

biomarkers and leptin additionally adjusted for gender. The highest correlation in each column is shown in bold. Adapted from Papers III and IV. 

 

Log(IL-6) levels 

(pg/ml) 

Log(CRP) levels 

(mg/L) 

Leptin levels 

(ng/ml) 

Leptin levels (ng/ml) 

Adjusted for gender 

r p r p r p r p 

Body mass index (kg/m
2
) 0.29 < 0.001 0.31 < 0.001 0.61 <0.001 0.64 <0.001 

Total abdominal fat volume (cm
3
) 0.26 < 0.001 0.30 < 0.001 0.58 <0.001 0.73 <0.001 

Subcutaneous fat volume (cm
3
) 0.23 < 0.001 0.30 < 0.001 0.67 <0.001 0.69 <0.001 

Waist circumference (cm) 0.24 < 0.001 0.24 < 0.001 0.44 <0.001 0.67 <0.001 

Visceral fat volume (cm
3
) 0.23 < 0.001 0.21 < 0.001 0.24 <0.001 0.59 <0.001 

Neck circumference (cm) 0.21 < 0.001 0.15 0.002 0.04 0.50 0.44 <0.001 

Waist-to-hip ratio (cm/cm) 0.06 0.22 0.09 0.10 0.03 0.61 0.42 <0.001 

Note: Similar correlations were obtained when assessed using Spearman correlation. 
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Table 8. Pearson correlation between IL-6, CRP and leptin levels in serum (natural log transformed) and OSA severity in the Icelandic Sleep 

Apnea cohort and within the 3 different BMI categories.  Significant p values (p < 0.05) are shown in bold. Adapted from Papers III and IV. 

 

Apnea-

hypopnea 

index 

Oxygen 

desaturation 

index 

Minimum 

SaO2 (%) 

Hypoxia time 

(minutes) 

IL-6 levels 

All subjects 0.03 0.13 -0.22 0.26 

BMI < 30 -0.15 -0.09 0.10 -0.06 

BMI 30- < 35 0.11 0.13 -0.27 0.30 

BMI ≥ 35 0.05 0.16 -0.26 0.30 

CRP levels 

All subjects 0.06 0.12 -0.19 0.14 

BMI < 30 -0.02 -0.02 0.07 -0.12 

BMI 30- < 35 0.06 0.06 -0.20 0.11 

BMI ≥ 35 0.08 0.15 -0.22 0.19 

Leptin levels 

All subjects -0.04 0.05 -0.17 0.20 

BMI < 30 0.01 0.02 -0.04 0.13 

BMI 30- < 35 -0.14 -0.13 -0.12 0.08 

BMI ≥ 35 -0.09 -0.07 -0.05 0.14 

Note: Similar correlations were obtained when assessed using Spearman correlation. This analysis is not adjusted for other confounders. 

Abbreviations: BMI, body mass index; IL-6, interleukin-6; CRP, C-reactive protein; SaO2, saturation of oxygen. 
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Figure 19. The relationship between severity of obstructive sleep apnea as assessed by the minimum oxygen saturation (SaO2) across the night 

and inflammatory biomarkers a) interleukin-6 (IL-6) and b) C-reactive protein (CRP) for three body mass index (BMI) groups; BMI <30, BMI 30 – 

<35 and BMI ≥35. Reproduced from Paper III. 
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4.3.3 IL-6  levels: Does obesity affect the role of OSA? 

4.3.3.1  Simultaneous assessment of BMI and OSA  

To evaluate how the obesity level affects the relationship between OSA severity 

and the different biomarker levels, a multiple linear regression model for obesity 

and OSA severity, including interaction and quadratic terms (allowing for 

nonlinear effects of both obesity and OSA severity), was used. BMI was 

selected as the primary obesity variable as it showed the highest correlation 

with both IL-6 and CRP levels in univariate analysis as well as a high correlation 

with leptin levels, even after adjustment for gender (Table 7).  

Both OSA severity and BMI level were independently associated with IL-6 

levels in our cohort of OSA patients. This association was robust as it was 

found for all OSA severity indices assessed, i.e., AHI, ODI, hypoxia time, and 

minimum SaO2 (p ≤ 0.01). Also a significant interaction between OSA severity 

and BMI was found, indicating a differential effect of OSA severity on IL-6 levels 

depending on obesity level (significant for AHI, hypoxia time, and minimum 

SaO2 and a trend for ODI, p = 0.10). A 3-dimensional plot was used to illustrate 

visually the combined role of OSA severity and obesity in IL-6 levels (Figure 

20). This plot shows that among obese patients, IL-6 levels increased as OSA 

severity increased (especially evident for BMI ≥ 35). However, the effect of 

increased OSA severity was clearly attenuated in nonobese patients (BMI < 30 

kg/m2). Please note that the apparent reversal of the role of OSA severity in IL-

6 levels for the nonobese patients needs to be interpreted cautiously, as there 

is less statistical precision on the boundaries of the model. However, it is clear 

from Figure 20 that the marked increase in IL-6 levels for increasing OSA 

severity observed among the obese subjects was not found for the nonobese. 

The overall model with BMI and hypoxia time explained 18.2% of the variance 

in IL-6 levels (p < 0.0001). Models including other measures of OSA severity 

explained less of the variance (13.5-17.0%, Figure 20) but all showed a 

significant association of both OSA severity and obesity level with IL-6 levels. 

BMI explained the largest part of the variance in IL-6 levels or 12.0% and OSA, 

as assessed by hypoxia time, explained 8.6%. A significant part of the variance 

was explained by the interaction between OSA severity and BMI level (3.7%) 

and nonlinear associations (4.7%). The multivariate results therefore agreed 

with the simpler correlation analysis (Figure 19a) and confirmed that the 

relationship between OSA severity and IL-6 levels depended on the degree of 

obesity.  
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Figure 20. Three-dimensional plots assessing the role of obesity level (body mass index, 

BMI) and four different severity indices of obstructive sleep apnea (OSA) in interleukin-6 

(IL-6) levels: a) apnea-hypopnea index (AHI); b) oxygen desaturation index (ODI); c) 

hypoxia time (minutes with SaO2 < 90%), and d) minimum oxygen saturation (SaO2). 

The significance of associations between IL-6 levels and OSA severity, obesity and the 

interaction between them are shown below the panels as well as the total variance in IL-

6 explained by the model. These analyses are not adjusted for other potential 

confounders. Reproduced from Paper III. 

 

4.3.3.2 Relationship of other obesity variables and IL-6  

The role of visceral and total abdominal fat as the main obesity variable was 

compared with the role of BMI in IL-6 levels in patients who underwent an MRI 
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(n = 373) to assess whether this would be a more appropriate measure of 

obesity level and explain more of the variance in IL-6 levels. Hypoxia time as 

the OSA severity variable continued to explain the highest amount of variance 

in IL-6. The hypoxia time model with visceral fat explained 9.5% of the variance, 

while total fat explained 12.4%, but the BMI model explained the highest 

amount of the variance or 14.2% for this smaller sample of n=373 OSA patients. 

Finally, waist circumference was tested as the main obesity variable and found 

to explain less of the variance in IL-6 levels than did BMI (15.9% versus 18.2%, 

n = 454), similar to the simpler correlation analysis (Table 8 and Figure 19a). All 

of these analyses showed an independent association of OSA severity and IL-6 

levels that depends on obesity level.  

4.3.3.3 Role of confounders  

Potential confounders that could contribute to increased inflammation were 

assessed separately for the IL-6 model with BMI and hypoxia time: higher age, 

current smoking, hypertension, cardiovascular disease, and diabetes, and 

higher visceral fat volume were all significantly associated with higher IL-6 

levels independent of OSA severity and BMI level (Table 9). These covariates 

individually had a small, additive association with IL-6 levels (explaining an 

additional 0.9-3.0% of the variance in IL-6 levels), but importantly, did not affect 

the interaction between OSA severity and obesity. A significant interaction with 

a covariate would indicate that the relationship between OSA severity and 

obesity level with IL-6 levels changed depending on the presence or level of the 

covariate. Therefore, the variable association of OSA and IL-6 levels at different 

BMI levels, as shown in Figure 20, holds after adjusting for these covariates. 

Gender was not significantly associated with IL-6 levels.  
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Table 9. The effect of potential confounders on the model for interleukin-6 (IL-6) levels 

with OSA severity (hypoxia time) and obesity level (body mass index). The additional 

variance (partial R
2
) in IL-6 levels explained by the covariate is shown (main effect) as 

well as the effect of the covariate on the interaction of OSA and obesity on IL-6 levels. 

Significant p values (p < 0.05) are shown in bold. Adapted from Paper III. 

Covariate Main effect Interaction
a
 

 β ± SE p Partial R
2
 p 

Male gender -0.09 ± 0.07 0.22 0.3% 0.54 

Age (10 years) 0.09 ± 0.03 <0.001 2.5% 0.62 

Current smoking 0.13 ± 0.06 0.04 0.9% 0.72 

Pack-years (quartiles) 0.06 ± 0.03 0.01 1.7% 0.62 

Excessive alcohol use 0.15 ± 0.14 0.28 0.3% 0.98 

Hypertension 0.20 ± 0.06 <0.001 3.0% 0.69 

Cardiovascular disease 0.24 ± 0.07 <0.001 2.6% 0.22 

Diabetes 0.30 ± 0.09 0.008 2.5% 0.30 

Exercise -0.07 ± 0.06 0.27 0.3% 0.99 

Any statin use 0.09 ± 0.06 0.16 0.4% 0.32 

Visceral fat (L) 0.04 ± 0.02 0.03 1.3% 0.86 

Visceral/subcutaneous fat 
ratio 

0.25 ± 0.10 0.01 1.5% 0.07 

Note: Significant effects are shown in bold.
a. 

A significant interaction would 

indicate that the shape of the association of OSA and obesity with the biomarker 

levels varies according to the level of the covariate. 
b
β stands for change in 

log(biomarker) for an increase of 1 unit in the predictor covariate, when the other 

factors of the model are held constant. SE is the standard error of the β 

coefficient. OSA, obstructive sleep apnea; SaO2, saturation of oxygen. 
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4.3.4 CRP  levels: Does obesity affect the role of OSA? 

4.3.4.1  Simultaneous assessment of BMI and OSA  

The role of OSA severity and obesity level in CRP levels was assessed in the 

same manner as for IL-6. A multiple linear regression model with BMI was 

tested with a single OSA severity index at a time. BMI was significantly 

associated with CRP level in models using all 4 measures of OSA severity 

(Figure 21). The variance in CRP explained by OSA severity and BMI was 

highest for the minimum SaO2 (15.6%), the only OSA severity index that had an 

independent association with CRP levels. AHI, ODI and hypoxia time were not 

independently associated with CRP levels. In addition,  no significant interaction 

was found between OSA severity and obesity level. The relative importance of 

OSA severity measured as minimum SaO2 was smaller for CRP than for IL-6 

(partial R
2
 3.7% versus 8.6%) and considerably smaller than the explained 

variance of BMI (11.3%) on CRP levels.  
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Figure 21. Three-dimensional plots assessing the role of obesity level (body mass index, 

BMI) and four different severity indices of obstructive sleep apnea (OSA) in C-reactive 

protein (CRP) levels: a) apnea-hypopnea index (AHI); b) oxygen desaturation index 

(ODI); c) hypoxia time (minutes with SaO2 < 90%), and d) minimum oxygen saturation 

(SaO2). The significance of associations between CRP levels and OSA severity, obesity 

and the interaction between them are shown below the panels as well as the total 

variance in CRP explained by the model. These analyses are not adjusted for other 

potential confounders. Reproduced from Paper III. 
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4.3.4.2 Relationship of  other obesity variables and CRP  

The role of visceral and total abdominal fat as the main obesity variable was 

compared with the role of BMI in CRP levels (n = 373, with MRI). The models 

with minimum SaO2 continued to explain the highest amount of variance in CRP 

(again, the only OSA severity measure that was significant). Models including 

visceral fat as the obesity variable explained less of the variance in CRP levels 

than BMI did (6.9% versus 11.9%, respectively, n = 373) and total abdominal fat 

explained a similar amount as BMI or 12.5%. No additional association of 

visceral fat with CRP levels was found after adjusting for BMI. Also, the 

association of waist circumference and CRP was tested separately and found to 

explain less of the variance in CRP levels than BMI did (13.2% versus 15.6%, n 

= 454). Again, an independent association of sleep apnea severity and CRP 

levels was only found using minimum SaO2 saturation as the OSA variable. 

4.3.4.3 Role of confounders  

Of the different covariates tested in the model with BMI level and minimum 

SaO2, only exercise was significantly associated with CRP levels, decreasing 

the levels (Table 10). General use of statins was not associated with CRP 

levels. However, when looking separately at the 2 statins mainly used, i.e., 

atorvastatin and simvastatin, atorvastatin had a borderline association with 

decreased CRP levels (p = 0.053). Excluding participants on these medications 

affecting inflammatory levels did not change our findings (Paper III, Table S5). 

However, the relationship between OSA severity and BMI with CRP levels was 

not the same in those with and without cardiovascular disease (p = 0.01 for 

interaction with the OSA and obesity level). Borderline significance was also 

found for a gender difference (p = 0.053). Subgroup analysis by gender and 

cardiovascular disease, are shown in the next section. 
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Table 10. The effect of potential confounders on the model for C-reactive protein (CRP) 

levels with OSA severity (minimum oxygen saturation) and obesity level (body mass 

index, BMI). The additional variance (partial R
2
) in CRP levels explained by the covariate 

is shown (main effect) as well as  the effect of the covariate on the interaction of OSA 

and obesity on CRP levels. Significant p values (p < 0.05) are shown in bold. Adapted 

from Paper III. 

Covariate Main effect Interaction
a
 

 β ± SE
b
 p Partial R

2
 p 

Male gender -0.14 ± 0.11 0.21 0.3% 0.053 

Age (10 years) 0.007 ± 0.04 0.86 0.01% 0.40 

Current smoking 0.05 ± 0.10 0.57 0.07% 0.67 

Pack-yr (quartiles) 0.007 ± 0.04 0.86 0.008% 0.36 

Excessive alcohol use 0.20 ± 0.21 0.33 0.2% 0.82 

Hypertension 0.07 ± 0.08 0.37 0.2% 0.41 

Cardiovascular disease 0.13 ± 0.10 0.21 0.4% 0.01 

Diabetes 0.02 ± 0.13 0.89 0.004% 0.58 

Exercise -0.19 ± 0.09 0.03 1.1% 0.81 

Any statin use -0.12 ± 0.10 0.20 0.4% 0.80 

Visceral fat (L) 0.04 ± 0.03 0.18 0.5% 0.09 

Visceral/subcutaneous fat 

ratio 
0.15 ± 0.14 0.30 0.3% 0.07 

Note:
 a 

A significant interaction would indicate that the shape of the association of OSA 

and obesity with the biomarker levels varies according to the level of the covariate. 

There was a significant interaction with the presence or not of cardiovascular disease 

(bolded) and a trend for an interaction with gender (P = 0.053).
b
β stands for change in 

log(biomarker) for an increase of 1 unit in the predictor covariate, when the other 

factors of the model are held constant. SE is the standard error of the β coefficient.  
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4.3.4.4 CRP : Post-hoc subgroup analyses 

The cohort was divided into subgroups (with/without cardiovascular disease and 

males/females) to explore further the influence of these covariates on how 

obesity and sleep apnea are associated with CRP levels. For CRP the findings 

we had for IL-6 were replicated for males only, i.e., independent associations of 

OSA and obesity and a significant interaction (Paper III - Table S5). The 

analysis was repeated excluding premenopausal women and postmenopausal 

women on HRT (n = 17). Importantly, these results showed that 

postmenopausal women behave similarly to men, i.e., after excluding 

premenopausal women (n = 13) and women on HRT (n = 4) from the main 

analysis, there were independent associations of OSA and obesity on CRP 

levels and a trend toward an interaction between the two for males and 

postmenopausal women (borderline significant, P = 0.06). Gender did not 

significantly affect this relationship after excluding premenopausal women and 

women on HRT.  

The findings we had for IL-6 were also largely replicated for CRP in those 

with cardiovascular disease, i.e., independent associations of OSA and obesity 

with CRP levels and a significant interaction between OSA and obesity (Paper 

III - Table S5). However, in those without cardiovascular disease, an 

independent association of OSA severity and CRP levels was found, but there 

was no significant interaction between obesity and OSA severity on CRP levels. 

Interestingly, in otherwise healthy patients with no cardiovascular disease, no 

hypertension or diabetes, the interaction between OSA severity and obesity 

was again significant. In all the analyses with a significant interaction, the 

interaction was driven by OSA severity not having a role in nonobese patients. 

The relationship of OSA severity and CRP levels depends therefore not only on 

obesity but may also be affected by other covariates such as menopausal 

status and the presence of cardiovascular disease.   

 

4.3.5 Leptin levels: Does obesity affect the role of OSA? 

4.3.5.1  Simultaneous assessment of BMI and OSA  

The role of OSA severity and obesity level in leptin levels was assessed in the 

same manner as for IL-6 and CRP. All analyses were adjusted for gender as 

the gender main effect explained ~20% of the variance in leptin levels. The 

models with BMI, gender and the four different measures of OSA severity (AHI, 

ODI, hypoxia time and minSaO2) all explained a similar amount of variance in 

leptin levels (R
2 

= 60.0-60.6%, Figure 22), a considerably higher percentage 

than in the models for IL-6 and CRP. BMI was significantly associated with 

leptin levels in all analyses, accounting for over half of explained variance in 
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leptin, while gender explained ~20%. However, no measure of OSA severity 

was significantly associated with leptin levels and no interaction was found 

between BMI and OSA severity on leptin levels. Figure 22 shows a three-

dimensional graph of the association of BMI and leptin (large effect) and 

different measures of OSA severity (no effect) and leptin levels, adjusted for 

gender. When the same analyses were performed for the complete cohort with 

no exclusions, AHI explained 1% of the variance in leptin levels, indicating a 

potential very minor independent association of OSA severity and leptin levels.  

4.3.5.2 Relationship of other obesity variables and leptin  

The model with waist circumference and AHI, instead of BMI and AHI explained 

a similar percentage of leptin levels (63.2% vs. 60.6%, difference not significant 

in bootstrap comparison). In addition, AHI significantly explained a very small 

percentage (1.1%) of the variance of leptin levels with waist circumference in 

the model, not found for any of the three hypoxia variables or when using BMI 

as the obesity variable.  

To compare how well MRI measures of obesity predict leptin levels in 

multivariable models, in comparison to anthropometric measures, the n=371 

subset with MRI measurements was assessed (gender and OSA severity 

included in model). The model with total abdominal fat explained the largest 

amount of variance in leptin levels, 69.0% (significantly highest by bootstrap 

analysis) while models with BMI and waist circumference explained 61.1% and 

62.4%, respectively. The model with subcutaneous fat explained 66.5% but the 

model with visceral fat explained less than all the models above, i.e., 55.5% of 

the variance. The association of OSA and leptin levels remained nonsignificant 

in the models with total abdominal fat as the obesity variable, and there was no 

interaction between total fat volume and OSA severity. Gender continued to 

explain a large proportion of the variance in leptin levels in these models. 
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Figure 22. Three-dimensional plots assessing the role of obesity level (body mass index, 

BMI) and four different severity indices of obstructive sleep apnea (OSA) in leptin levels: 

a) apnea-hypopnea index (AHI); b) oxygen desaturation index (ODI); c) hypoxia time 

(minutes with SaO2 < 90%), and d) minimum oxygen saturation (SaO2). The significance 

of associations between leptin levels and OSA severity, obesity and the interaction 

between them are shown below the panels, as well as the total variance in leptin levels 

explained by the model. These analyses are not adjusted for other potential 

confounders. Reproduced from Paper IV. 
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4.3.5.3 Role of confounders  

Because the gender main effect was so large, careful attention was paid to the 

potential for gender to act as a confounding factor and effect modifier 

(interaction). Although adding gender to the model increased explained 

variance substantially, its addition did not appreciably change model parameter 

estimates, indicating that gender is not a key confounding factor when 

estimating simultaneously the relationship between BMI and OSA severity with 

leptin levels. Moreover, when the set of gender interactions with BMI and OSA 

were added to the model, these were not statistically significant (p = 0.10) and 

the increase in explained variance was very small (1.0%).  While the relatively 

small number of females makes estimating gender-specific parameters 

challenging and reduces power to detect interactions, results implied that 

controlling for gender as a main effect added power and did not distort the 

primary findings.  

The associations of other potential confounders on leptin levels were 

tested separately for each confounder in the model with BMI, gender and AHI 

(Table 11). Age and cardiovascular disease had statistically significant but small 

associations with leptin levels and explained some additional variance in leptin 

levels beyond obesity and gender. Adding to the model an extra fat variable, 

visceral to subcutaneous fat volume ratio or visceral fat volume alone explained 

additional variance in leptin levels (6.1% and 2.8%, respectively), further 

emphasizing the importance of fat distribution in leptin levels. Total fat volume 

and subcutaneous fat volume could not be assessed as covariates as they 

were highly correlated with BMI (both r = 0.85, Table S2 in Paper III). Two 

covariates had a significant effect on the interaction between OSA severity and 

obesity; hypertension (p = 0.04) and age group (p = 0.04). Subgroup analyses 

for age category showed minor inconsistent associations of OSA severity and 

leptin levels. The subgroup analyses for hypertension status are described 

below. 
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Table 11. The effect of potential confounders on the model for leptin levels with apnea 

hypopnea index (AHI) and obesity level (body mass index) adjusted for gender. The 

additional variance (partial R
2
) in leptin levels explained by the covariate is shown (main 

effect) as well as the effect of the covariate on the interaction of OSA and obesity on 

leptin levels. Significant p values (p < 0.05) are shown in bold. Adapted from Paper VI. 

Covariate Main effect Interaction
a
 

 β (SE)
b
 p Partial R

2
 p 

Age (10 yrs) 0.07 ± 0.02 0.001 1.0% 0.04 

Current smoking -0.07 ±0.05 0.17 0.2% 0.97 

Pack years (quartiles) 0.00 ± 0.00 0.25 0.1% 0.44 

Excessive alcohol use 0.12 ± 0.11 0.28 0.1% 0.67 

Hypertension 0.07 ± 0.04 0.12 0.2% 0.04 

Cardiovascular 

disease 
0.11 ± 0.06 0.049 0.4% 0.82 

Diabetes 0.03 ± 0.07 0.65 0.02% 0.08 

Premenopausal 

status 
-0.24 ± 0.15 0.11 1.83 0.71 

Visceral fat (L) 0.09 ± 0.02 <0.0001 2.8% 0.44 

Visceral 

/subcutaneous fat 

ratio 

-0.59 ± 0.09 <0.0001 6.1% 0.82 

Note:
 a 

A significant p value indicates an interaction between the covariate with the 

variable role of sleep apnea depending on obesity level in determining leptin levels. 

b
β stands for change in log(leptin) for an increase of one unit in the predictor 

covariate, when the other factors of the model are held constant.  SE is the 

standard error of the β coefficient. 
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4.3.5.4 Leptin: post-hoc subgroup analyses 

Post-hoc subgroup analyses were performed separately for hypertensive (n = 

199) and nonhypertensive (n = 249) subjects using the same model as above 

with BMI. Hypertensive subjects had higher leptin levels than the 

nonhypertensive (12.6 [11.4-14.0] ng/ml vs. 9.3 [8.5-10.1] ng/ml, p<0.0001). 

They were also 6 years older on average and more obese (by 2.3 BMI units). 

No gender differences were found. For nonhypertensive subjects, there was a 

minor but significant effect of OSA severity on leptin levels, explaining 3.2% of 

the variance in leptin levels as well as a significant interaction between OSA 

severity and BMI, explaining an additional 1.5% of the variance (Figure 23A). 

However, OSA severity did not have a significant effect on leptin levels in 

hypertensive subjects ((Figure 23B). For nonhypertensive subjects, the role of 

increased OSA severity was greatest for nonobese subjects (Figure 23A), i.e., a 

nonhypertensive OSA patient with a BMI of 25 and AHI 30 had expected leptin 

levels of 4.6 ng/ml in the model, whereas a nonhypertensive subject with the 

same BMI but an AHI 70 had expected leptin levels of 8.4 ng/ml. No such 

differences were found for obese nonhypertensive subjects. Models with waist 

circumference or total fat volume instead of BMI gave the same findings. 

Figure 23. Three-dimensional plots assessing the role of obesity level (body mass index, 

BMI) and the apnea-hypopnea index (AHI) in leptin levels for a) hypertensive OSA 

patients and b) nonhypertensive OSA patients. The significance of associations between 

leptin levels and OSA severity, obesity and the interaction between them are shown 

below the panels, as well as the total variance in leptin levels explained by the model. 

Reproduced from Paper IV. 
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5 Discussion 

Interindividual differences were found in the response to similar OSA severity 

with regards to both nocturnal sweating and biomarker levels. The prevalence 

of reported frequent nocturnal sweating was three-fold higher in untreated OSA 

patients than in the general population but decreased to general population 

levels with full PAP therapy. Objective measurements of sweating also showed 

a decrease with PAP treatment. Nocturnal sweating can be considered a 

symptom of OSA that at least a third of OSA patients experience and may 

perhaps be an indicator of increased cardiovascular risk and sleep-related 

symptoms in this group compared to other OSA patients. OSA severity is an 

independent predictor of levels of IL-6 and CRP but interacts with obesity such 

that this association is found only in obese patients. However, obesity and 

gender are the dominant determinants of leptin levels. OSA severity was not 

related to leptin levels except to a minor degree in nonhypertensive nonobese 

OSA subjects only, not likely to be clinically meaningful.  

5.1 Nocturnal sweating and OSA 

Our study (Paper I) was the first, to our knowledge, to perform objective 

measurements of sweating in OSA patients when untreated and again on 

successful PAP treatment. The OSA patients when untreated appeared to be 

able to assess their sweating quite accurately, but perhaps less accurately 

while on PAP treatment.  

Previous studies have suggested a possible relationship between 

obstructive sleep apnea and frequent nocturnal sweating
277, 278, 292

. However 

until now, studies comparing the prevalence of frequent nocturnal sweating in 

untreated OSA compared to the prevalence in the general population as well as 

changes with PAP treatment have been lacking. Our larger study (Paper II) of 

subjective nocturnal sweating confirmed the findings of Cruz et al.
277

 and Kiely 

et al.
278

 who showed a decrease of subjective sweating with PAP treatment in 

smaller cohorts of OSA patients (n = 98 and n = 56, respectively). We have 

extended their findings by showing that the prevalence of nocturnal sweating in 

untreated OSA is three times greater than in a general population cohort and 

that it is reduced to general population levels with full PAP treatment. In Papers 

I and II, we did not find a relationship between traditional OSA severity indices 

and objective and subjective nocturnal sweating, respectively, in agreement 

with Mold et al.
292

 but contrary to the findings of Cruz et al.
277

 Most of the 

participants in our OSA cohorts had moderate to severe OSA, limiting our ability 

to assess relationships with OSA severity. However, an association was found 

between the change in objective nocturnal sweating and the RMI index, a 
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marker of paradoxical breathing, with PAP treatment (Paper I), which needs to 

be confirmed in larger studies.  

The results of the current study (Paper I and II) that nocturnal sweating is 

related to daytime sleepiness is in agreement with Mold et al.
292

. Even in non-

treated OSA patients, decreased complaints of nocturnal sweating were related 

to decreased sleepiness, possibly indicating a relationship with nocturnal 

sweating beyond the presence of OSA per se. Unlike the Mold et al.
292

 study, 

we did not find a relationship with RLS symptoms. However, they used a less 

strict definition of RLS than we did. Interestingly, our findings are in agreement 

with a study of a general cohort of children (n = 6381) in whom their parents 

reported more sleep-related sweating in relation to both OSA and insomnia 

symptoms
334

, similar to our general population cohort.  Nocturnal sweating has 

also previously been found to be related to GER symptoms
335

 and younger 

age
277

 as found in this study. For the general population cohort, we found 

indications that having OSA symptoms (both snoring and higher MAP index) 

was related to reporting frequent nocturnal sweating, unlike Mold et al. in their 

sleep laboratory sample
292

. Our study also showed a relationship between 

decreased quality of life and frequent nocturnal sweating, both in the general 

population and OSA cohort, as has been shown previously in elderly primary 

care patients
336

. However, decreased sweating at the follow-up of OSA patients 

was not related to any improvement in quality of life.  

Both in the objective and subjective measurements of sweating (Papers I 

and II), indications of a relationship between nocturnal sweating and 

hypertension were found in OSA patients. This relationship was stronger for the 

objective measurements (Paper I), where a strong correlation was found 

between sweating and systolic blood pressure in untreated patients. The 

patients who sweated the most had the highest systolic blood pressure and 

showed the greatest decrease in systolic blood pressure with treatment. The 

change in sweating with treatment was also associated with a simultaneous 

change in the diastolic blood pressure. Sweating and blood pressure, even 

though controlled by different branches of the sympathetic nervous system, 

therefore showed similar changes with treatment. Thus, OSA subjects with 

higher amounts of sweating appear to have increased sympathetic activity 

despite not finding an association with urinary sympathetic metabolites. No 

relationship was found between temperature measurements with nocturnal 

sweating or sleep disordered breathing events, further strengthening the role of 

sympathetic activity in nocturnal sweating.  In Paper I, a negative association 

was found between REM sleep and sweating in OSA patients. Sympathetic 

activity has been found to have a role in REM sleep regulation as both 

norepinephrine agonists and blockage of reuptake have been shown to 

suppress REM sleep in animal models
337, 338

. Also, a negative relationship 
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between REM sleep and hot flushes in women has been found, strengthening 

these findings
339, 340

.   

5.2 Biomarkers and OSA severity 

Our results, in a large cross-sectional clinical sample of OSA subjects, show 

that OSA severity independently contributes to explaining variance in IL-6 

levels. For CRP levels the association among measures of OSA severity is with 

minimum SaO2 only, a measure of hypoxia. The association of OSA severity 

and both IL-6 and CRP levels depends on the obesity level of the patients and 

is only found in obese patients (BMI ≥ 30). Indeed, in nonobese patients, there 

is no association of IL-6 and CRP levels with OSA severity, assessed as the 

number of sleep-disordered breathing events (AHI) or different measures of 

hypoxia during sleep. However, obesity and gender have a dominant role in 

leptin levels, not OSA severity. Subgroup analyses indicate that OSA severity is 

independently related to leptin levels in nonhypertensive, nonobese OSA 

subjects only, but even in this group the role of OSA severity is small and not 

likely to be clinically meaningful.  

5.2.1 The role of fat  

Obesity and OSA commonly coexist as obesity is the most important risk factor 

for OSA (reviewed in Paper V), making studies assessing their independent 

effects more difficult.  

Paper III demonstrates that total fat measures such as BMI and total 

abdominal fat volume were significantly more associated with IL-6 and CRP 

levels than visceral fat alone within an overweight and obese apneic population. 

Visceral fat volume was a significant predictor of IL-6 levels after adjusting for 

BMI, but explained only a small additional amount of the variance in IL-6 levels 

(1.3%). No additional association of visceral fat volume was found for CRP 

levels, after adjusting for BMI. Visceral fat has been shown to release more IL-6 

than subcutaneous fat when measured directly 
93, 94

 but previous smaller human 

studies assessing the role of total fat versus visceral fat in circulating 

inflammatory levels show contradictory results
341-346

. The findings of our study 

are in agreement with findings from the large Framingham cohort
347

, that total 

fat is more associated with inflammatory biomarkers than visceral fat alone. The 

strength of the associations between the inflammatory markers and different fat 

measures in the Framingham study are remarkably similar to the current study 

despite the fact that the patients in our current study were considerably more 

obese. The Framingham study also found, in agreement with the results of this 

study, that after accounting for BMI, that there is a small additional relationship 

between visceral fat and increased IL-6 levels; in addition, the same was noted 

for CRP levels, but not found in our study. The current study therefore extends 



72 

the results of the Framingham study, showing that the stronger association of 

IL-6 and CRP with total fat compared with visceral fat and the small additional 

role of visceral fat after adjustment for BMI is true, even for patients who are 

quite obese.  

Paper IV showed that obesity level explains the majority of the variance in 

leptin levels. Our results are in agreement with previous studies showing that 

subcutaneous fat produces more leptin than visceral fat
201-203

, as we found a 

higher correlation between leptin levels and  subcutaneous fat volume than with 

visceral fat volume. However, our study also showed that total abdominal fat 

volume is the best indicator for leptin levels in sleep apneic subjects. Our 

results are in contrast to a study on nonobese Japanese OSA subjects (n = 96) 

which found a higher correlation between leptin and visceral fat than with 

subcutaneous fat and no effect of obesity after adjusting for OSA severity
12

. The 

differences in results are likely due to the large BMI differences between the 

two studies and the small BMI range in the previous study. Ethnic differences 

may have also played a role
348-352

. 

5.2.2 The role of gender 

It is important to consider the role of gender in OSA studies as the majority of 

the literature has focused on studying males
353

. In our study the number of 

females was relatively small compared to males and the power to detect a 

gender difference may therefore have been limited. Nevertheless, our study 

included more females (n>70) than the majority of previously published studies 

on OSA (see Strengths and Limitations).  

Menopausal status and HRT affected the relationship between sleep 

apnea and CRP levels, possibly due to their effects on fat distribution
354, 355

. 

However, gender per se did not have a significant independent effect on CRP 

or IL-6 levels. Our analysis did not allow us to compare directly the effects of 

menopause on biomarker levels because most of the women were 

postmenopausal. However, our results for the relationship of OSA severity and 

obesity on CRP levels showed a significant change in the results by excluding 

premenopausal women and women on HRT.  

Females had, on average, more than twice as high leptin levels than 

males in this study, as previously found in other studies
353

. These differences 

are partly explained by higher fat mass and more subcutaneous fat in females 

compared to males but may also be due to gender steroids (bio-available 

estrogen and testosterone).  
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5.2.3 The role of sleep disordered breathing  

Previous studies on the relationship between sleep disordered breathing in 

adults and the levels of biomarker IL-6, CRP and leptin have contradictory 

findings, as is summarized in the Introduction. It is difficult to reconcile the 

different results of these previous studies but many of these studies had a low 

number of patients (n ≤ 30 per group
13, 95-97, 99, 100, 105, 112, 114, 115, 118, 122-127, 131, 134, 

145, 172, 174, 175, 178-182, 184-187, 190, 193-197, 199, 200, 356, 357
). In case-control studies, control 

patients were often less obese than those with apnea (average BMI difference 

of 2-16 kg/m
213, 96, 97, 105, 114, 116, 120, 121, 123, 126, 127, 173, 175, 178, 180, 189, 190, 356, 357

) or 

showed differences in other fat variables
12, 171, 173, 192

. Controls were also often 

younger (average age difference of 3-16 years between groups
13, 96, 103, 105, 120, 

121, 126, 127, 173, 175, 178, 189, 190, 193, 194, 356, 357
), with fewer comorbidities

13, 121, 171, 194, 356, 

357
, smoked less

96, 115, 120, 356
  or there were marked differences in gender 

percentages between compared groups
125

. In PAP studies
134, 172, 180-188, 190, 194-

199
, changes in weight

194, 195
 and possibly fat distribution with PAP use

187
 may 

also be of importance. Furthermore, ethnic differences may play an important 

role in the discrepancy, due to different etiologies in the onset of obesity-related 

morbidities, such as type 2 diabetes
348

. Asians may have a different 

susceptibility to OSA
349, 350

 and a different leptin profile from Caucasians and 

other ethnicities
351, 352

. For example, many studies reporting effects of OSA on 

leptin levels have been performed in relatively lean Asians
12, 172, 174, 178, 181, 182, 

186
, while only two studies in Asians have shown no relationship between leptin 

levels and OSA
192, 194

. 

These contradictory findings in the earlier literature indicate the likely 

heterogeneity in the inflammatory response in patients with OSA and the need 

to address specifically whether obesity levels and the presence of comorbidities 

influence how OSA affects biomarker levels.  

5.2.3.1 Inflammatory biomarkers 

Some studies have started to address the issue of whether obesity level 

influences how OSA affects inflammatory levels. In two studies by Vgontzas et 

al.
13, 105

 obese patients with OSA were compared with both obese and 

nonobese controls and the highest IL-6 levels found in the obese OSA patients. 

However, although there was an overall significant difference between the three 

groups in the levels of IL-6, the difference between obese control patients and 

obese patients with OSA was not significant and nonobese patients with OSA 

were not studied
13, 105

. Hargens et al. reported similar findings
129

. A study by 

Barcelo et al.
115

 compared obese and nonobese OSA patients to nonobese 

control patients and found no difference in CRP levels between nonobese 

patients with OSA and nonobese control patients. However, obese control 

patients were not included in the study.  Thus, all of these studies lack 1 cell of 
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the 2 × 2 factorial design (obese patients with OSA, obese control patients, 

nonobese patients with OSA, and nonobese control patients). The results are 

compatible with our findings, i.e., there is an independent role of OSA in obese 

patients but not in nonobese patients.  

The current study (Paper III), the largest performed so far on IL-6 levels 

and sleep apnea, supports the independent role of OSA in IL-6 levels, i.e., 

above and beyond the role of obesity per se, as has been shown in some of the 

previous studies
13, 95, 97, 104, 105

. We have also demonstrated that the 

independent association of OSA and IL-6 levels depends on the degree of 

obesity, i.e., there is an obesity-by-OSA interaction such that OSA severity is 

associated with IL-6 levels in obese patients only, not in those with BMI < 30 

kg/m
2
. This is a novel finding. The association between IL-6 levels and OSA 

severity is strongest for hypoxic measures, not the number of apneas and 

hypopneas. An independent association of OSA severity with CRP levels, which 

depends on obesity level and menopausal status in women, is found but only 

for minimum SaO2, not AHI, ODI or hypoxia time, making the evidence for a role 

of OSA in CRP levels less robust than for IL-6 levels. The presence of 

cardiovascular disease is also an important factor influencing the relationship 

between OSA severity, obesity, and CRP levels. This requires further study. 

Our results are in agreement with the largest study so far on the relationship 

between AHI level and CRP (n = 907), showing no independent associations of 

AHI and CRP levels after adjustment for BMI, age, and gender.
117

 Our results 

are, however, in disagreement
 
with another study

101
 on Asian patients showing 

independent associations of AHI and CRP levels, adjusting for BMI and visceral 

fat. It is conceivable that there are ethnic differences that affect this relationship 

and these need to be studied in depth
348-350, 358, 359

. 

The role of OSA severity appears to be more pronounced for IL-6 levels 

than CRP levels. The reason for this difference is likely that CRP is much more 

stable than IL-6 with a half-life of 19 hrs and does not have a circadian rhythm, 

unlike IL-6
91, 360, 361

. The immediate effect of respiratory events during the night 

in patients with OSA will increase IL-6 levels, when assessed in the morning 

after sleep. In contrast, there is a much longer time constant for changes in 

CRP. Thus, the immediate effect of events during sleep will be less marked for 

CRP and the levels will reflect not only what happened during sleep but across 

the entire 24-hr period.  

The variable association of OSA severity with IL-6 levels and CRP levels, 

depending on obesity, may be mediated by a difference in the inflammatory 

response to events occurring in sleep apnea between nonobese and obese 

patients. The likely reason for this difference is the increased numbers of nonfat 

cells such as macrophages, secreting IL-6, that are found in adipose tissue of 

obese patients
94, 139, 362

. This will allow for more production of IL-6 from adipose 
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tissue in response to the hypoxic insult that occurs in OSA. Recent studies have 

shown that there is already hypoxia within adipose tissue in obesity
40-43

, 

meaning that sleep apneic events in obese subjects add further hypoxic insult 

to the fat tissue, while the changes in nonobese OSA subjects will be of lower 

magnitude. In support of our findings, a study administering intermittent hypoxia 

to healthy, lean humans for 14 nights, showed no change in inflammatory blood 

biomarkers
47

. Another potential explanation is the decreased lung volume in 

those who are more obese
10

, causing comparatively larger desaturations in 

more obese than in leaner patients with the same durations of apneas
363

. 

However, the strongest relationships were with the hypoxia variables 

themselves, making this explanation of our results less likely.  

5.2.3.2 Leptin  

There was no or only a very minor association of OSA severity and leptin levels 

after adjusting for obesity and gender in the whole cohort, in contrast with the 

finding for IL-6 and CRP levels. However, a post-hoc subgroup analysis on 

nonhypertensive subjects showed a significant, albeit very small, association of 

OSA severity and leptin levels. This association was found in nonobese 

subjects. It may be that the oxidative stress and inflammation associated with 

OSA (reviewed in Paper V) only contribute to an increase in leptin levels in 

subjects who are not already chronically exposed to these physiological 

stressors. The obese and hypertensive OSA subjects may already have 

maximal stimulation of leptin levels. It is important to remember though that 

there is strong evidence that OSA itself causes hypertension, complicating 

research when looking at hypertension simply as a confounder to the 

independent effects of OSA. Those more vulnerable to pathological 

cardiometabolic effects of OSA, likely due to genetic predisposition, will 

therefore already have hypertension and be on hypertensive medication 

(reviewed in Paper V and 
227

).     

In support of our results, other studies comparing obese and nonobese 

subjects have shown differential effects of OSA on leptin levels depending on 

the degree of obesity
190, 199, 200

. Two of these studies have results comparable to 

those of our study; showing a difference in leptin levels between nonobese OSA 

subjects and controls only, as well as a decrease in leptin levels with CPAP in 

nonobese subjects only
199, 200

. A recent study in mice exposed to intermittent 

hypoxia also supports these findings, showing increased leptin levels in lean but 

not obese mice
39

 and a human study administering intermittent hypoxia to 

healthy, lean subjects for 14 nights found no changes in leptin levels
47

. 

However, in two other studies, no difference in leptin levels between OSA 

subjects and controls was found 
129, 190

 and a decrease in leptin levels with 

CPAP was found in the obese OSA subjects only
190

. The discrepancy in the 
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earlier OSA literature on leptin levels, as discussed above, is likely partly due to 

the heterogeneity of leptin levels for different obesity levels and hypertension 

status in OSA subjects as found in our study. 

5.2.4 Strengths and limitations  

The strength of the clinical OSA cohort was the longitudinal follow-up, the 

detailed measurements performed in each patient with a full PSG and additional 

measurements of sweating and temperature, never performed before in OSA 

patients to our knowledge. This study was, however, a pilot study and is limited 

by its small sample size. A larger study is needed that includes women with 

OSA, OSA patients with hypertension, diabetes and other comorbidities, both 

before and after PAP treatment, as well as a healthy control group to examine 

differences in objective sweating. Another limitation was the possible first-night 

effect on measurements as an adaptation night was not included in the study 

and the overnight sampling of urine instead of a 24-hour assessment of 

sympathetic metabolites.  

The strengths of the ISAC study (Papers II – IV) include the large number 

of participants, the broad distribution of obesity, and the high proportion of 

severely obese participants and the detailed analysis performed in each subject 

(extensive questionnaire, anthropometric measurements, sleep studies, fasting 

blood samples and MRI measurements). The large sample size of ISAC was 

such that it was possible to assess associations separately in overweight, 

obese, and severely obese patient and investigate the complex interaction 

between OSA and obesity (Papers III and IV) and hence provide new insights.  

The ISAC cohort is a clinical cohort, with no exclusion of the relevant OSA 

comorbidities. We believe this to be a major strength of the study as by 

investigating only otherwise “healthy” patients with OSA as done in Paper I, the 

study results may be biased by studying a subpopulation of patients with OSA 

with some sort of genetic or environmental protective mechanism that is not 

generally present. Our results suggest, for example, a differential response in 

CRP levels to sleep apnea depending on the presence or absence of 

cardiovascular disease. These results require further study. Including patients 

with comorbidities does, however, complicate the analysis as the presence of 

cardiometabolic disease will affect, for example, inflammatory levels. In the 

ISAC study, different medical conditions and medications were assessed as 

potential confounders and sensitivity analyses were performed when needed, 

e.g. excluding patients on anti-inflammatory medications as well as all patients 

with known hypertension, diabetes, and cardiovascular disease to confirm our 

main findings.  

Another strength of the study was the state-of-the-art MRI technology for 

measuring visceral and subcutaneous abdominal fat. The MRI and sleep 
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studies were all read by centralized laboratories with very high reliability of 

measurement (see Paper III, online supplement). Other strengths specific to 

paper II were the comparison with a general population cohort as well as the 

extensive longitudinal follow-up of the ISAC cohort.  This study was an 

observational study, not a randomized controlled trial (RCT), which may be 

considered a limitation. However, an RCT study with such long-term follow-up 

of severely affected OSA patients would be difficult to perform for ethical 

reasons. The importance of observational studies was highlighted in a recent 

NIH workshop report on comparative effectiveness research
364

.  

A limitation of our ISAC cohort includes the smaller number of females 

than males as a consequence of the “gender-bias” of patients in Iceland in 

whom OSA was diagnosed. We did, however, have >70 females in Papers III 

and IV and a total of 156 females in the final cohort in Paper II. This was still 

quite a high number, especially in comparison with many earlier studies in the 

field, where  only 8 of 27 studies on CRP levels
95-103, 108-111, 113-122, 130, 131, 356, 357

 

included a significant total number of females (n > 40). In addition and 

interestingly, only 2 of these studies specifically looked at gender differences
108, 

116
, none adjusted for menopausal status and only 1 study adjusted for HRT in 

women
117

. For IL-6, the largest study so far in the literature (n = 155 patients
123

) 

does not report whether females are included in their study and all other studies 

either do not include females
13, 97, 105, 112, 114, 124, 130, 132

 or have a negligible 

number of them in their analysis (n = 1-20
103, 104, 122, 123, 125-127, 131

).  One 

published study even compared a mixed group of OSA males and females with 

a female-only control group
125

. The same is found for leptin levels where most 

studies have focused on males only
12, 13, 145, 173, 174, 177-179, 181, 184, 186-188, 190, 191, 194, 

199
 and many studies include a very low number of females (≤5 per group).

172, 

175, 180, 182, 185, 195, 196
 Studies addressing specifically the role of OSA in 

inflammatory biomarkers in women taking into account their menopausal status 

are needed, although sleep apnea is much less common in premenopausal 

women
365

. 

In both the ISAC and the clinical OSA cohort there is a lack of controls and 

patients with mild OSA. Therefore, a potential effect of OSA severity on 

biomarker levels or nocturnal sweating from mild to moderate disease, with a 

plateau above this level of severity, as has been described for other 

biomarkers
366

, cannot be excluded. The lack of control patients without OSA in 

the biomarker assessment of the ISAC study (Paper III and IV) is, in our view, 

not a major limitation as comparing patients with OSA to control patients was 

not the intent of this study. Rather, we sought to evaluate within a clinical cohort 

of patients with OSA the relative role of obesity and sleep apnea. Previous 

studies that included a control group have shown that visceral fat volume is 

more associated with the presence of OSA than other measures of obesity, 

such as BMI or subcutaneous fat
6, 12, 13, 105, 367, 368

. However, many of these 
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studies share the same limitation regarding control groups as mentioned 

previously (differences in BMI, age, etc. between cases and control patients). 

Finding control patients who do not have OSA, with the obesity levels found in 

this study and matched for comorbidities and other factors, is very challenging 

as the OSA literature shows but would be very valuable. Instead, our analysis 

made use of the wide range of obesity and OSA severity within a clinical cohort 

of individuals with sleep apnea to address our primary question, i.e., the 

independent roles of obesity and OSA severity and their interaction on 

biomarker levels. Also, our analyses assessed the role of various confounders 

that may influence how sleep apnea is related to biomarker levels. Our sample 

size is sufficient to do so. We would, however, like to emphasize that this part of 

our study was cross-sectional; therefore, findings of significant associations are 

not sufficient to infer causality. 

In the ISAC study, unlike the clinical OSA study, portable type 3 monitors 

were used. The study therefore lacks electroencephalographic recording and 

assessment of arousals. However, the validity of the type 3 portable monitoring 

system for assessing sleep disordered breathing has been attested when 

compared with polysomnography
369

 and the recommended American Academy 

of Sleep Medicine 2007 scoring rules do not require arousals to assess 

hypopneas, as some scoring rules do
370

. Additionally, it has been shown that 

subjects spend more time in the supine position during PSG than portable 

monitoring
371

, likely due to the discomfort of the patient, which is reflected in 

falsely higher OSA severity levels measured in the laboratory than in home 

studies, as at least some OSA subjects have positional OSA with much higher 

indices while in the supine position
372

. The fact that people may sleep worse in 

the laboratory, as has been shown be comparing laboratory PSG to home PSG 

in the same subjects, finding increased sleep efficiency and longer sleep 

duration in the home studies
373

, should also be taken into account. 

Another potential limitation is that the blood for biomarker assessment, 

while drawn in untreated patients, was not drawn the morning after the sleep 

study. Therefore, night-to-night variability in OSA severity added some noise to 

the data. However, this variability has been found to be smaller when assessed 

in home studies and in patients with severe OSA
374, 375

. The assessment of 

biomarkers is made from a single blood draw, not overnight measurements 

performed before and after sleep (reviewed in Paper V). However, three small 

OSA studies performed using more than a single blood draw have indicated 

that if a difference in, for example, IL-6 levels is found because of OSA, these 

changes can be found in the morning blood sampling, as was done in this 

study
13, 105, 112

.  

The highest dropout rate for the MRIs was in the most obese category, as 

these patients had more problems with MRI assessment than those who were 
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less obese. However, even in the most obese group, MRI assessments of 

abdominal fat were obtained in 87 of 133 patients, permitting meaningful 

analyses. Furthermore, our study did not include a whole body fat percentage 

assessment, such as dual energy X-ray absorptiometry (DEXA)
376

 in the 

otherwise detailed assessment of obesity level. 

Other limitations specific to Paper II were found as the ISAC subjects were 

more obese and had a higher prevalence of hypertension, cardiovascular and 

diabetes than the general population subjects. Therefore we adjusted for these 

co-morbidities as covariates. Again, the number of females was substantially 

lower in the ISAC cohort, a consequence of the “gender bias” of patients in 

Iceland in whom OSA has been diagnosed and the consequent lower 

prevalence of OSA in females than males
3, 365

. However, no gender differences 

were found in the prevalence of sweating and no statistical interactions were 

found between gender and the other tested variables related to nocturnal 

sweating.  

Other weaknesses include the use of subjective measures of sweating. 

However, as shown in Paper I, at least in untreated OSA patients, the 

correlation between subjective and objective symptoms was high and many of 

the relationships found with subjective sweating were also found for objective 

sweating, strengthening the significance of assessing subjective sweating. It 

should be noted that the reporting of subjective sweating is three-fold higher in 

untreated OSA patients than in the general population, which may be used as a 

clinical indicator of OSA. 

A sleep study was not performed in the general population cohort. 

Therefore we do not know how many subjects in the general population cohort 

had treated or untreated OSA. Instead, we assessed their OSA risk by 

calculating their MAP index. Finally, some subjects in the OSA cohort reported 

an improvement in frequent nocturnal sweating despite receiving no PAP 

treatment at follow-up. These subjects also described less sleepiness. This may 

be related to other life style changes during the 2 year interim between baseline 

and follow up, the Hawthorne effect (improvement due to observation alone
377

) 

or regression to the mean as most subjects described severe symptoms at 

baseline. Other treatment use may also be a factor. We did, however, remove 

all subjects using a mandibular advancement device from our follow-up analysis 

in the OSA cohort and repeated the analyses excluding all non-PAP users with 

significant weight loss and upper airway surgery (uvula/soft palate) between the 

baseline and follow-up assessments, and this did not affect the results.  
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Finally, we would like to mention that heating in Icelandic houses is 

relatively cheap and year-round outdoor temperatures in Reykjavik rather low 

(monthly average of -1°C to 11°C). Therefore ambient temperatures in houses 

should be stable across the year and not affect the current findings. 

Additionally, data collection was year-round, both for baseline and follow-up 

data. 
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6 Conclusions 

One-third of adults with sleep apnea experience frequent nocturnal sweating 

and they are three times more likely to report it compared to adults in the 

general population. A good relationship was found between objective sweating 

and subjective symptoms of nocturnal sweating in untreated OSA patients. The 

symptom is responsive to treatment in the majority of sleep apnea patients. 

Similarly, objective sweating is reduced with treatment despite no correlation 

between nocturnal sweating and OSA severity per se. Also nocturnal sweating 

was found to be related to sympathetic activity but not with temperature 

changes. Our studies indicated a possible role of frequent nocturnal sweating 

as a marker for untreated sleep apnea. Therefore, clinicians should include 

OSA in the differential diagnosis of patients presenting with a complaint of 

nocturnal sweating and further evaluate that possibility by performing a more 

complete sleep evaluation. It should be noted that OSA patients describing 

nocturnal sweating may be at a higher cardiovascular risk than other OSA 

patients as well as be younger, sleepier and have more insomnia symptoms 

than other OSA patients. Future research that increases the understanding of 

the link between OSA and nocturnal sweating is important, both by subjective 

and objective measures. These studies should assess whether the subgroup of 

OSA subjects with frequent nocturnal sweating have a different cardiovascular 

risk profile and worse sleep quality despite similar OSA severity.  

Our studies, to our knowledge, have also been the first to show that the 

association of OSA severity and increased levels of inflammatory biomarkers 

depends on obesity level. Our results therefore show a more pronounced role of 

OSA as a cardiovascular risk factor in patients who are also obese. Also for 

CRP, this relationship was affected by the presence of cardiovascular disease 

and menopausal status of women. In contrast the role of OSA in leptin levels 

was minor and only found in nonobese, nonhypertensive subjects. These 

results emphasize the complicated relationship between OSA and obesity and 

their differential effects on various biomarkers.  

More studies looking at well-defined groups of OSA patients and controls 

stratified based on gender, body mass index and other comorbidities are 

needed. Most current studies either do not include females, have a very low 

number of females or do not analyze gender differences as discussed above 

and studies addressing specifically the role of OSA in women taking into 

account their menopausal status are needed. Understanding interindividual 

differences in symptoms such as sleep-related sweating and cardiovascular risk 

biomarkers in OSA patients and relating the differences to OSA 

pathophysiology and comorbidities is a step towards much needed 

personalized medicine
378, 379

 for OSA patients.  
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